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ABSTRACT: The nickel hydride complex [Cp′Ni(μ-
H)]2 (1, Cp′ = 1,2,3,4-tetraisopropylcyclopentadienyl) is
found to have a strikingly short Ni−Ni distance of
2.28638(3) Å. Variable temperature and field magnetic
measurements indicate an unexpected triplet ground state
for 1 with a large zero-field splitting of +90 K (63 cm−1).
Electronic structure calculations (DFT and CASSCF/
CASPT2) explain this ground state as arising from half
occupation of two nearly degenerate Ni−Ni π* orbitals.

Nickel hydride compounds are prominent in synthetic1 and
biological2 catalysis. The diamond-shaped Ni2(μ-H)2 core

is an important structural motif (Chart 1),3,4 and it can be

supported by a variety of P- or N-donor ligands (denoted LP or
LN, respectively) that strongly influence the electronic structure.
Binuclear [LPNi(μ-H)]2 compounds, where LP is a neutral
chelating diphosphine, are diamagnetic due to the presence of a
Ni(I)−Ni(I) bond with typical Ni−Ni bond lengths of 2.41 Å.3
Here, the local Ni(I) spin states (i.e., SNi = 1/2) strongly couple
together antiferromagnetically to yield a singlet SG = 0 ground
spin state for the complex (χT = 0 cm3 K mol−1; here χ is the
molar magnetic susceptibility and T is temperature). In contrast,
Ni2(μ-H)2 complexes supported by anionic or neutral LN ligands
contain Ni(II) ions that display either a local low-spin (SNi = 0)
or high spin (SNi = 1) configuration depending on their
geometry.4 In complexes with SNi = 1, weak antiferromagnetic
exchange coupling occurs between the two ions leading to an SG
= 0 ground spin state for the complex. However, as the exchange

coupling is small, at room temperature (rt) the two Ni(II) ions
appear uncoupled from each other, leading to a total χT value of
∼ 2.0 cm3 K mol−1, i.e., the sum of the two metal ion site
magnetic moments. We report here the first Ni2(μ-H)2 binuclear
complex bearing cyclopentadienyl (Cp) type ligands. It has
magnetic properties midway between those of known com-
pounds (χT ≈ 1.0 cm3 K mol−1), which indicates an unexpected
“intermediate spin” SG = 1 ground state and thus represents a
new and unexpected electronic state available to Ni2(μ-H)2
compounds.
Known Ni hydride complexes supported by only Cp ligands

are polynuclear clusters, e.g., (CpNi)4H3.
5 By utilizing the bulky

1,2,3,4-tetraisopropylcyclopentadienyl (Cp′) ligand, first re-
ported by Sitzmann,6 it was possible to synthesize the binuclear
complex [Cp′Ni(μ-H)]2, 1, as a dark orange-red species
prepared at −17 °C by mixing NaCp′ and NiBr2·DME in
THF, followed by addition of NaH, removal of solvent, and
extraction into pentane. The first step of the reaction is identical
to the method reported by Sitzmann et al. to prepare [Cp′Ni(μ-
Br)]2 (2).

7 Thus, 2 is likely an intermediate in the formation of 1.
Compound 1 is soluble in THF, pentane, benzene, and toluene
and is extremely sensitive to water, which causes a striking color
change to dark forest green, attributable to an unidentified
hydrolysis product.
In the crystal structure of 1, the molecules initially appeared to

be of Cp′Ni−NiCp′ having an unsupported Ni−Ni bond. We
were, however, able to locate bridging hydride ligands in the
positions shown in Figure 1, in agreement with mass spectral data
that indicate that 1 is a dihydride (m/z = 584.25). The Ni···Ni
distance in 1, 2.28638(3) Å, is shorter than that in any other
binuclear Ni(II) complex except for the NiNi distance of 2.28
Å in [C(SiMe3)(PMe3)2]Ni2Cl2.

8 The Ni···Ni distance in 1 is
significantly longer than the calculated NiNi distance of 2.06 Å
for the hypothetical [CpNi]2 molecule,

9 but similar to the Co−
Co distance of 2.249(1) Å in Cp*2Co2(μ-H)3.

10 Despite the
inherent uncertainty of the H atom positions derived from X-ray
data, we may infer a planar Ni2(μ-H)2 core from the C5···Ni−Ni
angles of ∼178°, where C5 denotes the Cp′ centroid. For the
series of known [Cp′Ni(μ-X)]2 compounds (X = Br, S, Se, Te,
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Chart 1. Ni2(μ-H)2 Complexes
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andOAr (Ar = 2,6-dimethylphenyl)), Ni···Ni separations > 3.0 Å
indicate little direct Ni−Ni bonding.7,11 The [Cp′Ni(μ-CO)]2
complex with Ni−Ni = 2.39 Å is proposed to have a Ni(I)−Ni(I)
bond,12 and therefore the possibility of direct Ni−Ni orbital
overlap may also be considered for 1.
The 1H NMR spectrum of 1 shows four paramagnetically

shifted signals at 10, 13, 14, and 20 ppm (Figure S1), attributed to
the isopropyl methyl resonances as discussed in an NMR
investigation of 2.13 Compound 1 displays an intense band in its
absorption spectrum at 505 nm (ε = 11 000 cm−1 M−1, Figure
S2), which is somewhat lower in energy than in the case of other
[Cp′Ni(μ-X)]2 compounds.
Magnetic susceptibility measurements on 1 revealed a χT

product of 1.08 cm3 Kmol−1 at 300 K that plummets below 50 K.
We tested two possible causes for the observed magnetic
behavior: intracomplex antiferromagnetic coupling between the
two SNi = 1 Ni(II) spin centers, which would yield a singlet SG = 0
ground spin state, or a large magnetic anisotropy of the system as
a whole, with an unexpected triplet ground state (SG = 1). The
room temperature χT product is far from the expected value for
two noninteracting SNi = 1 Ni(II) centers (2.0 cm3 K mol−1 for g
= 2), casting doubt on the antiferromagnetic coupling
interpretation. The data were nevertheless fitted to a model
using the isotropic SNi = 1 spin dimer Heisenberg Hamiltonian:
H =−2JS1·S2, where J is the Ni−Nimagnetic interaction and S1 =
S2 = SNi = 1.14 Although the data fit this model well from a
mathematical standpoint (Figure 2, blue line), giving J/kB =
−8.4(7) K, the resulting g = 1.50(5)makes little physical sense, as
g values greater than 2.00 are seen in Ni(II)−Cp complexes.7,15

Furthermore, a simulation16 of an S1 = S2 = 1 dimer using the
parameters found from the χT versusT fit is inconsistent with the
field-dependent magnetization (M) data; the simulation only
begins to show an increase inM at very high field (>6 T, Figure 2,
inset, blue line).
We therefore tested the unprecedented possibility of an SG = 1

ground spin state for the Ni2(μ-H)2 core by fitting the χT data
using a model that includes axial zero-field splitting (ZFS) based
on the Hamiltonian: H = D·Sz

2, where D is the axial ZFS
parameter and Sz = 1.17 This model gave a more reasonable g
value of 2.07(5) and D/kB = +90(5) K (+63(3) cm−1) (Figure 2,
red line). Moreover, the simulation of theM vsH data with these
g andD/kB values is in excellent agreement with the experimental
data (Figure 2, inset, red line). Thus, the magnetic data clearly
indicate a novel triplet ground state for 1.

To examine the electronic basis for the unusual spin state of 1,
we utilized a molecular orbital analysis. Here we take the Ni−Ni
vector as the z axis of the molecular coordinate system with the
Ni2(μ-H)2 core occupying the yz plane. The typical [Cp′Ni]+
orbital ordering of dxy, dx2−y2 < dz2≪ dxz, dyz, shown in column (a)
of Figure 3, is split by Ni−Ni orbital overlap to yield Ni2 orbitals
of σ, π, and δ symmetry in a [Cp′Ni···NiCp′]2+ pair (Figure 3b).
To consider bonding between theNi2 unit and the two hydride

ligands (in D2h symmetry), the ag H 1s combination (Figure 3d)
is best suited to interact with the Ni−Ni σ bonding ag
combination of Ni dz2 orbitals. This interaction will lead to a
low-energy orbital that has bonding character between all four of
the core atoms (1ag) as well as a higher energy orbital that has
Ni−Ni bonding character but Ni−H antibonding character
(3ag*). The H 1s combination of b2u symmetry can only interact
with the Ni−Ni π-bonding b2u combination in which the dyz
orbitals lie in the plane with the H atoms. Thus, a low energy
Ni2(μ-H)2 bonding orbital, 1b2u, will be formed as well as a high-
energy antibonding combination, 2b2u*, which is raised in energy
above the Ni2 π* orbitals. Filling the resulting orbital manifold,
given in column (c) of Figure 3, with the 20 electrons of the
[Ni2H2]

2+ unit leads immediately to an explanation for the triplet
ground state for 1 due to the filling of electrons up to the Ni−Ni
π* orbitals of b2g and b3g symmetry. Since these b2g and b3g
orbitals cannot interact with the H atoms, they remain quasi-
degenerate. Thus, placing two electrons into these orbitals leads
to the overall 3B1g ground state.
The results of density functional theory (DFT) and ab initio

CASSCF/CASPT2 calculations on 1 are consistent with the
above orbital analysis. Of primary interest are the frontier
orbitals: 1b3u, 1b2g, 1b3g, and 2b2u*. These orbitals are depicted in
Figure 3e, where the occupied 1b3u orbital can be seen to have
Ni−Ni π bonding character. The SOMOs 1b2g and 1b3g are Ni−
Ni π* orbitals, and they are indeed quasi-degenerate, having a
calculated splitting of only 57 cm−1 (82 K). The LUMO, 2b2u*,
is, as expected, the Ni2(μ-H)2 antibonding orbital that would
have Ni−Ni π bonding character if the hydride ligands were not
present. The antibonding interaction with the hydride ligands
has raised this orbital by roughly 1000 cm−1 above 1b3u. The
computed ground state wave function of 1 at the CASSCF/

Figure 1.Crystal structure of 1with thermal ellipsoids shown at the 50%
probability level. All H atoms, except for the bridging hydride ligands,
are omitted for clarity. Figure 2.Temperature dependence of the χT product (χ is the magnetic

susceptibility equal toM/H per mole of 1 at 1000 Oe) between 1.8 and
270 K for a polycrystalline sample of 1. Solid lines are the fits using an SNi
= 1 spin dimer model (see text, blue line) and the SG = 1 ZFSmodel (see
text, red line). Inset: M vs H data with numerical simulations using the
parameters: (i) S1 = S2 = 1, g = 1.50 and J/kB = −8.4 (blue line) and (ii)
SG = 1, g = 2.07 and D/kB = +90 K (red line).
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CASPT2 level was found to be composed of 70% |1b3u
21b2g

1-
1b3g

12b2u
0⟩ and 12% |1b3u

11b2g
11b3g

22b2u
0⟩ character. This

multireference character leads to the following occupation
numbers |1b3u

1.801b2g
1.171b3g

0.912b2u
0.26⟩, which suggests signifi-

cant static electron correlation among these four orbitals, in
agreement with the near-degeneracy seen in the DFT results.
This aspect is further reflected in the position of the
corresponding singlet 1Ag state lying at only 900 cm−1 above
the ground state. The 1Ag state has a stronger multireference
character: 48% |1b3u

21b2g
01b3g

22b2u
0⟩ + 16% |1b3u

01b2g
2-

1b3g
22b2u

0⟩ + 8% |1b3u
21b2g

21b3g
02b2u

0⟩, plus other minor
contributions; the occupation numbers are |1b3u

1.361b2g
0.71-

1b3g
1.492b2u

0.53⟩. Mulliken spin-density analysis of the 3B1g state
shows that 0.98 electrons are localized on each Ni center,
suggesting that the spin density is distributed equally across both
Ni atoms as expected for the half-occupation of the two Ni−Ni
π* orbitals.
For the 1b3u Ni−Ni π bonding orbital, the corresponding π

antibonding orbitals (1b2g and 1b3g) are each half-filled.
Therefore, there is a net 0.5 π bonding interaction in one plane
that is counterbalanced by 0.5 π* antibonding interaction in an
orthogonal plane, and it makes little sense to discuss any localized
Ni−Ni bonding in 1. However, we note that the Ni2(μ-H)2
bonding orbital 1b2u is doubly occupied, while its antibonding
counterpart 2b2u* is nearly empty (occupancy of 0.27 electrons).
Thus, wemay describe a four-center bond that holds together the
Ni2(μ-H)2 core, which is reflected in calculated Ni−Ni bond
orders of 0.5−0.8.
In summary, we report the first example of a Ni2(μ-H)2

complex supported by cyclopentadienyl ligands. This complex
displays a short Ni−Ni distance of 2.29 Å that results in the four
frontier orbitals of the molecule being within 1000 cm−1 of each
other. This near-degeneracy leads to a triplet ground spin state
for the molecule and a low-lying singlet excited state. The two
unpaired electrons in the dxz and dyz orbitals provide a strong,
cylindrically symmetric spin distribution, leading to strong axial
magnetic anisotropy manifested in axial ZFS on the order of 60
cm−1. It is somewhat similar to the case of metal−metal bonded
Ru2(II,II) compounds with two half-occupied π* orbitals, which
also have large (>100 cm−1) axial ZFS.18 These features could be

useful design principles for preparing molecules with high
magnetic anisotropy.

■ ASSOCIATED CONTENT
*S Supporting Information
Experimental and theoretical details; Figures S1−S4; Tables S1−
S3; crystallographic information for 1 and 2. This material is
available free of charge via the Internet at http://pubs.acs.org.

■ AUTHOR INFORMATION
Corresponding Author
berry@chem.wisc.edu
Author Contributions
⊥S.A.Y. and A.R.C. contributed equally.
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
Dedicated to Prof. Larry F. Dahl on the occasion of his 85th
birthday. We thank the following funding agencies for their
support of this work: NSF CHE-1041748 (J.F.B.), NSF DGE-
0718123 (A.R.C.), DOE DE-FG02-10ER16204 (J.F.B.), NIH
NCRR 1S10RR024601-01 (mass spec.), CNRS, the Univ.
Bordeaux, the Aquitaine Region, and the ANR (R.C., E.A.H.).

■ REFERENCES
(1) (a) Kokes, R. J.; Emmett, P. H. J. Am. Chem. Soc. 1959, 81, 5032.
(b) Svoboda, P.; Sedimayer, P.; Hetflejs,̌ J. Collect. Czech. Chem.
Commun. 1973, 38, 1783. (c) Iyer, S.; Varghese, J. P. J. Chem. Soc., Chem.
Commun. 1995, 465. (d) Henderson, R. A. J. Chem. Res. 2002, 9, 407.
(e) Chen, W.; Shimada, S.; Tanaka, M.; Kobayashi, Y.; Saigo, K. J. Am.
Chem. Soc. 2004, 126, 8072. (f) Clement, N. D.; Cavell, K. J.; Jones, C.;
Elsevier, C. J. Angew. Chem., Int. Ed. 2004, 43, 1277. (g) Steinke, T.;
Gemel, C.; Cokoja, M.; Winter, M.; Fischer, R. A. Angew. Chem., Int. Ed.
2004, 43, 2299. (h) Kogut, E.; Zeller, A.; Warren, T. H.; Strassner, T. J.
Am. Chem. Soc. 2004, 126, 11984. (i) Liang, L.-C.; Chien, P.-S.; Lee, P.-
Y. Organometallics 2008, 27, 3082. (j) Yang, J. Y.; Bullock, R. M.; Shaw,
W. J.; Twamley, B.; Fraze, K.; DuBois, M. R.; DuBois, D. L. J. Am. Chem.
Soc. 2009, 131, 5935. (k) Chakraborty, S.; Krause, J. A.; Guan, H.
Organometallics 2009, 28, 582. (l) Tran, B. L.; Pink, M.; Mindiola, D. J.
Organometallics 2009, 28, 2234. (m) DuBois, D. L.; Bullock, R. M. Eur. J.

Figure 3. (a−d) Molecular orbital analysis of 1 assuming D2h symmetry with the Ni2(μ-H)2 core occupying the yz plane. (e) Frontier orbitals of 1, in
detail from the red boxed region in (c). The green/gray orbitals are derived from DFT/B3LYP/TZVP calculations, and those in green/red derive from
CASSCF calculations. The numbers listed next to each CASSCF orbital are the occupation numbers for the triplet (singlet) state.

Journal of the American Chemical Society Communication

dx.doi.org/10.1021/ja507342a | J. Am. Chem. Soc. 2014, 136, 13538−1354113540

http://pubs.acs.org
mailto:berry@chem.wisc.edu


Inorg. Chem. 2011, 1017. (n) Alonso, F.; Riente, P.; Yus, M. Acc. Chem.
Res. 2011, 44, 379.
(2) (a) Volbeda, A.; Charon, M.-H.; Piras, C.; Hatchikian, E. C.; Frey,
M.; Fontecilla-Camps, J. C. Nature 1995, 373, 580. (b) Volbeda, A.;
Garcin, E.; Piras, C.; de Lacey, A. L.; Fernandez, V.M.; Hatchikian, E. C.;
Frey, M.; Fontecilla-Camps, J. C. J. Am. Chem. Soc. 1996, 118, 12989.
(c) Pardo, A.; De Lacey, A. L.; Fernańdez, V.M.; Fan, H.-J.; Fan, Y.; Hall,
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(16) (a) Borraś-Almenar, J. J.; Clemente-Juan, J. M.; Coronado, E.;
Tsukerblat, B. S. Inorg. Chem. 1999, 38, 6081. (b) Borraś-Almenar, J. J.;
Clemente-Juan, J. M.; Coronado, E.; Tsukerblat, B. S. J. Comput. Chem.
2001, 22, 985.
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