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Abstract: Bifunctional E�H activation offers a promising
approach for the design of two-electron-reduction catalysts
with late first-row metals, such as Ni. To this end, we have been
pursuing H2 activation reactions at late-metal boratranes and
herein describe a diphosphine–borane-supported Ni—(H2)
complex, [(PhDPBiPr)Ni(H2)], which has been characterized in
solution. 1H NMR spectroscopy confirms the presence of
an intact H2 ligand. A range of data, including electronic-
structure calculations, suggests a d10 configuration for
[(PhDPBiPr)Ni(H2)] as most appropriate. Such a configuration
is highly unusual among transition-metal H2 adducts. The
nonclassical H2 adduct is an intermediate in the complete
activation of H2 across the Ni�B interaction. Reaction-
coordinate analysis suggests synergistic activation of the H2

ligand by both the Ni and B centers of the nickel boratrane
subunit, thus highlighting an important role of the borane
ligand both in stabilizing the d10 Ni—(H2) interaction and in
the H—H cleavage step.

Although H2 activation by Ni complexes is well-known,[1]

only recently have thermally stable H2 adducts of Ni been
isolated and structurally characterized.[2] The few molecular
Ni–(H2) complexes that have been characterized to date are
cationic NiII species.[2c,d, 3] These complexes undergo hetero-
lytic cleavage of the H2 ligand, whereby an internal or
external base removes a proton to deliver hydride to the Ni
center. This type of heterolytic cleavage of H2 figures
prominently in a family of synthetic hydrogenase catalysts[4]

as well as some molecular hydrogenation catalysts.[5] On the
other hand, oxidative addition of H2 to a single Ni center is
virtually unknown, a fact borne out by the absence of stable
nickel dihydride complexes. Furthermore, there are no
examples of H2 adducts of zero-valent Ni centers that might
subsequently undergo oxidative addition. Strategies to enable
this reactivity at zero-valent Ni could widen the scope of
reactions catalyzed by this base metal (Scheme 1).

We recently reported the reversible cleavage of H2 by the
nickel–borane complex [(MesDPBPh)Ni] (1) to give
[(MesDPBPh)(m-H)NiH] (2 ; Scheme 2).[6] In a limiting sense,
this reaction reverses the polarity of the H2 heterolysis

reaction discussed above, with the transition metal acting as
a Brønsted base and the borane receiving the hydride. We
reasoned that by using more-electron-rich phosphine donors
while maintaining the phenyl substituent at boron, we might
enhance H2 binding and impede H�H cleavage to enable the
observation of an intermediate H2 adduct of Ni0. Observation
of such a species would be desirable, as no d10 transition-metal
adducts of H2 have been characterized in solution. To this end,
we examined a ligand variant with isopropyl substituents at
phosphorus, PhB(o-iPr2PC6H4)2 (PhDPBiPr, 3).[7] Herein we
report zero-valent Ni–(N2) and Ni–(H2) complexes supported
by 3. The latter complex underwent quantitative oxidative
addition of the H2 ligand across the Ni�B bond. The relatively
slow rate of H2 activation has allowed us to thoroughly
characterize this unusual Ni–(H2) adduct in solution as well as
monitor the kinetics of H2 activation. These data and
accompanying computational studies suggest an important
role for the B atom, both in H2 binding and activation.

The red-orange Ni complex [(PhDPBiPr)NiBr] (4) was
accessed through comproportionation and reduced by Na/Hg
in THF to give the diamagnetic, brick-red N2 complex
[(PhDPBiPr)Ni(N2)] (5 ; Scheme 3). The IR spectrum of
a powder sample of 5 featured an intense band at
2152 cm�1, consistent with a weakly activated terminal N2

ligand. Slow evaporation of a solution of this material in
pentane gave deep-red crystals that were shown by X-ray

Scheme 1. Schematic representation of H2 binding and oxidative
addition at a reduced Ni center.

Scheme 2. Reversible H2 activation by [(MesDPBPh)Ni] (1).
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diffraction to contain two crystallographically distinct mole-
cules of 5 and one half of the bridging N2 complex
[{(PhDPBiPr)Ni}2(m-N2)] (6) per asymmetric unit (Figure 1).[8]

Each of the three crystallographically distinct Ni centers in
the asymmetric unit adopts a pseudotetrahedral geometry
featuring a short Ni–(h2-B,Cipso) interaction in which the
boron center remains essentially planar (Table 1). Structur-
ally characterized Ni–(N2) complexes are relatively rare.[2c,d,9]

Density functional theory (DFT) calculations were car-
ried out on 5 to calibrate a method for subsequent electronic-
structure calculations.[10] Computations with the B3LYP func-
tional consistently overestimated the Ni–Cipso distance in 5 by
approximately 0.1 � or more (see the Supporting Informa-
tion). The functional M06L gave far better agreement with
the experimentally determined geometry (Table 1) and was
chosen for further computations.[11]

Unlike 1, which under H2 (1 atm) is in rapid equilibrium
with its dihydride form 2 (Kobs� 5; Scheme 3),[6] 5 reacted
quantitatively with H2 over the course of hours to give the
pale-orange bridging borohydride–nickel–hydride complex
[(PhDPBiPr)(m-H)NiH] (8). The 1H NMR spectrum of 8 is
consistent with a Cs-symmetric molecule at room temperature
and features diagnostic resonances in the 1H NMR spectrum
at d =�6.65 and �16.11 ppm corresponding to the bridging
and terminal hydride ligands, respectively. In solution, 8
slowly reverted to 5 when stored under N2. Exposure to
a dynamic vacuum also induced H2 loss from 8.

The UV/Vis spectrum of 8 exhibits a d–d transition
centered around 500 nm with an extinction coefficient of e =

500m�1 cm�1. The IR spectrum of 8 featured a prominent
absorption at 1814 cm�1, which shifts to 1330 cm�1 upon
isotopic substitution of D for H, in agreement with its
assignment as a Ni–H stretching mode (see Figure S13 in the
Supporting Information). DFT calculations predict two
stretching modes of similar energy (Dn� 100 cm�1) corre-
sponding to a symmetric and an asymmetric stretch associated
with the H–Ni–H unit. The asymmetric stretch was calculated
to have an intensity about 20 times larger than that of the
higher-energy symmetric stretch. This difference in intensity
accounts for our observation of a single feature by IR
spectroscopy.

Owing to the slow rate of H2 activation at the
[(PhDPBiPr)Ni] fragment, we could observe the intermediate
Ni–(H2) complex [(PhDPBiPr)Ni(H2)] (7) prior to H–H cleav-
age. When a solution of 5 in THF was placed under vacuum,
the brick-red color (lmax = 479 nm, e = 2400m�1 cm�1) of the
N2 adduct changed to deep blue-green (lmax = 594 nm, e =

2700m�1 cm�1), consistent with N2 loss to give the THF
adduct [(PhDPBiPr)Ni(THF)] (9), which is analogous to
previously reported [(PhDPBPh)Ni(THF)].[6] The addition of
H2 gas (1 atm) resulted in an immediate color change to
cherry red (lmax = 485 nm, e = 2600m�1 cm�1; Figure 2). The
similarity of this absorption to that of 5 is consistent with its
attribution to H2 adduct 7.

Figure 1. Thermal-ellipsoid plots (50%) of 5 (top) and 6 (bottom).
Hydrogen atoms have been omitted for clarity. Both molecules are
present within the same crystal (see text).

Scheme 3. Synthesis of Ni complexes derived from the diphosphine–
borane ligand PhDPBiPr (3). cod = 1,5-cyclooctadiene.

Table 1: Selected distances [�] and angles [8] for the two crystallo-
graphically distinct molecules of 5 as well as the values calculated by
using the indicated functionals with the 6-311+ + G** basis set.

X-ray diffraction B3LYP M06L

d(Ni–B) 2.2007(17) 2.1807(18) 2.199 2.208
d(Ni–P)avg 2.2180(5) 2.2118(5) 2.260 2.228
d(Ni–Cipso) 2.1703(16) 2.1493(16) 2.297 2.174
d(Ni–Cortho) 2.4843(16) 2.6595(17) 2.782 2.543
d(Ni–N) 1.8612(14) 1.8507(18) 1.871 1.860
d(N–N) 1.102(2) 1.101(2) 1.111 1.121
](P-Ni-P) 120.1 121.4 122.0 118.2
�](C-B-C) 352.6 352.5 350.7 352.7
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We carried out NMR spectroscopic studies to verify the
presence of an intact H2 ligand in 7 (Figure 3). Besides a set of
resonances corresponding to the PhDPBiPr ligand framework,
a broad singlet at d =�0.97 ppm was observed by 1H NMR
spectroscopy. When H2 was replaced with HD, this signal split
into a 1:1:1 triplet centered at d =�1.15 ppm with 1JHD =

36.5 Hz, which corresponds to an H�H distance of 0.827 �
on the basis of the empirical relationship established by
Luther and Heinekey.[12] At temperatures below �50 8C,

a peak corresponding to free H2 was observed by 1H NMR
spectroscopy, thus indicating that H2-ligand exchange is slow
relative to the NMR time scale at these temperatures.
Furthermore, T1 measurements between �80 and 30 8C
established a T1(min) value for this signal of 20 ms.[13] Taken
together, these data support the formulation of 7 as an H2

adduct of Ni. Although recent computational studies pre-
dicted that the nonclassical H2 adduct is the thermally stable
form of complexes of stoichiometry L2NiH2 in which L2 is
a chelating diphosphine, no such complex has been exper-
imentally authenticated to date.[14] Complex 7 appears to be

a unique example of a d10 transition-metal H2 adduct
characterized in solution.[15]

Although 7 has not proven amenable to an X-ray
diffraction study, we have examined the complex computa-
tionally with density functional theory (M06L/6-311 ++

G**). In accord with the large 1JHD and low T1(min) values
determined experimentally, the DFT-optimized structure of 7
features a short H�H distance (0.8371 �) characteristic of an
intact H2 ligand. Assignment of the d-electron count of 7 is
complicated by the unusual h2-B,Cipso ligand.[16] Consideration
of the borane subunit as a Z-type interaction would indicate
a divalent d8 electronic configuration for Ni according to the
covalent bond classification (CBC) method;[17] however, this
description proves unsatisfying in some respects. First, the
essentially planar boron center renders it distinct from
pyramidal borane ligands found in metallaboratrane com-
plexes, in which M!B bonding is inferred.[18] Second, the
description of 7 (and related [(ArDPBPh)Ni] complexes[6]) as
divalent would situate them as the only tetrahedral diamag-
netic d8 Ni complexes known. In contrast, diamagnetic
tetrahedral Ni complexes with a d10 configuration are
common.[19] Indeed, well-known tetrahedral h2-olefin com-
plexes of Ni0, such as [(triphos)Ni(C2H4)][20] and [(dmpe)Ni-
(PPh3)(h2-C2H4)],[21] provide structural analogues for the
binding of the h2-B,C unit. Given that the utility of a bond-
ing-classification method lies in its ability to group com-
pounds of like electronic structure and reactivity, we favor
a zero-valent (d10) description for complexes of the type
[(ArDPBR)NiL], including 5 and 7.

The frontier orbitals calculated for 7 further illustrate the
suitability of a d10 description (Figure 4). Although molecular
orbitals corresponding to bonding interactions between Ni
and B can be identified (HOMO�2, HOMO�3), they lie in
the middle of the d-orbital manifold, higher in energy than
a nonbonding orbital clearly of d parentage (HOMO�4).

Figure 2. UV/Vis spectra of 5, 7, 8, and 9 in THF.

Figure 3. 1H NMR spectrum of 7 under H2 (1 atm) in [D8]toluene.
Inset: Part of the 1H NMR spectrum of 7 under a mixture of H2 and
HD.

Figure 4. Frontier Kohn–Sham orbitals (LUMO through HOMO�4)
calculated for [(PhDPBiPr)Ni(H2)] (M06L/6-311 + + G**). Orbital ener-
gies are given in eV.
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Rather than considering the B center of the ArDPBR frame-
work to be a Z-type ligand, it is better described in the
language of the CBC system as Z’,[22] akin to the p-accepting
function of a CO ligand but of s symmetry with respect to the
Ni–B vector. In this view, the acceptor function of the B atom
is treated as a modest perturbation on a d10 tetrahedral ML4-
type electronic structure, that is, a “backbond” (Figure 5).

Along these lines, the h2-B,Cipso ligand can be thought of as
a polarized alkene within the Dewar–Chatt–Duncanson
bonding model,[23] with the donor orbital localized primarily
on the carbon atom and the acceptor orbital on the boron
atom. To explore this comparison, we optimized a hypothet-
ical complex in which the BPh unit in 7 was replaced with an
alkene (C=CH2) to give 7’ (M06L/6-31 + G*) with a qualita-
tively identical coordination geometry (see Figure S15 and
Table S4 in the Supporting Information). Natural bond orbital
(NBO) calculations[24] carried out on 7 and 7’ identified five
filled nonbonding d orbitals on Ni in support of a d10 (zero-
valent) formulation.[25] Second-order perturbation analysis of
these natural bond orbitals found an energy associated with
Ni(3d)!B(2p) donation of 21.5 kcalmol�1 in 7. An analogous
delocalization energy of 45.0 kcal mol�1 was identified in 7’
owing to backbonding into the alkene p* orbital ((Ni(3d)!
C=C(p*)). These results are consistent with a description of
the BPh ligand as both a weaker s donor and a weaker
p acceptor than an alkene. For comparison, analogous
calculations on the structurally authenticated Ni0 olefin
complex [(dmpe)Ni(PPh3)(h2-C2H4)][21] indicated an energy
for Ni(3d)!C=C(p*) donation of 41.8 kcalmol�1 (see
Table S19).

The optimized structures of 7 and 7’ were additionally
subjected to atoms-in-molecules[26] (AIM) analysis, which
identified (3,�1) bond critical points (BCPs) between the Ni–
B (7), Ni–C1 (7’), and Ni–C2 (7’) linkages (see Figure S16). In
line with the NBO calculations, the electron densities (Ni–B:
0.067 ebohr�3; Ni–C: 0.099 and 0.097 ebohr�3 for 7’) and the
Laplacian of the electron densities (Ni–B: �0.011 ebohr�5;
Ni–C:�0.042 and�0.047 e bohr�5 for 7’) at the BCPs indicate
that the Ni�B and Ni�C bonds are locally depleted and thus
ionic (or dative) in nature (see Table S5).

The above analyses provide a plausible explanation for
the relatively strong H2 binding in 7. Given the pseudo-trans

disposition of the B and H2 ligands, the p orbital on B serves
to stabilize the Ni d orbital, which is antibonding with respect
to the Ni–(H2) s interaction. This description is in keeping
with the orbital description of the trans influence[27] and has
been observed in other systems featuring acceptor interac-
tions with d10 metals trans to an incoming ligand.[28]

The kinetics of H2 addition across the Ni�B bond were
monitored by 1H NMR spectroscopy (see Figures S4 and S5).
At 298 K in C6D6 under H2 (4 atm), 7 decayed by first-order
kinetics to give 8 as the sole product with k = 1.4 � 10�4 s�1.
The reaction rate was not changed appreciably by reducing
the pressure of H2 to 1 atm. A kinetic isotope effect (kH/kD,
KIE) of 1.6 was determined, in line with published studies of
H�H oxidative addition reactions, which typically exhibit
kinetic isotope effects of 1–2.5.[29] These results are consistent
with a unimolecular isomerization of the H2 adduct 7 into
dihydride 8.

By way of comparison, we were able to measure the H2

addition rate to previously reported 1 as well as the rate of the
reverse reaction under equilibrium conditions by two-dimen-
sional magnetization-transfer 1H NMR spectroscopy
(2D EXSY).[30] Analysis of the intensities of the diagonal
resonances for an exchanging site of interest and the related
cross-peaks as a function of the mixing time of the EXSY
experiment enabled the measurement of the rate of inter-
conversion of these species. For the system in question, the
mesityl aryl hydrogen atoms provide a suitable handle for this
analysis, giving pseudo-first-order rate constants for the
process of kF = 2.0 s�1 and kR = 0.45 s�1 under H2 (1 atm; see
the Supporting Information). The analogous H2 addition
reaction for 7 is roughly four orders of magnitude slower.

As the available kinetic data suggested a unimolecular
pathway for the conversion of 7 into 8, we explored the
reaction coordinate computationally with a truncated model
system (by replacing the isopropyl substituents with methyl
groups). We envisioned two likely mechanistic possibilities:
one in which oxidative addition of H2 occurs at Ni, followed
by the trapping of Ni–H by B, and one in which the H2 ligand
is activated directly across the Ni–B interaction. We were
successful in locating transition structures corresponding to
each of these mechanistic hypotheses. A transition state TS1
corresponding to oxidative addition was located by DFT
methods (M06L/6-31 + G*) to connect 7 and 8 (Figure 6a).
This transition state has the appearance of a cis dihydride,
with complete cleavage of the H�H bond (dH–H = 1.977 �).
The single imaginary frequency associated with this structure
corresponds to a Ni–H bend as the hydride ligand migrates
towards boron. This transition state corresponds to a com-
puted activation free energy of 36.9 kcal mol�1. An alternate
transition state TS2 was located in which the B�H bond is
formed in concert with H�H bond cleavage (Figure 6b). In
contrast to TS1, the H–H distance in TS2 is lengthened to
1.018 � (versus 0.827 � in the ground-state H2 complex), but
the H2 moiety is still essentially intact. Along this pathway, the
borane center abstracts hydride from the Ni–(H2) complex to
cleave the H�H bond across Ni. Transition state TS2, in which
both B and Ni cooperatively cleave H2, corresponds to
a calculated activation energy of 28.1 kcal mol�1 and is thus
nearly 9 kcal mol�1 lower in energy than TS1. On the basis of

Figure 5. Qualitative molecular-orbital diagram for the interaction
between BR3 and a tetrahedral ML4 fragment.

.Angewandte
Communications

1084 www.angewandte.org � 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2014, 53, 1081 –1086

http://www.angewandte.org


these calculations, we favor a mechanism in which both B and
Ni interact with the H2 ligand in the transition state. These
findings are consistent with a recent computational study on
the reactivity of 1.[31]

In closing, we have developed a diphosphine–borane-
supported Ni fragment, [(PhDPBiPr)Ni], that binds both N2 and
H2. The H2 adduct 7 is one of only a few Ni–(H2) adducts
characterized in solution, and to our knowledge, the first
transition-metal H2 adduct featuring a transition-metal center
best formulated as d10. The frontier orbitals of 7 highlight
a likely role of the borane ligand in stabilizing H2 binding to
the low-valent Ni center. This study thus outlines a strategy in
which a multifunctional ligand can enable favorable H2

binding and oxidative addition at a Ni0 center.
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