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ABSTRACT: An air-stable half-sandwich nickel(II) complex bearing a
phosphinophenolato ligand, Cp*Ni(1,2-Ph,PC,H,0) (1), has been
designed and synthesized for activation of HBpin and catalytic hydro-
boration of N-heteroarenes such as pyridine. Through addition of the H—
B bond across the Ni—O bond, 1 reacts with HBpin to afford an 18-
electron Ni(II)-H intermediate [H1(Bpin)] featuring an oxygen-
stabilized boron moiety, which readily reduces pyridine analogues to
give the 1,2-hydroborated product, thus accomplishing the catalytic cycle
under mild conditions. The necessity of the phosphinophenolato ligand to
deliver the boryl group was manifested by the clear difference in the
activity of 1 and Cp*NiH(PPh,;) (3H) in catalytic hydroborations. The
latter lacks a functional oxygen atom and is inert to process the catalysis.

KEYWORDS: metal—ligand cooperation, nickel(II) catalyst, B—H bond cleavage, nickel hydride, hydroboration

B INTRODUCTION

Catalytic reduction of six-membered N-heteroarenes through
hydrogenation,' hydrosilylation, or hydroboration” has at-
tracted continuous interest because the resultant dearomatized
azacyclic compounds are important structural features of many
biologically active compounds and pharmaceutical drugs.” The
simplest partially reduced N-heteroarenes, 1,4-dihydropyr-
idines, for example, are reminiscent of the reduced state of
nicotinamide cofactor processing energy storage and release by
enzymes, and these compounds are also valuable organic
reducing agents for sustainable synthesis." Compared to
catalytic hydrogenation of N-heteroarenes, the reduction
achieved through hydrosilylation or hydroboration by
transition-metal catalysts or metal-free organocatalysts usually
proceeds under relatively mild reaction conditions and
achieves partial reductions with high regioselectivity.”**

In the context of transition-metal-catalyzed pyridine hydro-
silylations or hydroborations, systems have been established
using metal catalysts such as Ni, Ru,” ™’ Mg,m and Zr'' for the
1,4-reductions and Ca,'” La,"* Rh,'* Ir,"* Th,'® Zn,"” and Fe'®
for the 1,2-reductions. In most of these studies, a metal hydride
(M—H) was considered to be a key intermediate.””"" It has
been widely proposed that insertion of the C=N bond of a
substrate into the M—H bond forming an amido—metal
intermediate”'”~"" or activation of the substrate can be
achieved by abstracting the silicon cation from a hydrosilane &
complex™~** to generate M—H and N-silylpyridinium active
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species.” In addition to metal-centered catalysis, cooperative
metal—ligand reactivity to activate the E—H bond providing
M—-H and silicon cations or borenium ions for catalytic
reductions is unambiguously straightforward.>**~*® For
example, the ruthenium—thiolate system has been reported
to activate hydrosilanes, giving a Ru(II)—H species with the
sulfur-stabilized silicon cation for 1,4-hydrosilylation of
pyridines (Scheme 1, I).*

Metal—ligand cooperation is particularly useful in the design
and exploration of efficient earth-abundant metal catalysts for
homogeneous reductive transformations.”* However, the
challenge is tuning the Lewis acid—base coordination sphere
interactions in an M---L system. It is difficult not only to
activate the E—H bond (E = H, Si, or B) but also to generate
the active species in a HM---L(E) fashion for the subsequent
catalytic transformations.””*®> We previously reported”’ an
iron—thiolate system for exclusive 1,2-selective hydroboration
of N-heteroarenes. Although the Fe—S bond is sufficiently
polar to capture BH; and (9-BBN), to afford the stable iron—
borane adduct, the activation of HBpin is endergonic and the
catalysis is initiated by coordination of N-heteroarenes to the
metal center.'® In this paper, we describe a well-defined
nickel(II)—oxygen cooperative catalyst bearing a phosphino-
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Scheme 1. Exploring Cooperative Metal—Ligand Catalyst
for Pyridine Reduction”
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(1) Reported Ru—S system for catalytic hydrosilylation and (II) Ni—
O system for catalytic hydroboration described in this work.

phenolato ligand that allows the activation of HBpin by direct
addition of the H—B bond across the Ni—O bond (Scheme 1,
II). The resultant 18-electron H—Ni(II)---O(Bpin) intermedi-
ate ([H1(Bpin)]) features an oxygen-stabilized boron moiety
that is active for catalytic hydroboration of N-heteroarenes. In
contrast, nickel(II) hydride Cp*NiH(PPh;) (3H) without the
functional oxygen site is inert as a catalyst.

B RESULTS AND DISCUSSION

Synthesis and Characterization of Half-Sandwich
Nickel Complexes. Cp*Ni(acac) was proven to be an
optimal precursor for the synthesis of diverse half-sandwich
nickel complexes.”®*” The complexes Cp*Ni(1,2-
Ph,PCcH,0) (1) and Cp*Ni(1,2-Ph,PC{H,S) (2) were
conveniently synthesized by treatment of Cp*Ni(acac) with
1 equiv of 1,2-Ph,PC,H,ONa or 1,2-Ph,PC;H,SNa in
tetrahydrofuran (THF), separately, at room temperature
(Scheme 2). Both 1 and 2 are extremely air-stable compounds,

Scheme 2. Synthesis of Half-Sandwich Nickel(II)
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even in solution. The *'P NMR spectrum of 1 exhibits a single
resonance at 6 35.9 in C¢Dg, compared to that at § 60.2 for 2.
By reacting with PPh; in the presence of LiBr, Cp*Ni(acac)
was converted to Cp*NiBrPPh, (3Br), in which the Br~ ligand
was further displaced by a hydride from Bu,NBH,, giving the
nickel(IT) hydride Cp*NiH(PPh,) (3H, Scheme 2).* In the
'"H NMR spectrum, the hydride signal was observed at &
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—20.06 (d, Jo_y; = 98.3 Hz), corresponding to the phosphorus
resonance at § 52.2(s) observed in the *'P NMR spectrum.

Crystallographic analysis confirmed the solid-state structures
of 1 and 2, which are neutral compounds exhibiting a similar
framework of Cp*Ni(P—X) (Figure 1). The Ni—O distance of
1.891 (3) A agrees well with 1.889 (2) A reported for
Cp*Ni(PEt;)(OTol).*”® Given the covalent atomic radii
difference between S and O (Ar = 0.39 A),*' the difference
of 0.289 A between Ni—S (2.1798 (1) A) and Ni—O (1.891
(3) A) bonds implies a higher polarity of the Ni—O bond.
Switching X from O to S causes the Cp*—Ni distance to
increase from 1.737 to1.750 A but decreases the Ni—P distance
slightly (A(Ni—P) = 0.015 A).

Activation of Hydroboranes. The polarity of Ni—X
bonds in Cp*Ni(P—X) was demonstrated by the reactions
with hydroboranes such as HBpin and (9-BBN), commonly
used for hydroboration. We found that compound 2 is inactive
toward HBpin and (9-BBN),, whereas 1 is capable of
activating HBpin and (9-BBN), to form the nickel(II)
hydrides [H1(Bpin)] and [H1(BBN)] (eq 1). By treatment

? ? (9-BBN), ?

Ni Ni — Ni
PN / P~ H
o)

o Phy 5 Phe
S S
7o |
[H1(Bpin)] 1 [H1(BBN)]
AG = -2.83 kcal/mol

AG = —4.32 kcal/mol

HBpin

Q)
Ph,P

of a solution in benzene of 1 with excess (3 equiv) HBpin, the
color of the solution turned from brown to deep red in several
minutes. The *'P NMR spectroscopic studies suggested that 1
was completely converted to [H1(Bpin)] with only a new *'P
signal displayed at & 48.6 (s). When the reaction was
conducted in C¢Dg, the 'H NMR spectrum showed a
characteristic hydride signal as a doublet at 6 —20.28 (Jo_y
= 99.0 Hz), consistent with the doublet at § —20.06 (d, Jp_y =
98.3 Hz) observed for 3H. The Ni—O complex also reacts
readily with (9-BBN), to give [H1(BBN)] with a hydride
resonance at 5 —20.36 (d, Jo_y = 99.9 Hz) and the 'P signal at
5 47.3 (s). No "B coupling with the hydride nuclei was
observed, indicating complete B—H bond cleavage.“c’26 Slow
diffusion of hexane into the reaction solutions at —30 °C
provided single crystals suitable for X-ray diffraction.

In the solid-state structures of [H1(Bpin)] and [H1(BBN)],
the B—H bonds of HBpin and (9-BBN), were added across the
Ni—O bond to retain a 18-electron configuration in the
Cp*NiH(P—O(BR,)) pattern (Figure 2). The Me;Cs~ ring
and the P atom are coordinated to the Ni(II) center while the
O atom is uncoordinated and connected to the boryl moiety.
The hydride ligands were located and their positions were
refined. Consistent with the NMR assignments, the hydride
ligands in [H1(Bpin)] and [H1(BBN)] do not interact with
the boron atoms. The Ni—H distances of 1.37 (8) A for
[H1(Bpin)] and 1.39 (5) A for [H1(BBN)] are comparable to
1.37(3) A reported for [(Ph,PCH,C(CF;),0)NiH(PCy;)]*°
and 1.46 (3) A for Cp*NiH(PEt;)>” but shorter than the 1.52
(4) A observed for 3H (Figure 2).

Interestingly, the cleavage of the B—H bonds at the Ni—O
site is reversible. For instance, when the crystals of [H1(Bpin)]
were dissolved in benzene, the solution exhibits both 1 and
[H1(Bpin)] as identified in its *'P NMR spectrum. An
equilibrium was alternatively established from the stoichio-
metric reaction of 1 with HBpin in benzene, which provided an
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Figure 1. Structures of 1 (left) and 2 (right) with 50% probability thermal ellipsoids. For clarity, hydrogen atoms are omitted, and the two phenyl
groups bonded at the phosphorus atom are drawn as lines. Selected bond distances (A) and angles (deg): For 1, Ni—O 1.891 (3), Ni—P 2.1290
(1), Ni—Cp*(centroid) 1.737, O—Ni—P 89.93 (8); for 2, Ni—S 2.1798 (1), Ni—P 2.1140 (1), Ni—Cp*(centroid) 1.750, S—Ni—P 91.64 (4).

Figure 2. Structures of [H1(Bpin)] (left), [H1(BBN)] (middle), and 3H (right) with 50% probability thermal ellipsoids. Selected bond distances
(A): For [H1(Bpin)], Ni—H 1.37 (8), Ni—P 2.0953 (2), O (1)—B 1.379 (8); for [H1(BBN)], Ni—H 1.39 (5), Ni—P 2.0888 (1), O (1)-B 1.372
(6); for 3H, Ni—H 1.52 (4), Ni—P, 2.0856 (8).

equilibrium mixture of 1 and [H1(Bpin)] in a ratio of 1:2.74
determined by *'P NMR spectra (Figure 3). The free energy
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Figure 3. *'P NMR spectra for the reactions of 1 with (a) 1 equiv of
HBpin and (b) 0.5 equiv of (9-BBN),. Inserts: 'H NMR spectra of
the hydride signals for [H1(Bpin)] and [H1(BBN)].

change (AG) for the addition of HBpin to 1 was estimated to
be —2.83 kcal/mol according to the calculated equilibrium
constant (Kfc1 = 119.2). A similar equilibrium has also been
established for (9-BBN), with 1 (K%, = 1.47 X 10°), and the
value of AG was estimated to be —4.32 kcal/mol (Figures S1
and S2). Such a reversible binding mode for the B—H bond
activation at metal—ligand site resembles that reported for the
Ru—S$ system.”*

Hydroboration of Pyridines. The catalytic activities of
the nickel complexes in the hydroboration of pyridine were
examined subsequently (Table S1, Supporting Information).
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Compound 1 was found to be an eflicient catalyst for the
hydroboration. At a loading of 2 mol % of 1 in C4Dy, pyridine
(4a) was hydroborated to afford a quantitative yield of N-
borylated dihydropyridines within 6 h at 30 °C (Table S,
entry 3). Changing the borane reagent to (9-BBN), causes the
conversion to the dihydropyridines to drop to 22%, even after
a prolonged reaction time of 24 h. No hydroboration occurs in
24 h in the absence of 1, showing that the Ni—O complex is
responsible for the catalysis. By contrast, the Ni—S complex 2
and the Ni—H complex 3H do not promote the hydroboration
reaction, and the N-borylated dihydropyridines were not
detected when 2 or 3H was employed for the reaction of
pyridine with HBpin or (9-BBN),.

For Ni—O catalyzed pyridine hydroboration with HBpin,
two N-borylated products, the 1,2- and 1,4-dihydropyridine
isomers (5a and 5a’, eq 2), were obtained. Monitored by 'H

H
X
® . () e
N/ ITI H N

Bpin
4a

Cat. 1 (5 mol %)

+ HBpin —— >

CeDs, 30 °C \
Bpin
5a 5a’
NMR spectra, the ratio of Sa/Sa’ was found to vary with time
during the reaction (Figure 4). Kinetic analysis suggests that
pyridine was completely hydroborated within S h, but the
conversion of 1,2-product to 1,4-isomer proceeded slowly after
the hydroboration (Figure 4). The ratio of Sa/Sa’ varied from
71/29 at S h to 53/47 after 29 h. The 1,4-dihydropyridine is
thermodynamically more stable than 1,2-dihydropyridine®” but
1,2-regioselective hydroboration of 1pyridine has been achieved
using transition-metal catalysts."””"® In the present case, we
propose that the Ni—O complex catalyzes the transformation
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Figure 4. Yields of N-borylated dihydropyridines: 1,2-dihydropyridine
pyridine (5a) and the 1,4-dihydropyridine (Sa’) over time in the
reaction of pyridine with HBpin catalyzed by 1 at 25 °C.

of the 1,2-hydroborated product to the 1,4-isomer (Figures S6
and S7). In particular, this transformation is very dependent on
[1] and also on the reaction temperature (Tables S2 and S3),
but it is independent of the HBpin concentration (Table S4).
With an increase of [1] from 0.5 to 4 mol %, the ratio of Sa/
Sa’ decreased from 71/29 to 42/58 over a course of 24 h. The
conversion of Sa to Sa’ was slow at 0 °C and the catalysis
provided S5a/Sa’ in a ratio of 87/13 after 24 h (Table S2).
Effects such as catalyst loading, reaction time, and temperature
on the production distribution of Sa/Sa’ have also been found
for Mg—H-based hydroborations.'”**

To investigate the scope of the substrates, substituted
pyridines were subjected to hydroboration by HBpin (Table
1). Functional groups such as —CF,;, —Bpin, —OMe, and
—COOMe were all found to be tolerated under the reaction
conditions. Pyridines possessing electron-donating or -with-
drawing groups in the para-position were exclusively hydro-
borated, forming the corresponding 1,2-dearomatized products
(5b—5f) in moderate to excellent yields within 24 h. Electron-
donating groups appear to accelerate the transformation (Sb,
5c). In particular, this catalytic protocol is compatible with the
Bpin functional group, offering Sf which is amenable to further
selective functionalization. Although hydroboration of 3-
methoxypyridine (4g) proved to be challenging for the Lewis
acid borane B(Me)Ar",,>* 4g was regioselectively hydroborated
in this reaction to the 1,2-reduced product (5g,) in 80% yield.
In the hydroboration of meta-substituted substrates with the
exception of 3-methoxypyridine, both the N-borylated 1,2- and
1,4-dihydropyridine were detected. Kinetics studies for
reactions demonstrated both the N-borylated 1,2- and 1,4-
dihydropyridines were produced during the hydroboration
reaction, and a slow isomerization of the 1,2-product to the
1,4-isomer took place after hydroboration (Figures S8 and S9).
Productions of two isomers suggest the possibility of two
different pathways for the catalytic process (see DFT
calculations, below). Steric hindrance plays a significant role,
evidenced by the lack of hydroboration activity for ortho-
substituted pyridines (41 and 4m) under the same conditions.
Halogen substituents such as Cl, Br, and I on the pyridine ring
were found to 1mpede the hydroboration, producing
unidentified precipitates.” In the 3P NMR spectra recorded
for the reaction mixture, the phosphorus resonance of the Ni—
O catalyst had disappeared.

The Ni—O compound also exhibits excellent activity in the
regioselective hydroboration of benzofused N-heterocycles
(Table 2). Hydroboration of quinoline, for example, proceeded

Table 1. Nickel(IT)-Catalyzed Hydroboration of Pyridines”

\/\R 1 (2 mol%)
(J + HBpin ———— > J\
N/ CgDg, 30°C

Bpm
4 5
Me Et Ph CF3 Bpin
. L 0L O Ol o
I?l H I}l H I?l H N H l}l H I?l H
Bpin Bpin Bpin Bpin Bpin Bpin
5b 5c 5d 5e 5f 59
99%, 12 h 91%, 12 h 75% 18 h 69%, 24 h 69%, 24 h 80% 12h
Me
B in
p Bpln Bpln Bpln Bpln I|3p|n
5h 5h' 5h" 5i 5i" 5i"
94%, 24 h 99%, 24 h
5h:5h":5h" = 49:22:29 5i:5i":5i" = 49:30:21
CO,Me
oC: Oy (7 Crn L ﬁj
Bpln
Bpln Bpln Bp|n Bpln Bpln
5j 5§ 5" 5k 5k’ 5k"
98%, 24 h 92%, 24 h

5j:5j":5]" = 36:31:33 5k:5k':5k" = 10:42:48

! 2. O
» (Fe O
N™ Me Me” ‘N~ "Me N

4, n.r.b 4m, n.r.t 4n, nrb

“Reaction conditions: pyridine substrates (0.3 mmol), HBpin (0.45
mmol), 1 (6 pmol, 2 mol %), and tetraethylsilane (0.03 mmol,
internal standard) in 0.5 mL of C¢Ds. Ylelds determined by 'H NMR
spectroscopy are based on pyridines. “No reaction.

Table 2. Catalytic Hydroboration of N-Heterocyclic
Compounds”

1 (2 mol%)
J + HBpin ——— > J\
CgDg, 30°C
Bpm
8 7
(LA, ©ﬁ @51 LA
Me
Bpln H E i
Bpln Bpln pin
7a  99%,1h Ta'
7a:7a' = 62:38 7b, 99%, 2 h 7c,n.r.24h

Bpin fj
04 03
B2

CQ “Bpin @¢ “Bpin (/@’\

2 mmol o1 (‘
7d,99%,2h Te, 91% 7h 06599, 86%
‘f) v @ o OO
Bpm H Bpin Bpln Bp'”

7f, 96%, 15 h 79, 99%, 18 h 7h, 92%, 18 h 7i, 94%, 18 h

“Under the same reaction conditions as shown in Table 1.
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smoothly to completion within 1 h, giving the desired product
in 99% yield with a 7a/7a’ ratio of 62:38. Blocking the para
position of an N-heterocyclic ring with a methyl group, as in 4-
methylquinoline (6b), allows exclusive 1,2-reduction (7b,
99%). Hydroboration was not observed however for 2-
methylquinoline, probably because of steric hindrance from
the methyl group. Isoquinolines (6d and 6e), acridine (6f),
and phenanthridine (6g) are all regioselectively dearomatized
under the mild reaction conditions, as demonstrated by the
formation of 7d—7g in high yields. Furthermore, Ni—O-
catalyzed hydroboration was scaled up successfully without
significant loss in efficiency as indicated by the reduction of 6e,
in which the 1,2-hydroborated product (7e), was isolated in
86% vyield. The structure of 7e was unambiguously confirmed
by X-ray crystallographic analysis. This hydroboration
approach is also available for the reduction of five-member
N-heterocycles as exemplified by N-methylbenzimidazole (6h)
and 1,3-benzothiazole (6i), with which HBpin was added to
their C=N bonds selectively (7h, 92%, and 7i, 94%).
Mechanistic Insights. To understand the catalytic hydro-
boration in depth, kinetic analyses were performed for
hydroboration of 4-methylpyridine (4b) with HBpin catalyzed
by 1 (eq 3). Performing the hydroboration with different

Me Me
complex 1
X (0.0063 ~ 0.0126 M) A
| | + HBpn ——— | 3)
CeDs, 298 K
N ©5~125M) °° NoH
4b Bpin
(0.25 ~ 1.25 M) 5b

concentrations of the catalyst (0.0063—0.0126 M) led to a
linear increase in the initial rate of the reaction (Figure Sa),
indicating first-order kinetics in [1]. The initial rate of
formation of Sb was also found to linearly depend on [4b]
but independent of [HBpin] (Figure Sb). These observations
indicate that cleavage of the B—H bond is not the rate-limiting
step in the catalytic reaction.

Density functional theory (DFT) calculations® were
performed on the basis of the above elementary reactions.
For the initial step of the catalysis, the free energy change AG,
for the addition of HBpin to catalyst 1, was calculated to be
exergonic by 2.2 kcal/mol, which is in excellent agreement with
the value estimated from the NMR experiments (AG = —2.83
kcal/mol). This free energy change is much less exergonic than
the changes associated with the addition of (9-BBN), (AG =

—9.5 kcal/mol) to 1. In contrast, the addition of the B—H
bonds across the Ni—S bond of 2 was found to be
thermodynamically very unfavorable. These additions were
calculated to be endergonic by 25.3 kcal/mol for HBpin and
13.3 kcal/mol for (9-BBN),, respectively.

The DFT calculations showed that catalyst 1 has a very
small singlet—triplet energy gap, although the nickel center has
an 18-electron configuration. Specifically, the addition of
HBpin to 1 was found to proceed via different pathways in the
triplet and the singlet states. In the triplet state, the addition
takes place in a stepwise manner, with the formation of IntOr, a
four-membered ring intermediate (Figure 6). The energy
barriers for the first and second steps were calculated to be 8.9
and 11.3 kcal/mol, respectively. The formation of Intly with
the dissociation of the oxygen atom of the ligand from Ni is
endergonic by 9.3 kcal/mol. In contrast, the addition of the B—
H bond across the O—Ni bond in the singlet state is exergonic
by 2.2 kcal/mol, and the barrier of 22.1 kcal/mol for TSI is
much higher than that for TS1y. Consequently, the addition
prefers to begin in the triplet state, and a spin crossing from
triplet to singlet takes place during the formation of Intl
(TH1(Bpin) ).

From Intl, three plausible mechanistic scenarios can be
considered for the 1,2-addition. First, the pyridine substrate
can coordinate to the boron atom of Intl, a step that was
calculated to be endergonic by 8.7 kcal/mol. Then, the hydride
in Int2 transfers from the nickel center to the ortho-carbon of
pyridine via TS2¢, (Figure 7), and this is coupled with the
coordination of the O atom to the nickel center. This process
is associated with a barrier of 24.0 kcal/mol in the triplet state
(31.2 kecal/mol in the singlet state) relative to Intl plus
pyridine. TS2¢, has been confirmed to be a true transition
state with only one imaginary frequency of 279.5i cm™", which
mainly corresponds to the hydride transfer. In TS2,, the
scissile Ni—H1 bond is 1.60 A, the nascent C1—H1 bond is
1.79 A, and the Ni—Ol distance is 2.62 A. The resulting
intermediate Int3, lies at +4.3 kcal/mol relative to Int2.
During the reaction, the boron center functions as a Lewis acid
to stabilize the pyridinium intermediate and the nickel center
retains the 18-electron configuration from Int2 to Int3c,. In
addition, the hydride transfer to the para-carbon has a much
higher barrier (33.6 kcal/mol in the triplet state TS2¢,)
because of geometric constraints. The final dissociation of the
1,2-product (5a) from the nickel complex via TS3(, has a
barrier of only 3.2 kcal/mol relative to Int3,, and the whole
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Figure S. Kinetic analysis for hydroboration of 4-methylpridine in the presence of HBpin catalyzed by 1: (a) plot of [1] (M) vs initial rate (M/s);

(b) plots of [4b] and [HBpin] (M) vs initial rate (M/s).
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reaction is exergonic by 2.9 kcal/mol. Hence, the 1,2-addition
product is exclusively obtained via this pathway.

An alternative pathway based on Intl is through [2 + 2]
addition of the Ni(II)-H to the C=N double bond of
pyridine (TS2¢,, Figure 7). However, a barrier of 38.2 kcal/
mol was predicted for the triplet state (48.4 kcal/mol in the
singlet state) relative to Intl plus a pyridine molecule. A
plausible reason for this high barrier is that TS2¢, is in a 20-
electron configuration. Such a high barrier rules out this [2 +
2] pathway as a viable option.
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The third pathway is that Int2 can be converted to a radical
pair intermediate, Int2’ by dissociation of the C4H N---Bpin
moiety from the phosphinophenolato oxygen of the nickel
complex (AG = +16.6 kcal/mol). Int2’ can be generated also
by a hydrogen-atom transfer from the boron center of the
C¢H;N---HBpin complex to the nickel center of the catalyst via
TS1’ (blue curve in Figure 6). However, the barrier is found to
be 30.9 kcal/mol in the triplet state, which is much higher than
that in the first pathway. In Int2’, the hydrogen atom can be
transferred from the nickel center to either the ortho-(TS2¢,)
or the para-carbon (TS2¢,) of the pyridine moiety. These two
transition states were optimized and shown in Figure 7. TS2¢,
has a barrier of 4.2 kcal/mol relative to Int2’, but the barrier
for TS2¢, is 1.8 kcal/mol higher. Consequently, the formation
of the 1,2-product by this pathway is kinetically more
favorable. However, the formation of the 1,4-product is
thermodynamically more favorable (exergonic by $.4 kcal/
mol for 1,4-addition and 2.9 kcal/mol for 1,2-addition). These
calculated results support our hypothesis that the 1,2-product
was produced initially and was converted to the 1,4-product, a
conversion which is catalyzed by the nickel catalyst. The total
barrier for such a conversion is 32.0 kcal/mol, which seems to
be slightly overestimated. Because of the hydrogen-atom
transfer nature of TS2¢, however, the barrier should be
lowered by several kcal/mol upon consideration of the
quantum tunneling effect.

On the basis of the experimental and DFT studies, we
propose a cooperative Ni—O-based cycle for pyridine hydro-
boration (Scheme 3). The catalytic reaction starts with B—H
bond activation by 1, generating the nickel(II) hydride
[H1(Bpin)] with an oxygen-stabilized boron moiety. Although
M—H species are envisioned to be the key active intermediates
in catalytic hydroborations and hydrosilylations,”~ """
insertion of the C=N bond of N-heteroarenes into the Ni—
H bond of [H1(Bpin)] to access amido—nickel intermediates
is susceptible. The stoichiometric reaction of 3H with pyridine
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Scheme 3. Proposed Catalytic Cycle for Hydroboration of
Pyridine by the Ni—O Cooperative Catalyst
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the hydroboration (eq S). Especially, the production of Sb was
not observed for the reaction of 4-methylpyridine, 3H, and
PhOBpin. These results reflect the significance of cooperative
Ni—O reactivity for catalytic hydroboration (eq 6, Figure S26).

For the reaction of [H1(Bpin)] with the pyridine, the path
of coordination of the substrate with the boron atom of Intl is
more thermodynamically favored than the insertion of C=N
bond into the Ni—H bond. Subsequent transfer of the hydride
from the nickel center to the ortho-carbon of pyridine in Int2
results in formation of the intermediate Int3,, and is followed
by the cleavage of the O—B bond to release the 1,2-
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hydroborated product regenerating the catalyst. Experimental
isotope labeling result obtained from catalytic reduction of 4b
with deuterated pinacolborane (DBpin) verifies that the
hydride is transferred to the ortho-carbon (eq 7, Figures S28
and S29).

Bl CONCLUSIONS

We report an efficient air-stable cooperative Ni—O catalyst for
the hydroboration of N-heteroarenes under mild conditions.
The essential step of this Ni—O cooperative transformation is
addition of the B—H bond of HBpin across the Ni—O bond,
generating an active nickel(II) hydride with an oxygen-
stabilized boron moiety. Kinetic analysis confirmed that the
production of the 1,2-hydroborated product is more kinetically
favored than production of the 1,4-isomer. DFT studies agree
with the hypothesis that conversion of 1,2-product to the 1,4-
product is catalyzed by the Ni—O catalyst via a radical-type
mechanism. Despite the fact that many catalytic reductions
involving nickel(II) hydrides have been delineated,”**° the
significant role of the phosphinophenolato site in delivering the
boryl unit in hydroborations is manifested by the difference in
catalytic activity of 1 and 3H.

Cooperative metal—ligand reactivity in catalysis indeed can
expand the applications of earth-abundant metals for
homogeneous transformations. It should be noted that
examples of catalytic selective reduction of pyridines using
base-metal catalysts remain rare. In addition to our Fe—S
system,'®”” Findlater and co-workers recently reported® a
convenient Ni(acac),/PCyp; system for regioselective 1,4-
hydroboration of N-heteroarenes at 50 °C. In cases of this sort,
the catalysis is initiated by binding the substrate to the metal
center. In the context of cooperative abundant-metal—ligand
reactivity for catalysis, the present Ni—O complex is the only
case that covers reduction of pyridines. Recalling the challenge
of tuning the Lewis acid—base coordination sphere interactions
in a M---L system, the Ni—O and the Co—N system”* as well
can activate the B—H bond for the hydroborations, but the
Ni—S complex is inactive.
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