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The report[1] by Kubas and co-workers in 1984 of a metal
complex with dihydrogen as a ligand heralded the advent of a
new era in organometallic and inorganic chemistry. Hydro-
genations are a cornerstone of homogeneous catalysis,[2] so
reactions of metal complexes with H2 had been studied for
decades, but the idea that H2 could bind to the metal as a
ligand, without complete cleavage of the H�H bond to make
a dihydride, was a surprising concept.

Traditional ligands use lone pairs of electrons in their
bonding, but in dihydrogen complexes, the bonding to the
metal comes from donation of electron density from the
nonpolar H�H s bond to d orbitals on the metal. Back-
bonding from filled metal d orbitals to the s* orbital on H2

also contributes to the bonding; in cases where this back-
bonding is large, cleavage of the H�H bond can occur, thus
leading to a dihydride with two M�H bonds, and no remaining
H�H bond (Scheme 1). The discovery that H2 could be bound

to a metal led to detailed studies by many groups that
revealed structural, spectroscopic, and reactivity character-
istics of dihydrogen complexes.[3] Hundreds of complexes with
H2 ligands have been reported, and as a result of these studies,
the formation of a complex with an H2 ligand is no longer a
surprise.

Despite the evolution of H2 from a novel ligand to a more
commonly encountered ligand in the last 25 years, the
distribution of dihydrogen complexes across the periodic

table has not been egalitarian. Second- and third-row metals
such as tungsten, rhenium, ruthenium, and osmium have
dominated the population of dihydrogen complexes. A
substantial number of cationic Fe(H2) complexes has been
prepared.[4] Other first-row metals, in contrast, have had
significantly fewer dihydrogen complexes reported.
[Cr(CO)5(H2)][5] is only stable under high pressure of H2 or
at low temperatures. Kubas and co-workers prepared
[Cr(CO)3(PiPr3)2(H2)], which readily dissociates H2 in solu-
tion.[6] Manganese dihydrogen complexes [Mn(diphosphi-
ne)(CO)(H2)] are known but lose H2 readily.[7] Some nickel
complexes react readily with dihydrogen, in the electro-
catalytic oxidation of H2,

[8] for example, but only recently
have Caulton and co-workers reported a dihydrogen complex
of nickel.[9] It is not surprising that H2 ligands of first-row
metals remain rare compared to second- and third-row
congeners. The bond dissociation energies of first-row tran-
sition-metal hydrides (M�H bonds) tend to be significantly
lower than those for second- and third-row metals, and this
trend is similarly apparent in the relative scarcity of M(H2)
complexes from the first-row metals.

Heinekey et al. discovered a fascinating route for prepa-
ration of a cobalt dihydrogen complex (Scheme 2).[10] Dihy-
drogen ligands on cobalt are very rare, though a few examples
are known. Brookhart and co-workers reported the cationic
complex [Cp*Co(PMe3)(H)(h2-H2)]+ (Cp* = C5Me5), which
has a hydride ligand that exchanges with the H2 ligand.[11]

[Co(CO)2(NO)(H2)] was characterized by IR spectroscopy at
�104 8C in liquid xenon under 10 bar H2 pressure, but it
decomposed when the pressure was released.[12]

Scheme 1. Formation of a dihydrogen complex and its equilibrium with
a dihydride.

Scheme 2. Synthesis of a Co-Hg-Co complex and its reactions with H2.
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Even the starting complex [(POCOP)CoI] (Scheme 2) has
some unusual features. The paramagnetic CoII iodide, with
one unpaired electron, is an unusual example of a 15-electron
complex. In many cases metal halide complexes that are
coordinatively and electronically unsaturated form dimers in
which two halides bridge two metal atoms, but such behavior
is not observed in the case of [(POCOP)CoI], as the crystal
structure shows it to be monomeric. The bulky tert-butyl
groups on the two P donors may provide steric protection that
disfavors formation of a Co(m-I)2Co structure. Reduction of
[(POCOP)CoI] with Na/Hg gave a surprising result
(Scheme 2). Similar to [(POCOP)CoI], the paramagnetic
product exhibited broad resonances in the 1H NMR spectrum
outside of the normal diamagnetic chemical shift region.
Single-crystal X-ray diffraction showed that the product,
isolated in 68 % yield, had two {Co(POCOP)} units bonded to
mercury! Although mercury was used in the Na/Hg amalgam,
it was not intended to be involved in the product formation,
yet the Co-Hg-Co product formed by surreptitious involve-
ment of the mercury. Complexes of this type, [LnCo-Hg-
CoLn], have been reported; for example, the Co-Hg-Co
bonding in [(CO)4Co-Hg-Co(CO)4] was confirmed by crys-
tallography.[13]

Addition of H2 gas to a solution of [Hg{Co(POCOP)}2] at
�78 8C led to the appearance of a singlet at d =�11.6 ppm in
the 1H NMR spectrum. A T1 value of 30 ms was found at
�53 8C; the low value suggests that the complex has an H2

ligand rather than two terminal Co�H ligands. While low T1

values are associated with H2 ligands, a more definitive
assignment of H2 ligands can be obtained by NMR spectros-
copy studies of corresponding complexes with an HD ligand.
The 1H NMR spectrum of [(POCOP)Co(HD)] exhibited a
1:1:1 triplet, owing to coupling of the D (spin = 1) to H, thus
confirming the assignment as a dihydrogen complex. The
magnitude of the coupling constant correlates with the length
of the H�H bond,[14] with the JHD value of 28 Hz suggesting a
H�H distance of 0.95 � in the H2 ligand. The Hg atom serves
as a convenient way to protect the highly reactive {Co-
(POCOP)} fragment. This preparative route to a dihydrogen
complex is unusual; many dihydrogen complexes have been
prepared by H2 binding to a vacant coordination site, but the
vacant site is normally created by dissociation of a weak
solvent or agostic interaction, not by rupture of a metal–metal
bond. The dihydrogen complex [(POCOP)Co(H2)] is a 16-
electron complex, whereas most H2 complexes are electroni-
cally saturated 18-electron complexes.

At higher pressures of H2 (5 bar), a new resonance is
detected in the 1H NMR spectrum at d =�9.3 ppm that
integrates to 4H. The new complex was stable only at
temperatures below �53 8C. Use of HD rather than H2 led to
resonances in the NMR spectra for the isotopologues
[Co]H3D, [Co]H2D2, and [Co]HD3 slightly upfield of the
resonances for the [Co]H4 complex. It is clear that a second H2

molecule has added to [(POCOP)Co(H2)], but is the product
[(POCOP)Co(H2)2], with two dihydrogen ligands, [(PO-
COP)Co(H)4], with four terminal Co�H bonds, or [(PO-
COP)Co(H2)(H)2], with one H2 ligand and two Co�H bonds?
The T1(minimum) value of 25 ms measured at �93 8C is so
small that the tetrahydride complex [(POCOP)Co(H)4] is

ruled out, since terminal hydrides would lead to a much larger
value of T1. Moreover, a tetrahydride complex would have a
formal oxidation state of CoV, which is uncommon in
organometallic complexes. The NMR spectroscopy data do
not definitively distinguish between [(POCOP)Co(H2)2] and
[(POCOP)Co(H2)(H)2], but DFT calculations found the
minimum energy for [cis-(POCOP)Co(H2)(H)2] with the
two Co�H bonds cis to each other, as shown in Scheme 2.
An isomer with the Co�H bonds trans to each other was
calculated to be 1.6 kcal mol�1 higher energy, and the
bis(dihydrogen) complex [(POCOP)Co(H2)2] was calculated
to be 4.8 kcalmol�1 higher than [cis-(POCOP)Co(H2)(H)2].
The transition state for loss of H2 was found at 12.7 kcalmol�1

above the energy of [cis-(POCOP)Co(H2)(H)2] and 17.8 kcal
mol�1 above the energy of [trans-(POCOP)Co(H2)(H)2].

Several novel features emerge from the new results of
Heinekey et al. The involvement of mercury was unexpected,
yet it provided an excellent route to the formation of novel H2

complexes of cobalt. Will the protection of a highly reactive
organometallic fragment by mercury be more generally
applicable to other systems? The low stability of the cobalt
dihydrogen complex means high reactivity, which will be
useful if that reactivity can be harnessed in catalytic reactions.
The related third-row iridium dihydride complex [(POCO-
P)Ir(H)2]

[15] catalyzes the release of H2 from alkanes and from
amine borane (NH3BH3). There is a broad interest[16] in
finding catalysts based on earth-abundant, inexpensive metals
to replace the use of precious metals like iridium in catalysis.
The discovery of this new cobalt chemistry offers hope that
further development of this chemistry will lead to new uses of
cobalt complexes in catalytic reactions.
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