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ABSTRACT: New approaches toward the generation of late first-row /H\ -Hy enhanced
metal catalysts that efficiently facilitate two-electron reductive trans- }”B M—H }”B: » M catalytic
formations (e.g,, hydrogenation) more typical of noble-metal catalysts is +H, activity

an important goal. Herein we describe the synthesis of a structurally
unusual S = 1 bimetallic Co complex, [(“"PBP)CoH], (1), supported by

increased
o-donation

boryl-metal
cooperativity

bis(phosphino)boryl and bis(phosphino)hydridoborane ligands. This

complex reacts reversibly with a second equivalent of H, (1 atm) and serves as an olefin hydrogenation catalyst under mild
conditions (room temperature, 1 atm H,). A bimetallic Co species is invoked in the rate-determining step of the catalysis
according to kinetic studies. A structurally related Ni'Ni' dimer, [(*"PBP)Ni], (3), has also been prepared. Like Co catalyst 1, Ni
complex 3 displays reversible reactivity toward H,, affording the bimetallic complex [(""PBHP)NiH], (4). This reversible
behavior is unprecedented for Ni' species and is attributed to the presence of a boryl—Ni bond. Lastly, a series of monomeric
("*"PBP)NiX complexes (X = CI (5), OTf (6), H (7), OC(H)O (8)) have been prepared. The complex (®*"PBP)NiH (7)
shows enhanced catalytic olefin hydrogenation activity when directly compared with its isoelectronic/isostructural analogues
where the boryl unit is substituted by a phenyl or amine donor, a phenomenon that we posit is related to the strong trans

influence exerted by the boryl ligand.

B INTRODUCTION

Catalytic hydrogenation of unsaturated hydrocarbons con-
stitutes one of the most broadly used methods in the
production of valuable chemicals.'" While these reactions are
often catalyzed by precious metals, a growing interest in the use
of earth-abundant first-row metals has emerged.” Substituting
precious-metal catalysts with inexpensive base metals can be
hampered by the inherent tendency of 3d metals to undergo
one-electron reactions, thus bypassing desired two-electron
processes such as oxidative addition or reductive elimination.>
Reflecting this challenge is the limited number of Co* and Ni**®
homogeneous olefin hydrogenation catalysts reported to date.
Independent studies from Budzelaar* and Chirik** have shown
catalytic olefin hydrogenations by pyridyl diimine Co
complexes (“PDI)CoR (Chart 1). These results have
highlighted the role of redox-active ligands in multielectron
catalysis.® Hanson recently reported Co**® and Ni*® catalysts
supported by bis(phosphino)amido (“’PNP) and bis-
(phosphino)amino (“”PNHP) ligands, respectively. Tetrame-
tallic Co and Ni complexes [(®"PN)M], (M = Co, Ni) have
been described by Stryker in the context of alkene hydro-
genation.4f As part of our ongoing interest in this field,” we
recently reported the bis(phosphino)borane—Ni catalyst
(""DPB)Ni*® and the bis(phosphino)boryl—-Co catalyst
(tB“PBP)Co(NZ).4d IMustrating ligand—metal cooperativity in
small-molecule activation,® both the borane—Ni and boryl—Co
subunits appear to cooperatively9 activate H, via a net two-
electron process.

Historically, boryl-metal complexes have been extensively
studied because of their relevance in catalytic borylation
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Chart 1. Several Recent Examples of Co and Ni Olefin
Hydrogenation Catalysts
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reactions.'! Well-recognized for their strong trans influence,
boryl ligands have been shown to si%niﬁcantly alter the
electronic structure of transition metals."> Nevertheless, the
utility of boryl functionalities has yet to be evaluated in the
context of many prototypical catalytic transformations.'> To
further understand the role of boryl ligands in catalytic
hydrogenation reactions, we herein describe the synthesis of a
series of boryl-Co/Ni complexes, some of which display
unusual reversible reactions with H, through ligand—metal
cooperativity. Spectroscopic and kinetic data provide insight
into the mechanisms of catalytic olefin hydrogenation by these
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complexes. An efficient hydrogenation rate by one of the
boryl—Ni catalysts is highlighted by direct comparison with its
isoelectronic phenyl and amino congeners.

B RESULTS AND DISCUSSION

Synthesis of Bimetallic Boryl-Co Complexes. Reaction
of the “PB(H)P ligand, whose synthesis was provided by
Yamashita and Nozaki,'* with Col, and sodium amalgam in
tetrahydrofuran (THF) afforded the bimetallic complex
[(“PBP)CoH], (1) in good yield (Scheme 1). Single-crystal

Scheme 1. Synthesis of Complexes 1 and [2][PFg]
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X-ray diffraction analysis reveals two Co centers with distinct
coordination environments (Figure 1). The Col center is

Figure 1. (left) Solid-state structure of [(“’PBP)CoH], (1). Thermal
ellipsoids are drawn at the 50% probability level. Cyclohexyl groups are
drawn in wireframe. Solvent molecules and hydrogen atoms (except
for the bridging hydrides) have been omitted for clarity. Pertinent
metrical parameters can be found in Table 1. (right) Mulliken atomic
spin density surface of 1 (isovalue = 0.003). Hydrogen atoms have
been omitted for clarity.

ligated by a boryl ligand (Col—B1 2.049(2) A) and an n*
hydridoborane ligand (Col—B2 2.006(2) A)." In addition, the
binuclear cobalt core is bridged by a hydride (Col—HI1 1.51(2)
A, Co2—H1 1.65(2) A). A short Col—Co2 bond of 2.3542(3)
A is measured, consistent with those observed for Co dimers
featuring bridging hydride ligands."® On the basis of the
structure analysis, three Lewis representations out of numerous
possibilities were considered as most plausible for complex 1
(Scheme 1). In resonance form a, the bridging hydride is
covalently bound to Co2, resulting in a formally Co'Co

complex. A mixed-valent Co""Co® dimer is invoked according
to resonance form b. When the two Co centers are connected
with a dative bond (form a) or a covalent bond (form b), the
same electron counts (18 electrons for Col, 16 electrons for
Co2) are attained according to the covalent bond classification
(CBC) method."” Lastly, resonance form ¢ depicts a bonding
situation in which two Co' atoms are linked by a bridging
hydride with no direct Co—Co bond.

Complex 1 is paramagnetic with a solution magnetic moment
of pg = 2.81ug (S = 1) as a dimer or 1.99u; (S ='/,) as a
monomer (298 K, C¢Dy, Evans method)."® The lack of an
observable electron paramagnetic resonance (EPR) signal of
complex 1 at room temperature (RT) or 77 K in 2-Me-THF is
consistent with an S = 1 spin state. The solution IR spectrum of
complex 1 in C4Hg is essentially identical to the solid-state
attenuated total reflectance (ATR) IR spectrum, as both display
a broad B—H stretch at 1651 cm™'. 'H diffusion-ordered
spectroscopy (DOSY) NMR experiments [see the Supporting
Information (SI)] indicate that the diffusion coefficient of 1 in
C¢Dg¢ is much smaller than that of the monomeric boryl—Ni
complex (vide infra)."” Taken collectively, these data indicate
that complex 1 exists as a dimer in solution.

The spin density plot shown in Figure 1 provides further
insight into the electronic structure of 1. The calculated spin
densities on Col and Co2 are, respectively, 0.41 and 1.39,
which is more consistent with a Co'Co' configuration
(resonance forms a and c). To evaluate the bonding situation
in the Co—(y,-H)—Co moiety, we performed a natural orbital
(NO) analysis on a simplified model complex, [(M*PBP)CoH],
(1"). This calculation indicated that no net Co—Co bond is
present and that the two Co atoms are involved in a three-
center two-electron interaction through the bridging hydride
(resonance form c), reminiscent of that found in the Ni system
(vide infra). The NO analysis also suggested that the two
unpaired electrons are ferromagnetically aligned in two
orthogonal 7*(Co—Co) orbitals, leading to an S = 1 spin
state (see the SI).

The cyclic voltammogram trace acquired for 1 in THF shows
that the first oxidation and reduction waves are reversible with
E,/, values of —1.34 and —2.91 V vs ferrocene/ferrocenium
(Fc/Fc*), respectively (see the SI). Treatment of 1 with
[Fc][PF¢] in THF afforded the one-electron-oxidized product
[(“PBP)CoH],[PF4] ([2][PF4]) in moderate yield (Scheme
1). The '"H NMR spectrum of [2][PF] displays 52 resolved
resonances, indicating a highly unsymmetrical ground state (a
total of 72 'H resonances are possible if all are resolved in the
unsymmetrical molecule). The solution magnetic moment of
U = 1.62u (298 K, THE-d) is consistent with an S = !/,
species. Accordingly, the EPR spectrum of [2][PF] at 77 K in
2-Me-THF exhibits a rhombic signal (g = [2.400, 2.210, 2.010];
Figure 2) showing anisotropic hyperfine coupling with one
$¥Co (I="/, A=[50,50,170] MHz) and two *'P (I="/,, A=
[330, 120, 50] MHz) nuclei. An essentially identical spectrum
was obtained for [(PBP)CoD], [PF¢] ([2][PF]-d,)
prepared from [(“/PBP)CoD], (1-d,). No 'H hyperfine tensor
could be resolved.

Slow diffusion of Et,0 into a THF solution of [2][PF]
afforded brown crystals suitable for X-ray diffraction analysis
(Figure 3). Complex [2][PF¢] crystallizes in space group PI
with two independent yet nearly identical molecules in the
asymmetric unit.”® As in the case of 1, two bridging hydrides
between Col and Co2 as well as between Col and B2 were
located in the difference map. The most substantial structural
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Figure 2. EPR spectra of [(“PBP)CoH],[PF] ([2][PF], black) and
[(“PBP)CoD],[PF,] ([2][PF¢]-d,, red) in 2-Me-THF at 77 K (9.39
GHz). Dashed trace: simulation.
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Figure 3. (left) Solid-state structure of one of the two independent
molecules of [(“PBP)CoH]," ([2]*). Thermal ellipsoids are drawn at
the 50% probability level. Cyclohexyl groups are drawn in wireframe.
The counteranion, solvent molecules, and hydrogen atoms (except for
the bridging hydrides) have been omitted for clarity. Pertinent metrical
parameters can be found in Table 1. (right) Mulliken atomic spin
density surface of [2]* (isovalue = 0.003). Hydrogen atoms have been
omitted for clarity.

changes upon oxidation are the elongation of the Co2—Bl
contact (3.002(4) A in [2]" vs 2.375(2) A in 1) and the Co2—
B2 contact (3.276(3) A in [2]* vs 2.563(2) A in 1) (Table 1),

Table 1. Selected Bond Lengths (A) for [(“’PBP)CoH], (1)
and [(“PBP)CoH]," ([2]")

[(“PBP)CoH], [(“PBP)CoH],"
Col-Co2 2.3542(3) 2.4643(5)°
Col-B1 2.049(2) 1.994(4)
Col-B2 2.006(2) 2.290(3)
Co2-B1 2.375(2) 3.002(4)*
Co2-B2 2.563(2) 3.276(3)*
B2—H2 1.37(3) 1.19(4)"

“Average of two independent molecules.

exceeding the sum of covalent radii of the two elements (2.1
A)*' by 30-36%. A longer Col—Co2 bond is measured
(2.4643(5) A in [2]" vs 2.3542(3) A in 1). Other noteworthy
variations are the longer Col—B2 contact (2.290(3) A in [2]*
vs 2.006(2) A in 1) and the shorter B2—H2 bond (1.19(4) A in
[2]" vs 1.37(3) A in 1), hinting at a weakly ligated #>-
hydridoborane. This statement is reinforced by the observation
of a higher-energy B—H stretching frequency in [2] (1775
cm™) than in 1 (1651 cm™).

Figure 3 shows the Mulliken atomic spin density surface for
[2]* (spin density = —0.64 on Col and 1.75 on Co2), which
suggests that the two Co atoms are antiferromagnetically
coupled. To further investigate the electronic structure, an NO
analysis was performed on a simplified complex, [(M*PBP)-
CoH],* ([2']"). This analysis identified magnetic interactions
between two symmetry-related Co—Co bonding and antibond-
ing orbitals (see the SI), also in agreement with two
antiferromagnetically coupled Co centers.”> The unpaired
electron is located in an NO that is polarized toward Co2.
This observation is consistent with the experimentally obtained
EPR spectrum showing hyperfine coupling to only one Co
atom.

Reversible H, Activation by [(C"PBP)CoH]2 (1). Exposure
of 1 to 1 atm H, in C,Dy immediately resulted in a color
change from brown to yellow. As monitored by '"H NMR
spectroscopy, clean conversion of 1 into a new bimetallic
species (hereafter denoted as 1-H,) was confirmed. The
solution magnetic moment of 1-H, (s = 2.56u5 298 K,
C¢Dg) is consistent with an S = 1 spin state. An alternative
interpretation of the solution magnetic measurement is that 1-
H, fully dissociates into two S = !/, species (pos = 1.81u5).
However, such a monomeric S = !/, species is supported by
neither the "H DOSY NMR experiments (see the SI) nor the
absence of an EPR signal (2-Me-THF, 77 K). The conversion
between 1 and 1-H, is fully reversible. Subjecting a CsDg
solution of 1-H, to a few freeze—pump—thaw cycles
quantitatively regenerated 1. The peak of HD was immediately
observed by "H NMR spectroscopy when 1 was exposed to a
1:1 mixture of H, and D, (1 atm), implying rapid and reversible
H,/D, activation. The ATR-IR spectrum of 1-H, under an
atmosphere of H, exhibited a broad B—H stretching band at
1738 cm™". The same band disappeared under D,. Multiple
attempts to crystallize 1-H, under an atmosphere of H, were
not fruitful. We hypothesize that a plausible identity of 1-H, is a
bis(hydridoborane) Co—(u,-H),—Co complex, [(“PBHP)-
CoH],, resulting from addition of H, across the boryl-Co
bond. Another likely scenario is bimetallic addition, leading to
bridging or terminal Co—H species. 16> The presence of an
intact H, ligand in 1-H, appears to us a less likely scenario. This
assumption is based on (1) the lack of N, binding by 1
(toluene, —100 °C) and (2) a structurally related bimetallic
boryl—Ni analogue (vide infra).

Catalytic Olefin Hydrogenation by [(C”PBP)CoH]2 (1).
The ability of 1 to serve as an olefin hydrogenation catalyst was
initially studied as follows. Exposure of a C4Dj solution of 1 to
1 atm ethylene and 4 atm H, resulted in the immediate
formation of ethane, as detected by "H NMR spectroscopy. Full
consumption of ethylene was observed after stirring at RT for 2
h. Next, we examined bulkier olefins and compared the
hydrogenation rate for 1 with that for the previously reported
monomeric complex (®“PBP)Co(N,)* under the standard
conditions (RT, 1 atm H,, C¢Dg, 2 mol % catalyst; Table 2).
Catalytic hydrogenation of styrene and l-octene could be
achieved by 1 (Table 2). However, the rates were about 2
orders of magnitude lower than those measured for ("**PBP)-
Co(N,). Surprisingly, while (***PBP)Co(N,) could not
catalyze the hydrogenation of internal olefins such as cis-
cyclooctene and norbornene, both alkenes were hydrogenated
using 1. The solution remained transparent during the catalysis,
and the reactions proceeded similarly in the presence of
elemental mercury. Hydrogenation of norbornene using D,
showed syn addition at the exo positions.”®
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Table 2. Turnover Frequency (TOF) of Catalytic Olefin
Hydrogenation by [(“’PBP)CoH], (1) and

(®"PBP)Co(N,)”
Olefin [(“PBP)CoH]. (®**PBP)Co(N:)
=z

2.5h! 1000 h!
(100%) (100%)
8h' 1000 h*

NN
~ (92%) (97%)

4h! Oh!

(100%) (0%)

Sht! Oh'!

(100%) (0%)
“Conditions: RT, 1 atm H,, C¢Ds. Catalyst loading: 2 mol % relative
to the olefin. The yield (given in parentheses) was determined by 'H
NMR spectroscopy using 1,3,5-trimethoxybenzene as an internal

standard. The turnover frequency (h™") was calculated at the end of
the reaction when the starting olefin was not detectable.

Kinetics Studies and Proposed Mechanisms. To gain
insight into the mechanism, kinetic studies were performed on
the hydrogenation of cis-cyclooctene by [(“’“PBP)CoH], (1).
To this end, a series of cis-cyclooctene solutions (43.7 mM)
containing different amounts of catalyst 1 (0.84—8.43 mM)
were charged with a large excess of H, (3.9 atm) in J. Young
NMR tubes. The progress of these reactions was then
monitored by "H NMR spectroscopy. As shown in Figure 4,
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Figure 4. (left) First-order plots for the depletion of cis-cyclooctene
(43.7 mM) in its reaction with excess H, (3.9 atm) catalyzed by
[(“PBP)CoH], (1) (0.84—8.43 mM) in C¢Dj at 298 K. (right) Plot
of k, against the concentration of 1.

the olefin consumption reaction is first-order in olefin. A plot of
k,ps against the concentration of the catalyst indicates that the
reaction is first-order in 1 (the same results were obtained by
the method of initial rates; see the SI).

To determine the reaction order with respect to H,, a series
of solutions of cis-cyclooctene (43.7 mM) and 1 (2.0 mM) in J.
Young tubes were charged with different H, pressures (0.5—8.0
atm). These experiments indicate that the reaction is also first-
order with respect to H, (Figure S; see the SI for the data
obtained from the method of initial rates). On the basis of the
above results, with the Henry’s constant for the concentration
of H, in benzene,** the overall experimental rate law is

v = k[Co,][S][H,] (1)
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Figure S. (left) First-order plots for the depletion of cis-cyclooctene
(43.7 mM) in its reaction with excess H, (0.5—8.0 atm) catalyzed by
[(“PBP)CoH], (1) (2.0 mM) in C¢Dg at 298 K. (right) Plot of kg,
against the pressure of H,.

where k = 123 + 6 M™* 57!, Co, denotes catalyst 1, and S
represents the olefin.

Three plausible mechanistic scenarios were considered in
light of the aforementioned rate law (Scheme 2). During the

Scheme 2. Mechanistic Scenarios Considered for Catalytic
Olefin Hydrogenation by [(“’PBP)CoH], (1) (Co, =
catalyst 1, § = Olefin, P = Hydrogenated Product)”

Mechanism A

ki
Co, + Hy —=" Coy-H,
ka4
CopH e TGS P
09~ + 0y +
72 S slow 2
v =ky [Cop] [S]
Mechanism B Mechanism C
k1 ky
Cop + Hai = Coy-H, Cop; + Hy = Coz-Hy
ko K4
ko kK
Coy-H; + S Coz-H2-S 05C0,-H, —=— Co-H
ko ky
k3 k3
Cop-Hx-S + Hp — > Coy-Hy+ P Co-H + 8§ ——— Co-H-S
slow ks
= k
v = (kakgk2) [Co] 8] Ho] CoHS + Hy —m Com 4P

v = (kokskalk ok 3) [Coo]"2 [S] [Hy]

“The catalyst resting state is highlighted in blue. See the SI for the
derivations of the expected rate equations.

catalysis, the only observed form of the catalyst is 1-H, (Co,-
H,), detected in situ by '"H NMR spectroscopy, thus indicating
a rapid equilibrium between Co, and Co,-H, with a large
equilibrium constant (k;/k_; > 1). As such, the rate law
derived for mechanism A would show a zeroth-order
dependence on H, (see the SI), which is inconsistent with
the experimental observation. In turn, we propose that Co,-H,
is in equilibrium with the olefin adduct (Co,-H,-S), which then
reacts with another equivalent of H, to yield the hydrogenated
product (P) and regenerate Co,-H,, as shown in mechanism B.
Mechanism B would lead to an overall rate expression that is
first-order in Co,, S, and H,.**> However, in mechanism B we
cannot rule out the possibility that a pre-equilibrium between
Co,-H, and Co,-H, occurs prior to olefin binding. Although
the measured kinetic isotope effect (ky/kp) of 1.4 appears to
indicate H—H bond cleavage in the rate-determining step,”® we
note that the observed ky/kp value is a combination of the
isotope effects for all of the individual steps. Lastly, if Co,-H,
predissociates into catalytically active monometallic Co—H
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species (mechanism C), the overall rate law should be half-
order with respect to Co,,>’ again inconsistent with the kinetic
data. Taking these results collectively, we therefore propose
that the overall mechanistic outline B is a highly plausible
scenario. We hypothesize that the ligation of an olefin to Co,-
H, may require predissociation of a phosphine or a o-borane
ligand, given that Co,-H, is likely an electronically saturated
species (see the SI for plausible identities). That hydrogenation
should proceed by a bimetallic instead of a monometallic
boryl—Co catalyst is interesting and perhaps suggestive of
metal—metal cooperativity.”®

Synthesis of Bimetallic Boryl—-Ni Complexes. Reaction
of the ligand P"PB(H)P'* with Ni(COD), (COD = cyclo-
octadiene) in THF afforded the bimetallic Ni'Ni' complex
[(*"PBP)Ni], (3) in moderate yield (Scheme 3). Complex 3 is

Scheme 3. Synthesis of Complexes 3 and 4
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diamagnetic and is characterized by a broad ''B NMR signal
resonating at 42.7 ppm in THF dg, consistent with those
observed for boryl—metal species.''* The 3'P NMR spectrum
of 3 displays a singlet at 46.4 ppm. The absence of a hydride
ligand in 3 is supported by the 'H NMR and ATR-IR spectra.

Complex 3 crystallizes in the P1 space group with two

independent molecules in the asymmetric unit (Figure 6).°

Figure 6. Solid-state structure of one of the two independent
molecules of [(""PBP)Ni], (3). Thermal ellipsoids are drawn at the
50% probability level. Cyclohexyl groups are drawn in wireframe.
Hydrogen atoms have been omitted for clarity. Selected bond lengths
(averaged, A): Nil—Ni2 2.2421(9), Nil—-Bl 2.043(6), Nil—B2
2.368(6), Ni2—B1 2.328(6), Ni2—B2 2.046(6).

Inspection of the crystallographic structure reveals the
unsymmetrical y, coordination mode of two boryl ligands
(Nil—B1, 2.043(6) A; Ni1—B2, 2.368(6) A; Ni2—B1, 2.328(6)
A; Ni2—B2, 2.046(6) A), leading to two square-pyramidal Ni
centers. The average Nil—Ni2 bond distance in 3 (2.2421(9)
A) is shorter than those observed for related tetrakis-
(phosphino) Ni'Ni' dimers bridged by two phosphido

(2.559(2) A),? silyl (2.306—2.642 A),* phenyl (2.308—2.371
A), or hydride (2.374—2.433 A)*' ligands. Boryl—Ni complexes
are very rare, having been previously characterized only once in
the solid state.>>

Reversible H, Activation by [(PhPBP)Ni]z (3). Reaction of
3 with 1 atm H, in THF-dg at 298 K led to the rapid and
quantitative formation of complex [(""PBHP)NiH], (4)
(Scheme 3). Complex 4 features a broad ''B resonance at
31.4 ppm as well as two coupled *'P resonances at 47.2 and
49.1 ppm (}Jp_p = 60 Hz). As is evident in the 'H NMR
spectrum (Figure 7), complex 4 is unsymmetrical and features

Ph,R Ha PPh,
N\‘ ,‘Ni‘
PhyP’ ® W, PPhy
B

U‘\" Ll IJ \

1atmH, B-H, Ni-H,

&8 & 4 2 o =2 4 s 8 0
Figure 7. (top) "H NMR spectrum of [(""PBP)Ni], (3) in THF-dg

under 1 atm N, at 298 K. (bottom) 'H NMR spectrum of
[(*"PBHP)NiH], (4) in THF-dg under 1 atm H, at 298 K.

four magnetically inequivalent methylene proton resonances
detected as doublets of doublets (*Jy;_g = 13 Hz, *Jp_y = 7 Hz).
Additionally, a broad peak (2H, 0.38 ppm) and a pseudoseptet
(2H, —11.02 ppm, *Jp_y; = 6.6 Hz, 13.2 Hz) were observed in
the hydridic region. The two resonances are assigned as B—H
and Ni—H, respectively, on the basis of "H{"'B} and 'H{*'P}
NMR experiments (see the SI). Complex 4 is diamagnetic, thus
implying a dimeric species in solution. On the basis of these
observations, complex 4 is best formulated as a Ni'—(u,-H),—
Ni' dimer bridged by two 7*hydridoborane ligands as a result
of the addition of 2 equiv of H, across both boryl—Ni bonds in
3. Accordingly, the measured T (min) values for both the B—H
resonance (124 ms, 283 K, 500 MHz) and the Ni—H resonance
(338 ms, 283 K, S00 MHz) are lon§er than that expected for a
nonclassical H, adduct (see the SI).”> When 3 was exposed to 1
atm HD, no H-D coupling was observed for either the B—H
or Ni—H resonances, also arguing against the presence of a
nonclassical H, adduct.>* Under 1 atm H,, a peak
corresponding to free H, was observed in the 'H NMR
spectrum at room temperature. When 1:1 H,/D, (1 atm) was
employed, a triplet corresponding to free HD was detected
immediately. The B—H and Ni—H stretching bands were not
observed in the ATR-IR spectrum of 4 under H,.

Subjecting a solution of 4 to a few freeze—pump—thaw cycles
cleanly regenerated 3 as the only detectable product, a process
which was monitored by multinuclear NMR spectroscopies.
Reversible oxidative addition of H, to a Ni' species is
unprecedented Limberg reported the irreversible reaction of
a Ni' complex with H,, affording a Ni"'—(u,-H),—Ni" dimer. =
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Stryker also showed the irreversible reaction of [(®*"PN)Ni'],
(Chart 1) with H,, generating unknown hydride species.* As
such, the present system emphasizes the significance of boryl—
metal cooperativity in facile and reversible H, activation. We
speculate that the cooperative boryl—Ni framework helps to
circumvent irreversible one-electron reactions, as observed for
other Ni' species.>'*** The re-formation of a covalent boryl—Ni
bond provides a thermodynamic driving force for the reverse
reaction. For the conversion of 3 to 4, plausible reaction
pathways include (1) concerted o-bond metathesis and (2)
oxidative addition at Ni followed by reductive elimination at the
Ni—B bond. In terms of broader context, it is also interesting to
note that a mechanism involving oxidative addition of H, by a
Ni' intermediate has recently been proposed for the [NiFe]-
hydrogenase active site.*®

DFT Investigations. To gain more insight into the bonding
in [(""PBP)Ni], (3) and [(*"PBHP)NiH], (4), simplified
model complexes [(M*PBP)Ni], (3’) and [(™*PBHP)NiH],
(4") featuring dimethyl substituents on the phosphorus atoms
were examined by density functional theory (DFT). The
optimized geometry of 3’ (Ni—Ni 2.273 A) closely resembles
the crystallographic structure of 3 (Ni—Ni 2.242 A). In
complex 3’, a Ni—Ni ¢ bond and a four-center four-electron
Ni—(¢,-B),—Ni bonding interaction are supported by the
molecular orbitals (MOs) as well as an atoms in molecules
(AIM)*” analysis (see the SI). The geometry optimization of 4’
yielded a C,-symmetric structure (Figure 8). Inspection of the
LUMO reveals a o*(Ni—H) orbital, thus suggesting the
presence of a four-center bonding interaction in the Ni—(u,-
H),—Ni unit. The bonding situation in 4’ can be further
elucidated with the qualitative MO diagrams obtained from
linear combinations of symmetry-relevant atomic orbitals
(Figure 8). All of the depicted MOs are supported by the
DFT calculations, including the HOMO, which is a #*(Ni—Ni)
orbital. Since the two electrons provided by the two Ni' centers
are paired in the 7*(Ni—Ni) orbital, no net Ni—Ni bond is
present.17b We also note that the Ni—Ni separation in 4’ (2.631
A) exceeds those measured for other related Ni'—(y,-H),—Nil
species (2.374—2.441 A)*"*® in which a similar bonding
situation could be envisioned (see the SI). Lastly, the agostic o-
borane coordination mode is in agreement with our
calculations (see the SI).

Synthesis of Monometallic Boryl-Ni Complexes. The
bimetallic complex [(""PBP)Ni], (3) is not a precatalyst for
the hydrogenation of ethylene. As monitored by 'H NMR
spectroscopy, the complex’s resting state in the presence of
ethylene (1 atm) and H, (4 atm) is [(""PBHP)NiH], (4),
which is a diamagnetic, electronically saturated 19-electron/19-
electron species. For this reason, we pursued a monomeric
boryl-Ni system by reacting the ligand ®"PB(H)P** with
NiCL(DME) (DME = dimethoxyethane) in THF (Scheme 4).
This reaction proceeded cleanly to give the monomeric
complex ('PBP)NiCl (5) in moderate yield. Chloride
abstraction from 5 with AgOTf (OTf = trifluoromethanesul-
fonate) in THF gave (*"PBP)NiOTf (6) in quantitative yield.
Synthesis of the boryl-Ni hydride species (*"PBP)NiH (7)
was accomplished by treatment of 6 with Pr,Mg in toluene.
The ''B NMR resonance of 7 (47.6 ppm) appears at lower field
compared with those for § (38.2 ppm) and 6 (31.6 ppm). The
same trend is also observed in the *'P NMR spectra of these
complexes (S, 85.9 ppm; 6, 83.6 ppm; 7, 122.5 ppm). The 'H
NMR spectrum of 7 features a triplet at —1.69 ppm (*Jp_y =
34.6 Hz) that is assigned to the terminal Ni—H resonance.

Figure 8. (top left) DFT-optimized structure of [(M*PBHP)NiH],
(4'). Hydrogen atoms (except for the bridging hydrides) have been
omitted for clarity. Selected bond lengths (A): Nil—Ni2 2.631, Nil—
B1 2.088, Nil—H1 1.659, Nil-H3 1.619, Nil—H4 1.630, Ni2—B2
2.101, Ni2—H2 1.668, Ni2—H3 1.620, Ni2—H4 1.627. (top right)
Plots of the LUMO and HOMO (isovalue = 0.05). (bottom)
Qualitative MO diagrams illustrating the orbitals involved in the Ni—
(u,-H),—Ni core.

Scheme 4. Synthesis of Complexes 5, 6, 7, and 8
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Accordingly, the Ni—H stretching band is observed at 1648
cm™" and shifts to 1196 cm™" (caled 1176 cm™) upon isotopic
labeling with deuterium.

The facile insertion of CO, into a Ni'—H bond is well-
known.** While less hydridic Ni"—H species featuring an amido
group trans to the hydride fail to react with CO,, the insertion
proceeds rapidly for phenyl and silyl Ni"—H analogues.***"8
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Since boryl ligands are known to engender a very strong trans
influence,'* it was not surprising that 7 rapidly reacted with
CO, (1 atm) to give the formate complex (***PBP)NiOC-
(H)O (8). Complex 8 was characterized by "B and *'P
resonances at 35.7 and 85.2 ppm, respectively. The C—H
resonance of the Ni-bound formate was detected at 9.11 ppm
as a singlet. The ATR-IR spectrum of 8 exhibited two bands at
1619 and 1323 cm™" that are assigned to the antisymmetric and
symmetric C—O stretches, respectively. The energetic differ-
ence of 296 cm™ between these two stretches is consistent with
a k'-O-formate,*" as confirmed by the solid-state structure.
The solid-state structures of complexes 5—8 were deter-
mined by X-ray crystallography (Figure 9). In all cases, the Ni

Figure 9. Solid-state structures of (**PBP)NiCl (5), (*"PBP)NiOTf
(6), (®*PBP)NiH (7), and (‘*“PBP)NiOC(H)O (8). Thermal
ellipsoids are drawn at the 50% probability level. Solvent molecules
and hydrogen atoms (except for the Ni—H in 7 and the formate C—H
in 8) have been omitted for clarity. Pertinent metrical parameters can
be found in Table 3.

centers adopt pseudo-square-planar geometries, as indicated by
the P1—Ni—P2 and B—Ni—X angles (X = CI (5), O (6), H (7),
O (8); Table 3). The measured Ni—B distances in these
complexes are very similar (1.905—1.907 A), seemingly because
of the rigid tridentate ligand scaffold. The strong trans influence
of the boryl group can be inferred by comparing the Ni—Cl
bond distance in 5 (2.2399(4) A) with those measured for
bis(phosphino) Ni"—Cl complexes featuring trans amino
(2.169 A)*° pyridinyl (2.160—2.164 A),** phenyl (2.181—
2242 A),® alkyl (2.213—2.249 A),®9** and silyl (2.242-2.265
A)*** groups. The hydride ligand in 7 is located 1.53(4) A
away from Ni. This Ni—H bond distance falls within those
measured for related Ni''—H complexes (1.37—1.60 A).43e46

Catalytic Olefin Hydrogenation by (|“PBP)NiH (7).
The capability of 7 to catalyze olefin hydrogenation was
examined as follows. A J. Young NMR tube containing a C¢Dg
solution of an olefin and catalyst 7 was charged with 1 atm H,.
The progress of the reaction was then monitored by 'H NMR
spectroscopy. The TOFs and yields are summarized in Table 4.

Table 4. Turnover Frequency (TOF) of Catalytic Olefin
Hydrogenation by (**"PBP)NiH (7), (**"PCP)NiH, and
(“PNHP)NiH*

H
tBu,P—Ni——ptB
- “3 - B P—r\ll'—P'B i v
NN YL ) onp—Ni—Foy,
i
(7 H
(*BUPBP)NiH (*BYUPCP)NiH (SYPNHP)NiH*
Conditions: 1 atm Hy, RT latm H,, RT 4 atm Hy, 80°C
z
25h! 0.7h 0.4h
(100%)* (100%)* (100%)*
25ht! 0h! 0.4ht!
O
~ (64%)° - (70%)®
= Sht 0h! 02h!
(100%)* - (97%)"
0.6h'! (o not
(100%)" - reported

“Conditions: 2 mol % catalyst relative to olefin, C¢Dy. The yield (given
in parentheses) was determined by 'H NMR spectroscopy using 1,3,5-
trimethoxybenzene as an internal standard. The turnover frequency
(h™") was calculated at the end of the reaction when the starting olefin
was not detectable. “As reported by Hanson:** 10 mol % catalyst
relative to olefin, THF-dg.

Under the standard conditions (RT, 1 atm H,, C¢Dg, 2 mol %
catalyst), styrene was fully hydrogenated to ethylbenzene with a
TOF of 25 h™'. A 64% yield was obtained for the
hydrogenation of 1l-octene to n-octane in 1.3 h. The lower
yield is due to olefin isomerization, yielding internal alkenes
that were not hydrogenated at RT. The hydrogenation of
internal octenes could be achieved in 2 h by warming the
reaction mixture to 60 °C. 3,3-Dimethyl-1-butene (TOF = §
h™!) and cis-cyclooctene (TOF 0.6 h™') were fully
hydrogenated at lower rates under the standard conditions.
During the catalysis, the color of the solution remained yellow
and transparent. All of the hydrogenation reactions proceeded
similarly in the presence of elemental Hg.

Table 3. Selected Bond Lengths (A) and Angles (deg) for (*"PBP)NiCI (5), (®**PBP)NiOTf (6), (*"PBP)NiH (7), and

(®"PBP)NiOC(H)O (8)

S 6 7 8
Ni—B 1.907(2) 1.907(4)% 1.907(2)¢ 1.905(3)
Ni—-x* 2.2399(4) 2.034(3)" 1.53(4)¢ 1.958(2)
Ni—P 2.2091(6) 2.236(1)° 2.153(1)° 2217(1)°
P1-Ni—P2 156.995(18) 158.23(4)° 160.24(2)° 158.92(3)
B—Ni—X" 178.20(6) 173.21(16)° 178.55(11)¢ 173.54(12)
“An averaged value. bX = Cl1 (5), O (6), H (7), O (8).
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While Ni is frequently employed as a heterogeneous
hydrogenation catalyst,*” homo§eneous Ni-based olefin hydro-
genation catalysts remain rare,*> with some requiring high H,
pressure (S0 bar) to achieve turnover.>* To further evaluate
the effects of the boryl functionality in catalytic hydrogenation
reactions, the phenyl analogue of 7, (B*PCP)NiH,*" was
independently prepared and subjected to the standard
hydrogenation conditions. As shown in Table 4, (***PCP)NiH
operates at a lower rate for styrene and is inactive for the other
olefins under the same conditions. Hanson recently synthesized
a related amino analogue, (“PNHP)NiH".>** Compared with
those for 7, the reported rates for (“PNHP)NiH" are lower
even at 80 °C under 4 atm H,.

Kinetics Studies and Proposed Mechanisms. A
plausible scenario for the hydrogenation reactions catalyzed
by (**"PBP)NiH (7) is mechanism A in Scheme S. Migratory

Scheme 5. Mechanistic Scenarios Considered for Catalytic
Olefin Hydrogenation by ("*"PBP)NiH (7) (Ni-H = catalyst
7, § = Olefin, P = Hydrogenated Product)®

Mechanism A Mechanism B

K1 ky
NiH+ S —~=— NiH-S NiH+ S == Ni* + Hs:
K4 k4

k.

K
NiHS + H, —2= NiH+ P| | Ni-H + HS: —= Ni* + P

k3
Ka

2Ni* + H, 2 Ni-H

“The catalyst resting state is highlighted in blue.

insertion of the olefin (S) into the Ni—H bond would give a
Ni—alkyl intermediate (Ni-H-S). This reaction is expected to
be reversible since the reaction of (®"PBP)NiOTf (6) with
"Pr,Mg yields 7, presumably via f-hydride elimination from a
transiently formed Ni—Pr species. Ni-H-S would then react
with H, to give the hydrogenated product (P) and regenerate
catalyst 7 (Ni-H). Since 7 is the only observable resting state of
the catalyst under this scheme, the derived rate law using the
steady-state approximation for Ni-H-S is

_ kk,[Ni-H][S][H,]
kLt ky[H] @)

In line with this rate expression, our kinetic studies indicate a
first-order dependence on both 7 (Ni-H) and cis-cyclooctene
(Figure 10a,b). The reaction is expected to be first-order with
respect to H, for k_; > k,[H,] and zeroth-order for k_; <
k,[H,]. In turn, a fractional-order dependence on H, is
observed (Figure 10c), thus indicating that neither k_; nor
k,[H,] is negligible within the range of H, pressures employed
in these experiments (0.3—3.9 atm). The double-reciprocal
form of eq 2 can be rearranged as

1ok
v kky[Ni-H][S][H,]  k[Ni-H][S] (3)

A plot of 1/v against 1/[H,] (Figure 10d) yields a straight line.
The value of k; (0.16 M~ s™') and the k_,/k, ratio (0.005 M)
can therefore be estimated according to eq 3. The intermediacy
of a Ni—alkyl species (Ni-H-S) is consistent with an overall ky;/
kp value of 0.8. The inverse kinetic isotope effect could be
attributed to the difference in zero-point energy, which is more

P
O
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Figure 10. Reaction order determination by the method of initial rates
for the hydrogenation of cis-cyclooctene catalyzed by (**"PBP)NiH
(7). (a) Plot of In(rate) against In[olefin] ([olefin] = 4.36—43.6 mM).
(b) Plot of In(rate) against In[Ni-H] ([Ni-H] = 1.14—11.4 mM). (c)
Plot of In(rate) against In[H,] (pressure of H, = 0.3—3.9 atm). (d)
Plot of 1/rate against 1/[H,].

pronounced for the C—H(D) bond than for the Ni—H(D)
bond,*® leading to a larger k; when D, is employed.

The other mechanism shown in Scheme $ involves stepwise
hydrogen atom transfer from Ni-H to the olefin (mechanism
B).* Turnover can be achieved by reaction of the two
generated Ni- species with H,. However, under an atmosphere
of N,, no reaction was observed between 7 (Ni-H) and excess
cis-cyclooctene over several days in C¢Dg, thus ruling out the
possibility of a hydrogen atom transfer pathway. Lastly, the
reaction of norbornene with D, catalyzed by 7 gave exclusively
the syn addition product,*® which cannot rule out mechanism B
but is more consistent with mechanism A.

The mechanistic studies offer a reasonable explanation for
the observation that (‘B*PBP)NiH (7) is a more active olefin
hydrogenation catalyst than its phenyl and amino analogues,
with the assumption that all these species follow a similar
mechanistic pathway.’® The strong trans influence of the boryl
group'? would be expected to destabilize the Ni—H and Ni—
alkyl bonds, thus leading to kinetically more favorable
migratory insertion (k;) and o-bond metathesis (k,) steps.
The presence of a weaker Ni—H bond in 7 is also supported by
the observation of an unusually low Ni—H stretching fre%uency
in 7 (1648 cm™") versus (P*"PCP)NiH (1754 cm™")*® and
(“PNHP)NiH* (1886 cm™).*

B CONCLUSION

We have shown that a bis(phosphino)boryl auxiliary ligand,
originally introduced by Nozaki and Yamashita, facilitates rapid
and reversible H, activation reactions in Co and Ni complexes,
for example, reversible H, activation by the S = 1 bimetallic Co
complex [(“PBP)CoH], (1). The ability of 1 to serve as an
olefin hydrogenation catalyst has been investigated, and kinetic
studies indicate that the rate-limiting step likely involves a
bimetallic Co species. Whereas 1 hydrogenates terminal olefins
more slowly than its monomeric relative (®*"PBP)CoN,, it is
curiously more active toward internal olefins. The bimetallic Ni
complex [(*"PBP)Ni], (3) featuring two unsymmetrical
bridging boryl ligands has also been prepared. Reaction of 3
with 1 atm H, affords the Ni'—(u,-H),—Ni' complex
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[(*"PBHP)Ni], (4) as a result of the addition of 2 equiv of H,
across the boryl-Ni bonds. The facile and reversible H,
activation by a Ni' species was previously unknown and has
been herein attributed to boryl-Ni cooperativity. By contrast
to the bimetallic Co catalyst 1, the bimetallic Ni complex 3 is
inactive for olefin hydrogenation (e.g., ethylene, 4 atm H,, RT).
However, monometallic boryl-Ni complexes show enhanced
catalytic activity. For example, the boryl—Ni hydride complex
(B"PBP)NiH (7) can be exploited in the context of olefin
hydrogenation. Kinetic data on hydrogenation reactions of this
system are consistent with reversible olefin insertion into the
Ni—H bond followed by hydrogenolysis. It is interesting to
note that complex 7 is a more active olefin hydrogenation
catalyst compared with its isoelectronic/isostructural phenyl
and amino analogues. We attribute this enhanced catalytic
activity to the strong trans influence exerted by the boryl ligand.

The present study highlights the beneficial effects of boryl
ligands in reversible H, activation chemistry and catalytic olefin
hydrogenation. The use of a strong-field boryl ligand that
facilitates E—H bond activation across the metal—boryl bond
constitutes a promising approach for the design of base-metal
catalysts in multielectron reductive reactions.

B EXPERIMENTAL SECTION

General Considerations. Ligands "™PB(H)P, “’PB(H)P, and
BUPB(H)P were prepared according to the reported procedures.'**’
"Pr,Mg was prepared according to the known procedure.’' Solvents
were dried by passing them through an activated alumina column (n-
pentane, benzene, toluene, Et,0, and THF). Deuterated solvents were
purchased from Cambridge Isotope Laboratories and were degassed
and stored over activated 3 A molecular sieves prior to use. Col,, Na,
Hg, FcPF, Ni(COD),, NiCL,(DME), and AgOTf were purchased
from Aldrich and used as received. Elemental analyses were performed
by Midwest Microlab (Indianapolis, IN).

Spectroscopic Measurements. Ambient-temperature NMR
spectra were recorded on Varian 300, 400, and 500 MHz NMR
spectrometers. Chemical shifts (§) are given in parts per million and
are referenced against residual solvent signals (*H, '*C) or external
BF,—Et,0 (B, F) and H;PO, (*'P). T,(min) values were
determined by fitting the pulse-recovery 'H spectra at various
temperatures using the T, calculation protocols in either Varian’s
Vnmz] software or Mestrelab Research S.L.’s Mestrenova version 6.2.1.
EPR spectra were recorded on a Bruker EMS spectrometer at ~2 mM
concentrations. The ATR-IR measurements were obtained on a thin
film of the complex obtained from evaporating a drop of the solution
on the surface of a Bruker ALPHA ATR-IR spectrometer probe
(Platinum Sampling Module, diamond, OPUS software package) at 2
em™" resolution. Solution IR measurements were obtained in KBr
pellets using a Bio-Rad Excalibur FT'S 3000 spectrometer with Varian
Resolutions Pro software.

Catalytic Hydrogenation of Olefins. A J. Young NMR tube was
charged with the olefin and the catalyst (8 mM, 2% mol relative to the
olefin) in C¢Dg. The tube was subjected to one freeze—pump—thaw
cycle on a high-vacuum line. After the tube was backfilled with 1 atm
H,, it was immediately sealed, frozen with liquid nitrogen, and brought
to the spectrometer. The progress of the reaction was then monitored
by '"H NMR spectroscopy. The yields were determined by integration
of the olefinic '"H resonances against an internal standard (1,3,5-
trimethoxybenzene). The identities of the hydrogenated products were
established by 'H and *C NMR spectroscopies as well as GC analysis.
Control experiments carried out under the same conditions in the
presence Hg showed essentially identical results. Control experiments
carried out in the absence of catalyst indicated no reactivity.

Kinetic Studies of Catalytic Olefin Hydrogenation. A J. Young
NMR tube was charged with catalyst (1 or 7), cis-cyclooctene, and an
internal standard (1,3,5-trimethoxybenzene) in C¢Ds. The tube was
subjected to one freeze—pump—thaw cycle on a high-vacuum line.

After the tube was backfilled with H,, it was immediately sealed, frozen
with liquid nitrogen, and brought to the spectrometer. For a higher
pressure, the entire NMR tube was cooled to 195, 143, or 77 K and
then backfilled with 1 atm H,, leading to a pressure of 1.5, 2.1, or 3.9
atm after the sealed tube warmed to 298 K. The progress of these
reactions was monitored by '"H NMR spectroscopy. In order to
achieve stirring, the tube was rotated at 10—15 rpm when spectra were
not being collected. To maintain a constant H, pressure, the amount
of H, was a large excess with respect to cis-cyclooctene.

Crystallographic Measurements. The crystallographic measure-
ments were performed at 100(2) K using a Bruker APEX-II CCD area
detector diffractometer (Mo Ka radiation, 4 = 0.71073 A). In each
case, a specimen of suitable size and quality was selected and mounted
onto a nylon loop. The structures were solved by direct methods,
which successfully located most of the non-hydrogen atoms.
Semiempirical absorption corrections were applied.>> Subsequent
refinement on F* using the SHELXTL/PC package (version 6.1)
allowed the remaining non-hydrogen atoms to be located.*®

Computational Details. DFT structural optimizations were
performed without any symmetry restraints using the Gaussian 03
suite of programs>* with the BP86> functional and a 6-31+G(d,p)
basis set on all atoms. No instability was found in the optimized wave
function with respect to relaxation of various constraints. Frequency
calculations performed on the optimized structures indicated the
absence of imaginary vibrational frequencies. The optimized structures
were plotted using Gaussview or Jimp 2.°° The topologies of the
electron densities for 3’ and 4’ were subjected to an AIM®” calculation
using AIM2000.%

Synthesis of [(PBP)CoH], (1). To a THF solution (10 mL) of
Col, (280.3 mg, 0.896 mmol) was added a THF solution (S mL) of
OPB(H)P (482.6 mg, 0.896 mmol). The mixture was allowed to stir
at RT for 30 min, affording a greenish-yellow solution. To this mixture
was added a THF suspension of sodium amalgam (Na: 42.2 mg (1 wt
% Hg), 1.837 mmol). The mixture was subjected to rapid stirring for
24 h at RT, yielding a brown solution. The solvent was removed under
reduced pressure. The product was extracted into pentane (S mL X 3)
and filtered through a plug of Celite. Recrystallization by slow
concentration of the pentane solution afforded dark crystals of 1,
which were dried under vacuum (430 mg, 80%). Crystals suitable for
X-ray diffraction analysis were obtained from diffusion of pentane into
a concentrated benzene solution of 1. 'H NMR (400 MHz, C¢Dy): &
—11.78, —4.57, —3.82, —2.45, —1.84, —0.90, —0.25, —0.05, 0.27, 1.68,
2.04, 491, 5.80, 9.89, 10.44, 17.49, 21.90, 77.92. Solution magnetic
moment (298 K, C¢Dy): 2.81uz. ATR-IR: v5_p; = 1651 cm™.
Elemental analysis calculated (%) for 1 (CgH;4B,Co,N,P,): C,
64.33; H, 8.94; N, 4.69. Found: C, 64.04; H, 9.43; N, 4.37.

Reversible Reaction of [(PBP)CoH], (1) with H,. A C¢Dq
solution of 1 in a J. Young NMR tube was subjected to one freeze—
pump—thaw cycle and then backfilled with 1 atm H,. The '"H NMR
spectrum of the resulting sample within S min confirmed the
quantitative consumption of 1 and the formation of [(“’PBHP)CoH],
(1-H,). Subjecting the resulting sample to three freeze—pump—thaw
cycles led to quantitative regeneration of 1. Characterizations obtained
for 1-H,: "H NMR (400 MHz, C,Dy): § —8.26, —3.33, —1.85, —1.24,
—0.88, —0.43, 0.00, 0.21, 0.30, 0.87, 1.12, 1.25, 1.42, 1.54, 1.60, 1.71,
2.05, 2.75, 3.27, 3.59, 4.32, 4.54, 5.00, 7.58, 8.46, 8.89, 10.96, 13.59,
2121, 26.51, 37.28, 55.03. Solution magnetic moment (298 K, C,Dy):
2.56uy. ATR-IR: vp_; = 1738 cm™'. Elemental analysis on this
compound was not performed because of the loss of H,.

Synthesis of [(YPBP)CoHI,[PFs] ([2][PF¢]). To a THE
suspension (5 mL) of FcPF4 (33.2 mg, 0.100 mmol) was added a
THE solution (S mL) of complex 1 (120 mg, 0.100 mmol) at —78 °C.
The mixture was allowed to slowly warm to RT over a period of 2 h
and stirred at RT for 15 h, affording a brown solution. Removal of
solvents gave a dark residue that was washed with Et,0 (S mL X 3) to
give a red solid. THF (10 mL) was added, and the solution was filtered
through a short plug of Celite. Slow Et,O diffusion into the resulting
THF solution gave dark-red crystals of [2][PF4] (65 mg, 48%). 'H
NMR (400 MHz, THF-dg): § —34.22, —29.10, —23.33, —21.25,
—15.65, —14.73, —14.08, —9.52, —9.22, —8.10, —6.55, —4.30, —4.05,
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—3.96, —3.83, —3.45, —2.73, —2.65, —2.35, —=2.25, =2.22, —-2.16,
—1.98, —1.49, —0.90, —0.57, —0.19, 0.36, 0.54, 1.09, 1.23, 1.4, 1.59,
1.67, 1.80, 2.06, 2.20, 2.60, 3.25, 3.39, 3.56, 4.00, 5.3, 6.48, 8.67, 8.95,
12.72, 14.28, 16.56, 26.20, 59.11, 99.8S. Solution magnetic moment
(298 K, THF-dg): 1.62up. ATR-IR: vy_y = 1775 cm™". Satisfactory
elemental analysis could not be obtained for this compound. MS
(ESI"): caled for [2]* (CgyH,06B,Co,N,P,*) 1194.6, found 1194.6.

Synthesis of [(PhPBP)Ni]Z (3). To a THF solution (5 mL) of
Ni(COD), (57.1 mg, 0.208 mmol) was added a THF solution of
ligand ""PB(H)P (106.8 mg, 0.208 mmol) dropwise at RT. The
resulting mixture was allowed to stir at RT for 12 h, leading to a
homogeneous red solution. On this THF solution was carefully layered
10 mL of pentane. After 12 h, dark-red crystals of 3 were obtained by
filtration, washed with pentane (S mL X 3), and dried under vacuum
(88 mg, 74%). When the reaction was carried out in C¢Dg, a 'H
resonance corresponding to free H, was observed within 10 min in the
"H NMR spectrum. '"H NMR (400 MHz, THF-dg): & 3.60 (bs, 4H),
4.01 (bs, 4H), 6.61 (bs, 4H), 6.67 (bs, 4H), 6.94 (bs, 16H), 7.09—7.30
(m, 16H), 7.42 (bs, 8H). *P{'"H} NMR (161.8 MHz, THF-dy): §
46.4. "B{'"H} NMR (128.4 MHz, THF-dy): 6 42.7 (the ''B resonance
shows the same line width). 3C{'H} NMR (100.5 MHz, THF-d,): §
107.51, 117.41, 128.31, 128.85, 129.82, 131.20, 134.30, 137.39, 140.65.
Elemental analysis calculated (%) for 3 (Cg4HscB,N,Ni,P,): C, 67.19;
H, 4.93; N, 4.90. Found: C, 66.64; H, 5.65; N, 4.72.

Synthesis of [(""PBHP)NiH], (4). A J. Young NMR tube
containing a THF-dg solution of 3 was subjected to one freeze—
pump—thaw cycle and then backfilled with 1 atm H,. Rapid and
quantitative formation of 4 was confirmed by multinuclear NMR
spectroscopies. 'H NMR (400 MHz, THF-d,): 6 —11.02 (tt, NiH, 2H,
Yo = 6.6 Hz, 13.2 Hz), 0.38 (s, BH, 2H), 3.78 (dd, 2H, *J,;_y = 13.2
Hz, %Jp_y = 6.9 Hz), 391 (dd, 2H, YJ;;_y = 132 Hz, *Jp_y; = 6.9 Hz),
4.12 (dd, 2H, *Jyy_yg = 13.2 Hz, ¥Jp_y = 6.9 Hz), 5.06 (dd, 2H, ¥Jy3_y =
13.2 Hz, ¥Jp_y = 6.9 Hz), 6.50—6.59 (m, 8H), 6.65 (t, *Jp_y = 7.8 Hz,
4H), 6.74—6.91 (m, 20H), 7.03—7.12 (m, 6H), 7.19 (t, *Jp_y = 7.7 Hz,
4H), 7.27 (t, Jp_g = 7.2 Hz, 2H), 7.72 (t, Jp_g = 7.5 Hz, 4H).
SIP{'"H} NMR (161.8 MHz, THF-dy): § 47.2 (*Jo_p = 60 Hz), 49.1
(¥Jo_p = 60 Hz). "B{'H} NMR (128.4 MHz, THF-dg): § 31.4.
BC{'H} NMR (100.5 MHz, THE-dy): 6 10822 (d, Jo_p = 36.1 Hz),
117.92 (d, Jo_p = 27.8 Hz), 127.54, 127.60, 127.85, 128.00, 128.03,
128.06, 128.35, 128.39, 128.45, 128.54, 128.68, 128.81, 129.55 (d, Jp_p
=212 Hz), 130.34, 130.39, 130.44, 132.57 (d, Jp_p = 12.6 Hz), 134.03
(d, Jo_p = 13.2 Hz), 134.65 (d, Jo_p = 14.0 Hz), 135.62 (d, Jp_p = 26.2
Hz), 138.97 (d, Jp_p = 23.8 Hz), 140.79 (t, Jo_p = 19.1 Hz), 142.16 (d,
Jo_p = 24.1 Hz). Elemental analysis on this compound was not
performed because of the loss of H,.

Synthesis of (*B“PBP)NICI (5). THF (15 mL) was added to a flask
containing ligand ®"PB(H)P (1.596 g, 3.67S mmol) and NiCL,(DME)
(0.848 g, 3.859 mmol) at RT. The reaction mixture was stirred for 2 h,
leading to the formation of a green solid suspended in a yellow
solution. The green solid was removed by filtration. Removal of
solvent from the filtrate gave $ as a yellow solid that was washed with
cold pentane (S mL X 3) and dried under vacuum (1.2 g, 62%).
Yellow crystals of § were obtained by slow concentration of a pentane
solution of 5. '"H NMR (400 MHz, C¢Dy): 6 1.67 (t, 36H, *J,_y = 6.7
Hz), 3.54 (t, 4H, *Jp_; = 2.0 Hz), 6.91 (dd, 2H, Jy;_3; = 5.6 Hz, Jy_y1 =
3.3 Hz), 7.13 (dd, 2H, J;_y = 5.6 Hz, Jy_y = 3.3 Hz). *'P{’"H} NMR
(161.8 MHz, C(Dy): 6 85.9. "B{'H} NMR (128.4 MHz, C(Dy): &
38.2. BC{*H} NMR (100.5 MHz, C(Dy): & 29.85 (t, Jo_p = 2.5 Hz),
35.54 (t, Jo_p = S.1 Hz), 39.98 (t, Jo_p = 17.0 Hz), 108.84, 118.88,
139.28 (t, Jo_p = 7.4 Hz). Elemental analysis calculated (%) for §
(CH,BCIN,NiP,): C, 54.64; H, 8.41; N, 5.31. Found: C, 54.63; H,
8.38; N, 5.33.

Synthesis of (‘B“PBP)NiOTf (6). To a THF solution (10 mL) of §
(627.5 mg, 1.190 mmol) was added a THF solution (S mL) of AgOTf
(320.9 mg, 1.249 mmol) at RT. The mixture was stirred for 30 min.
Solvents were removed under reduced pressure. The product was
dissolved in benzene, and silver salts were removed by filtration
through Celite. Lyophilization of the filtrate gave 6 as a yellow solid
(759 mg, 99%). Yellow crystals of 6 were grown by slow concentration

13681

of a pentane solution of 6 via vapor diffusion into hexamethyldisilox-
ane. '"H NMR (400 MHz, C¢Dy): 6 1.20 (t, 36H, *J,_y = 6.8 Hz), 3.32
(s, 4H), 6.77 (dd, 2H, Jy_y = 5.7 Hz, Jyu_n = 3.1 Hz), 7.05 (dd, 2H,
Jon = 5.7 Hz, Jy_y = 3.1 Hz). *'P{'"H} NMR (161.8 MHz, C(Dy): 6
83.6. 'B{'H} NMR (1284 MHz, CD¢): § 31.6. YF{'H} NMR
(376.2 MHz, C¢Dg): 6 —76.7. *C{'H} NMR (100.5 MHz, C¢Dg): &
29.52 (t, Jo_p = 2.6 Hz), 34.97 (t, Jo_p = 4.8 Hz), 38.99 (t, Jo_p = 18.1
Hz), 108.86, 119.34, 138.51 (t, Jp_p = 6.8 Hz). Elemental analysis
calculated (%) for 6 (C,sH,BF;N,NiO;P,S): C, 46.83; H, 6.92; N,
4.37. Found: C, 46.66; H, 7.01; N, 4.36.

Synthesis of (|“PBP)NiH (7). To a toluene solution (5 mL) of 6
(326.6 mg, 0.509 mmol) was added a toluene solution (3 mL) of
Pr,Mg (73.2 mg, 0.662 mmol) at —78 °C. The mixture was slowly
warmed to RT over 1 h and stirred at RT for 12 h. Solvents were
removed under vacuum. The resulting solid was triturated with
pentane three times. The product was extracted into pentane (1S mL)
and filtered through Celite. The resulting filtrate was concentrated to
~4 mL and allowed to stand at —30 °C for 24 h, affording yellow
crystals of 3 (190 mg, 76%). "H NMR (400 MHz, C,Dy): § —1.69 (t,
NiH, 1H, *,_y = 34.6 Hz), 1.27 (t, 36H, ’J,_y = 6.3 Hz), 3.80 (s,
4H), 7.0S (dd, 2H, Jy_y = S4 Hz, Jy_y = 2.7 Hz), 7.19 (dd, 2H, Jy_y
= 5.4 Hz, Ji_g = 2.7 Hz). 3'P{'"H} NMR (161.8 MHz, C(D): 6 122.5.
UB{'H} NMR (128.4 MHz, C(Dy): 6 47.6. *C{'H} NMR (100.5
MHz, C¢Dy): 6 29.96 (t, Jo_p = 3.1 Hz), 34.65 (t, Jo_p = 6.3 Hz), 42.07
(t, Jo_p = 16.6 Hz), 109.28, 118.39, 140.36 (t, Jo_p = 7.8 Hz).
Elemental analysis calculated (%) for 7 (C,,H,sBN,NiP,): C, 58.46;
H, 9.20; N, 5.68. Found (from two independently prepared samples):
C, 57.91; H, 9.11; N, 5.37 and C, 57.98; H, 9.15; N, 5.43.

Synthesis of (‘B“PBP)NiOC(H)O (8). Method A (in situ
generation): A J. Young NMR tube containing a C4Dy solution of 7
was subjected to one freeze—pump—thaw cycle and then backfilled
with 1 atm CO,. Quantitative formation of 8 was observed
immediately by multinuclear NMR spectroscopies. Method B: To a
flask containing 7 (90 mg, 0.183 mmol) was added S mL of benzene.
The flask was subjected to one freeze—pump—thaw cycle and
backfilled with 1 atm CO,. Removal of solvents under reduced
pressure gave 8 as a yellow solid (96 mg, 98%). Yellow crystals of 8
were obtained by slow concentration of a pentane solution of 8 under
an atmosphere of N, at RT. "H NMR (400 MHz, C¢Dy): § 1.30 (t,
36H, *Jp_y = 6.5 Hz), 3.50 (t, 4H, *J,_yy = 1.9 Hz), 6.88 (dd, 2H, J,;_y
=57 Hz, Jy_y = 3.3 Hz), 7.12 (dd, 2H, Jy_y = 5.7 Hz, Ji;_y = 3.3 Hz),
9.11 (s, NiOC(H)O, 1H). *'P{'H} NMR (161.8 MHz, C(Dy): 5 85.2.
UB{'H} NMR (128.4 MHz, C(Dy): 6 35.7. *C{'H} NMR (100.5
MHz, C¢Dy): 6 29.58 (t, Jo_p = 2.9 Hz), 35.16 (t, Jo_p = 5.0 Hz), 39.84
(t, Jo_p = 17.8 Hz), 108.67, 118.88, 139.26 (t, Jo_p = 7.5 Hz), 167.61.
Elemental analysis calculated (%) for 8 (C,sH,;BN,Ni,O,P,): C,
55.91; H, 8.45; N, 5.22. Found: C, 55.89; H, 8.24; N, 5.22.
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