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’ INTRODUCTION

The discovery that molecular hydrogen can form a sigma
complex with transition metals by Kubas et al. in 19841 has been
widely regarded as one of the most important, fundamental
developments in Inorganic Chemistry in the last two decades of
the 20th century. The importance of this type of binding for H2

has increased dramatically in recent years because of the necessity
to increase binding energies for molecular hydrogen in porous
materials beyond those offered by simple physisorption,2�4 if this
approach is to become a viable hydrogen storage medium at
ambient temperatures.4�11 A significant increase of hydrogen
storage capacities for sorption based systems at room tempera-
ture andmodest pressures have recently been achieved by the so-
called hydrogen spillover mechanism.12�16 In this approach
small metal particles are introduced on or in high-surface area
materials (e.g., carbons, IRMOF-8), which act to dissociate the
hydrogen molecules under saturation conditions.17�19 In this
situation atomic H is formed, which can then migrate into the
support, and store in much higher quantity thanH2 because of its
much smaller size. A crucial step in this sorption/desorption
reaction at the metal particle involves a dynamic exchange
between H2 andH. This type of exchange has also been observed
in transition metal polyhydride complexes,20,21 where the details
can be studied much more readily as crystal structures of many of
these complexes are known.1,22�24 Dihydrogen-hydride ex-
change reactions in metal complexes, which contain one or more
hydride ligands along with coordinated dihydrogen, are readily

observed by NMR with the use of partial H/D substitution.
Barriers to this process have been found to be generally some-
what higher than those for H2 rotation,

25�27 but in some cases
can be very close to the latter.28

In this work we investigate the quantum rotation of theH2 and
the dihydrogen-hydride exchange mechanism in the polyhydride
compound Fe(H)2(H2)(PEtPh2)3 by inelastic and quasielastic
neutron scattering and electronic structure calculations. Possible
structures (Scheme 1) involved in these processes include three
dihydrogen-dihydride configurations (-cis, -trans, -meta) as well
as the tetrahydride and bis-dihydrogen forms. Except for the
latter, all of these were obtained in our structural calulations, and
their energetics determined. What is known from an experi-
mental point of view23 is (1) that there is just one hydrogen signal
in the NMR spectrum down to 183 K, that is, that the hydride
and dihydrogen ligands are indistinguishable, and hence are
exchanging rapidely, and for that reason it was impossible to
determine the H-D coupling constant for an HD ligand, and (2)
that the reorientation of the dihydrogen ligands occurs by
rotational tunneling. The exchange processes shown would
normally be expected to occur classically by way of transition
states, although these were found to be rather high in energy in
previous theoretical studies.23,29
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ABSTRACT: Extensive computational investigations along
with additional quasielastic neutron scattering data were used
to obtain a consistent picture of the extensive fluxionality of
hydride and dihydrogen ligands in Fe(H)2(H2)(PEtPh2)3 over
a wide range of temperatures from 1.5 to 320 K.Wewere able to
identify three different regimes in the dynamical processes
based on activation energies obtained from line spectral broad-
ening. The rotational tunneling lines (coherent exchange of the
two hydrogens of the H2 ligand) are broadened with increasing
temperature by incoherent exchange up to about 80 K at which
point they merge into a quasielastic spectrum from 100 K to
about 225 K. The effective activation energies for the two regions are 0.14 and 0.1 kcalmol�1, respectively. A third dynamical process
with a higher activation energy of 0.44 kcal mol�1 dominates above 225 K, which we attribute to a quantum dynamical exchange of
dihydrogen and hydride ligands. Our detailed density functional theory (DFT) structural calculations involving the three functionals
(B3LYP, TPSS, and wB97XD) provide a good account of the experimental structure and rotational barriers when only the hydrogen
ligands are relaxed. Full relaxation of the “gas-phase”molecule, however, appears to occur to a greater degree than what is possible in
the crystal structure. The classical dihydrogen-hydride exchange path involves a cis-dihydrogen and tetrahydride structure with
energies of 6.49 and 7.38 kcal mol�1, respectively. Experimental observation of this process withmuch lower energies would seem to
suggest involvement of translational tunneling in addition to the rotational tunneling. Dynamics of this type may be presumed to be
important in hydrogen spillover from metal particles, and therefore need to be elucidated in an effort to utilize this phenomenon.
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A rather complete account of the structural as well as some
dynamical properties of the Fe(H)2(H2)(PEtPh2)3 complex to
be investigated in this work have been reported.23 Inelastic
neutron scattering (INS) studies in this work were used to
obtain information on the rotational potential energy surface
(PES) by an empirical approach using planar rotation of the
dihydrogen molecule fitted to observed rotational transitions. From
the ground state rotational tunneling splitting of 6.4 cm�1 a barrier to
H2 rotation of 1.1 kcal mol�1 was deduced. Theoretical analyses
were, however, limited to model systems in which the phosphine
ligands were replaced by PH3 and to the use of extended H€uckel
calculations. Nonetheless the computations demonstrate the exis-
tence of a cis-effect, an attractive interaction of iron-hydride bond σ
orbital and the unoccupied σ*HH orbital of dihydrogen ligand. This
unique effect is thought to be responsible for the staggered
dihydrogen conformation with respect to normal octahedral iron
coordination, and may be instrumental in dihydrogen-hydride
exchange in this material. The theoretical results were reconsidered
two years later by Eisenstein and co-workers.29 On the basis ofmore
sophisticated multiconfigurational self-consistent field (MCSCF)
calculations they found that the staggered dihydrogen conformation
arises from a dipole/induced-dipole interaction in the crystal
structure geometry.

Herein we go beyond the previous model system calculations
and provide high level theoretical analyses of the structural and
energetic properties of Fe(H)2(H2)(PEtPh2)3 including dihy-
drogen rotation and dihydrogen-hydride exchange, in an effort to
see if improved computations could achieve better agreement
with experimental results, and point the way toward an under-
standing of the observed fluxionality of the hydrogen ligands at
higher temperatures, especially that of the dihydrogen-hydride
exchange. On the experimental side we report new quasielastic
neutron scattering data on the dihydrogen and dihydrogen-
hydride dynamics at temperatures from 150 to 320 K, which
provide evidence of more complex dynamical behavior than
previously thought.

’QUASIELASTIC NEUTRON SCATTERING

Quasielastic neutron scattering (QENS) experiments were
carried out on the IN6 time-of-flight neutron spectrometer at the
Institute Laue-Langevin in Grenoble (France) at temperatures
up to 320 K with an incident neutron wavelength of 5.1 Å. The
experiments are an extension of those reported in ref 23 which
included a study of the temperature dependence of the rotational
tunneling spectra. The rotational tunneling peaks were found to
broaden appreciably with increasing temperature, and become
essentially indistinguishable from an equivalent quasielastic line
at about 110 K. One can define an effective activation energy for
the temperature dependence of the broadening of the rotational
tunneling lines by an Arrhenius relationship. This effective
activation energy was found to be 0.10 kcal mol�1 or 35 cm�1.
Broadening, as well as as line shifts of the rotational tunneling
lines with temperature have been attributed to a coupling to the
phonon spectrum of the material30 and to the transition to the
first excited librational state,31 which in the present case is far
greater, that is, 170 cm�1, than this activation energy, contrary to
the expectation of these models.

Here we report additional quasielastic neutron scattering data
at temperatures of 150, 175, 200, 225, 250, 300, and 320 K whose
initial aim was to observe the temperature dependent evolution
of the rotational dynamics of the dihydrogen ligand. The sample
appeared to be stable at 320 K, which was the highest tempera-
ture that could be reached with the cryostat used. The Lorentzian
linewidths of the quasielastic scattering spectra summed over all
scattering angles were obtained by convolution of the measured
instrumental energy resolution function with a single Lorentzian
whose parameters were fitted to the experimental data in the
process (Figure 1). The resulting widths are shown on a semilog
plot (Figure 2) vs reciprocal temperature to display the likely
Arrhenius behavior of the temperature dependence of the
dynamics. This figure also includes the aforementioned change
in the width of the rotational tunneling lines with temperature,
as well as the quasielastic widths of a Ru analogue with no

Scheme 1
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dihydrogen ligand, namely, RuH4(PPh3)3 for reasons to be
discussed below. It is immediately apparent, however, that the
widths fall into three different regimes as a function of tempera-
ture: the slope below T ≈ 225 K is similar to that for the
broadening of the rotational tunneling lines (below 80 K) but in
turn is appreciably less than that at higher temperatures. Activa-
tion energies of 0.14 kcal mol�1 and 0.44 kcal mol�1, respec-
tively, were obtained by fitting the Arrhenius relationship to the

latter two regimes. The value obtained at lower temperatures is
nearly the same as the one derived from the temperature
dependence of the width of the rotational tunneling peaks up
to 110 K, and may therefore be attributed to the same process
described above. We note, however, that this type of spectral
change from discrete tunneling lines to a quasielastic spectrum
has, in the past, been attributed by some authors29 to a “transi-
tion” to a (semi)classical regime, where higher energy states
become accessible by hopping over the barrier, or thermally
activated reorientation. The barrier to rotation determined in the
previous experiment of 1.1 kcal mol�1 (≈ 560 K) is, however,
much too high for this process to be significant at the tempera-
tures of this experiment. A different description of this tempera-
ture dependence was given by Limbach and coworkers32 in terms
of different activation energies for the coherent exchange (the
rotational tunneling regime at low temperatures) and an inco-
herent exchange of the two H’s at higher temperatures. None of
these descriptions do, however, include yet another change in the
dynamics at still higher temperatures as observed by us above 225
K, where the broadening of the quasielastic line is governed by a
higher activation energy of 0.44 kcal mol�1. The origin of this
additional dynamic process would seem to lie in the interaction
between the dihydrogen ligand and the adjacent hydrides, the
equivalent of which does not exist in the case of the methyl group
rotation, which is the subject of most of the theories referred to
above. In fact, in an earlier study of quasielastic broadening at
high temperatures in the compound IrClH2(H2)(P-i-Pr3)2

28 Li
et al. were able to identify a similar high temperature process with
an activation energy of 1.5 kcal mol�1 as one involving a dynamic
dihydrogen-hydride exchange. This conclusion was supported by
extensive computational studies which demonstrated that energy
differences between the respective configuration were of similar
magnitude as the experimental activation energy.

’THEORETICAL BACKGROUND

Calculations were performed using density functional theory (DFT).
We tested several density functionals for their ability to reproduce the
experimental staggered dihydrogen conformation and the barrier to H2

rotation leading to the observed rotational tunneling splitting. We found
that the wB97XD functional with long-range correlation and dispersion
corrections33,34 gives a reliable account of the factors governing the
dihydrogen rotation. Throughout the paper we compare the results with
the conventional B3LYP35,36 and the meta-GGA TPSS37 functionals.
Effective core potentials (ECP) for iron and phosphorus atoms38�40

were used as part of the LanL2DZdp basis set.41,42 Several Gaussian basis
sets were compared and 6-311G(d) was selected for all atoms except for

Figure 1. Quasielastic neutron scattering spectra at T = 150, 250,
and 320 K.

Figure 2. Right: ln of the width of a rotation tunneling line as a
functions of 1/T, Left: ln of the width of a quasielastic lines as a function
of 1/T. Black, Fe(H)2(H2)(PEtPh2)3 complex; red, RuH4(PPh3)3
complex.
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the four hydrogens coordinated to the metal where the 6-311+G(d,p)
was employed. All electronic structure calculations were performed with
the Gaussian09 suite of programs43 with the pruned (99590) grid
(“ultrafine” grid) and the tight option for geometry optimization.
Stationary points were validated by means of frequency calculations.
Although Fe(H)2(H2)(PEtPh2)3 is a system of paired electrons, the
influence of higher spin orbital configurations on the H2 rotation and
dihydrogen/hydride exchange was also assessed by unrestricted DFT
calculations. PESs for H2 rotation were computed for the crystal
structure as well as for the partially and fully optimized structures, and
rotational energy levels were calculated on the 1D PESs using the
spherical harmonics basis44 and the Lanczos diagonalization
algorithm45,46 as implemented in the ARPACK code.47,48

’RESULTS AND DISCUSSION

Rotational Dynamics of the Dihydrogen Ligand. The
structure of Fe(H)2(H2)(PEtPh2)3 in the crystal (Figure 3) as
reported in ref 23 exhibits an obvious deviation from octahedral
geometry. The P1�Fe�P2 and P1�Fe�P3 angles are larger
than 90� and unequal, 97.6� and 105.2�, respectively. The
P2�Fe�Ht and P3�Fe�Ht angles are smaller than 90� and
almost equal (79.6�) so that the phosphines are bent toward
the dihydrogen/hydride portion of the compound, but away
from the dihydrogen. The equatorial planes Hc�Ht�P1 and
Fe�Hc�Ht planes are nearly identical. The Fe�Hc and Fe�Ht

bonds are shorter than those to the dihydrogen and the H�H
distance is 0.821 Å. However, what makes Fe(H)2(H2)-
(PEtPh2)3 unique is the fact that the dihydrogen bond is
staggered with respect to all other bonds in the coordination
sphere, that is, the Fe�H1�H2 plane is rotated by 43� with
respect to the Hc�Ht�P1 plane.
The potential energy profiles for dihydrogen rotation in the

Fe(H)2(H2)(PEtPh2)3 as computed using the wB97XD (thin),
B3LYP (bold), and TPSS (dashed) functionals are shown in the
lower panel of Figure 4. The orientation of H2 was varied in the
interval 0� < θ < 180� in steps of 10�while the remaining degrees
of freedom were kept fixed at that of the crystal structure
geometry. To facilitate the comparison with the paper of Van
Der Sluys et al.,23 the orientation of the dihydrogen is defined by
the angle of a rotation, θ, with θ = 0� corresponding to the

experimental geometry as shown in the inset of Figure 4. The
barrier to H2 rotation is of the form of a simple double well
potential, with barrier heights of 0.87 kcal mol�1, 0.95 kcal
mol�1, and 0.79 kcal mol�1 obtained with the use of the
wB97XD, B3LYP, and TPSS functionals, respectively. In all
cases the position of the minimum at θ ≈ �4.0� is in very good
agreement with that of the experimental structure. Table 1
compiles the eigenvalues computed in the spherical harmonics
basis ψm = exp((imθ)/(2π) with m up to 10. The ground state
rotational tunneling splittings of 10.7, 8.8, and 12.3 cm�1

computed by using the three DFT methods agree fairly well
with the observed value of 6.4 cm�1 given the fact than the
tunneling transitions are extremely sensitive to the barrier height
with an approximately exponential dependence. In the previous
investigation23 a barrier to H2 rotation of 1.1 kcal mol�1 was
derived from the rotational ground state splitting by using the
first two Fourier coefficients of the potential expansion

V ¼ ∑
n
V2nð1� cosð2nθÞÞ=2 ð1Þ

The variation of the highest occupied molecular orbital
(HOMO) and HOMO-1 orbital energies as function of the
rotation angle θ is shown in the upper panel of Figure 4. It is
apparent that the minimum of the HOMO occurs when the
H�H axis eclipses the Fe�P2 and the Fe�P3 axes at 37� < θ <
57�, respectively. For these geometries the dihydrogen ligand is
involved in π-backdonation with the HOMO, a hybrid of dyz and
dxy located along these bonds. On the other hand, when the
H�H axis eclipses the Fe�P1 axis the dihydrogen ligand is
involved in π-backdonation with HOMO-1, the other combina-
tion of dyz and dxy. Because of the strong deviation of Fe(H)2-
(H2)(PEtPh2)3 from the octahedral geometry the HOMO-1
orbital is not entirely perpendicular to the P2�Fe�P3 plane, but
is tilted toward the P1�Fe�P3 region to avoid the more
crowded P1�Fe�P2 quadrant. This is manifested in the asym-
metry of the HOMO-1 energy profile. We note that the three
functionals give considerably different HOMO/HOMO-1 gaps.

Figure 3. Structure of Fe(H)2(H2)(PEtPh2)3 in the crystal as reported
in ref 23.

Figure 4. Lower panel: Potential energy curves (in kcal mol�1) for H2

rotation in the rigid Fe(H)2(H2)(PEtPh2)3 obtained using the wB97XD
(thin), B3LYP (bold), and TPSS (dashed) functionals. Upper panel:
The corresponding HOMO and HOMO-1 orbital energies as function
of the rotational angle θ. Inset: definition of the rotational angle θ.
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The nonhybrid TPSS functional predicts the smallest HOMO/
HOMO-1 gap with the minimum of the sum of the two orbital
energies at θ =�18.5�, while the largest difference in in HOMO
and HOMO-1 eigenvalues of 10.9 kcal mol�1 is obtained with
the wB97XD functional. This difference is expected as the
HOMO eigenvalues predicted by nonhybrid functionals are
generally less reliable than those predicted by hybrid func-
tionals.49 On the basis of these molecular orbital considerations
alone the orientation of the dihydrogen should be in the
P2�Fe�P3 plane, but it is also affected by electrostatic interac-
tions. The molecular dipole moment of the complex gives rise to
an induced dipole at theH2 so that themost favorable orientation
for the dihydrogen is to be parallel to this dipole moment vector.
In Fe(H)2(H2)(PEtPh2)3 the dipole moment of μ = 2.05D
computed using the wB97XD method is directed toward the P1
ligand and encloses an angle of 49.6� with to the H�H vector,
that is, it lies almost in the equatorial plane. Hence the dipole/
induced dipole interaction favors a conformation with H2

approximately in the P1�Ht-Hc plane. The best balance between
these interactions is therefore achieved for the observed stag-
gered conformation. Because of the variety of interactions
involved, small perturbations of the system geometry may well
lead to changes in both the preferred orientation and the energy
profile for the dihydrogen rotation.
We analyzed theH2 rotation first for a partially and subsequently a

fully optimizedFe(H)2(H2)(PEtPh2)3. Even the partial optimization

of the dihydrogen alongwith the twohydride ligands leads to changes
in the dihydrogen orientation. All three methods predict that the
H�H bond is bent more toward the equatorial plane. For example,
the B3LYP minimum is located at θ = �16.7�. The energy profiles
for H2 rotation for a fully relaxed Fe(H)2(H2)(PEtPh2)3 are
displayed in Figure 5. One immediately notices that this potential
differs significantly from the rigid rotor situation. All three methods
predict a minimum for a structure in which the H�H axis is lying in
the equatorial plane. The wB97XD functional, however, predicts a
second minimum, which in fact is the global minimum, at θ = 58.9�.
In this structure theH�Haxis eclipses the Fe�P3 bond. The energy
difference between the twowB97XDminima is only 0.05 kcalmol�1,
and the two H2 positions are separated by an energy barrier of 0.09
kcal mol�1. The lowest energy levels of the H2 are, however, well
above this barrier. The global minima of this PES are separated by an
energy barrier of 0.51 kcal mol�1. In a similar vein the B3LYP and
TPSS potentials clearly show a shoulder at θ≈ 60�. Changes of the
HOMO and HOMO-1 eigenvalues along the rotation profile are
shown in the upper panel of Figure 5. In all cases the variation of the
HOMO is small indicating that the stabilization of the minima arises
primarily from the interaction with HOMO-1. Note also that the
dipolemoment lies almost in the equatorial plane. The changes in the
rotation profile are the result of sizable differences in the geometry of
the molecular framework. The differences between our minimum
energy structure obtained with the wB97XD method (red) and the
experimental structure in the crystal are illustrated by a superposition
of both them shown in Figure 6. The P1�Fe�P2 angle (104.2�) is

Table 1. Rotational Transitions (in cm�1) for H2 Rotation in the Fe(H)2(H2)(PEtPh2)3 Crystal Structure
a

wB97XD B3LYP TPSS

transition experiment comp. scaled (1.37) comp. scaled (1.28) comp. scaled (1.50)

0f1 6.4 10.7 6.4 8.8 6.4 12.3 6.4

0f2 170 148.4. 185.8 155.4 187.9 139.1 187.0

0f3 252 223.6 241.7 228.4 244.1 222.2 245.6
aThe transitions are given for the calculated rotational profile (comp.) and for the one in which the barrier to H2 rotation is scaled to obtain the
experimental ground state splitting (scaled). The scaling factor is given in brackets.

Figure 5. Lower panel: Potential energy curves (in kcal mol�1) for H2

rotation in the relaxed Fe(H)2(H2)(PEtPh2)3 obtained using the
wB97XD (thin), B3LYP (bold), and TPSS (dashed) functionals. Upper
panel: The corresponding HOMO and HOMO-1 orbital energies as
function of the rotational angle θ.

Figure 6. Superposition of the molecular structure in the crystal
(green) and the computed wB97XD global minimum structure (red).
The rmsd between the structures is 1.19 Å.
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larger than P1�Fe�P3 (101.7�) in the fully optimized structure in
contrast to the situation in the crystal, and the phosphine ligands are
less bent toward Ht and the phenyl rings of the P1 and P3 ligands
appear to be oriented in such a way to maximize the stacking
interaction. The minimum energy orientation of the dihydrogen
ligand in the fully optimized structure, however, deviates significantly
from that in the experimental structure as described above for the
rotational PESs. This result, as well as the relative lack of agreement of
the rotational barrier heights of the fully relaxed potential energy
curves with the experimental observations can, however, be qualita-
tively understood by noting that it is highly likely that Fe(H)2(H2)-
(PEtPh2)3 in the crystal cannot relax as easily as our gas phase
calculations allow on account of crystal packing forces and of
considerable intermolecular interactions. This can easily be seen
from an analysis of interatomic distances in the crystal structure,
which has a number of short (less than the sum of the van derWaals
radii) intermolecular contacts between phosphineH’s of neighboring
molecules. A calculation of the rotational potential energy curve
should therefore include relaxation of neighboring molecules as well,
but this task is currently prohibitive with close to 800 atoms in the
unit cell.
We may interpret the observed temperature dependencies of

the width of the rotational tunneling lines, and subsequent
quasielastic broadening up to temperatures around 200 K in
terms of a combination of a coherent exchange process (i.e.,
rotational tunneling) of the two H’s of the dihydrogen ligand at
low temperatures, and an incoherent, stochastic process at higher
temperatures,32 where the latter is governed by a temperature
dependent rate constant k. Both of these processes involve
reorientations of the dihydrogen ligand, which is subject to
quantum coherence of the initial and final states at low tempera-
tures. This quantum coherence is gradually lost as temperature is
increased and the reorientation assumes more of a stochastic, or
incoherent character, which becomes the dominant source of the
broadening of the quasielastic line at high temperatures. Two
different activation energies can therefore be defined: one, which
describes the coherent exchange of the two H’s, and another for
the incoherent exchange at higher temperatures. The tempera-
ture-dependent part of the width of the rotational tunneling lines
is plotted on the right-hand side of Figure 2 up to 80 K, the
highest temperature at which these lines are still distinct
(Figure 2). This width contains a contribution for the coherent
exchange, which is difficult to extract separately and taken to be
only weakly temperature dependent,32 as well as that of the rate
constant for incoherent exchange, which increases with tem-
perature. The effective activation energy for this rate constant
was found to be 0.10 kcal mol�1. Above 100 K the INS spectra
no longer exhibit tunneling lines but simply a quasielastic
broadening for which we find an effective activation energy
of 0.14 kcal mol�1 up to about 225 K, which must mainly
reflect the incoherent exchange process. This reason that this
value is slightly greater than that of the tunneling lines at low
temperature must be that the coherent exchange process
(rotational tunneling) no longer contributes significantly at
those temperatures.
This qualitative analysis does not specifically address the origin

of the broadening and the related activation energies, which have,
in the case of methyl rotation, been attributed to coupling with
phonons and the excitation to the first excited librational state.31

In the case where this coupling is weak, the effective activation
energy for broadening of the tunneling lines is expected to be the
same as the energy of the librational excitation.50 This simple

picture, however, does not seem to hold for metal dihydrogen
complexes, where the librational transition is typically much
greater than the activation energy derived from the broadening of
the rotational tunneling lines. We have calculated the rotational
energy levels (Table 1) for all the partially and fully relaxed
rotational potential energy curves, and find that in no case lies the
lowest librational level at a frequency of lower than 160 cm�1

above the ground state after scaling the calculated transitions to
the observed value of the ground state splitting of 6.4 cm�1. Our
results for the librational transitions are in good agreement with
the observed23 librational level at 170 cm�1, and are far greater
than the activation energy of 35 cm�1 for broadening of the
tunneling lines.
A different channel for the gradual loss of coherence in the

reorientation of the dihydrogen ligand must therefore be in
effect, which is likely to involve coupling of dihydrogen exchange
to some low frequency skeletal deformation of the complex
leading to a different reaction path. Indeed, among the frequen-
cies calculated in the course of the structural minimizations
described above we find a number of very low frequency
deformation modes (11 to 42 cm�1) of the Fe(H)2(H2)-
(PEtPh2)3, which include displacements of the H atoms of the
dihydrogen ligand, could therefore form part of the vibrational
bath which leads to the broadening of the tunneling lines.
A detailed mechanism was in fact worked out using quantum
dynamics by Scheurer et al.51 for a much simpler case of pairwise
exchange of two separate hydrides involving just two degrees of
freedom, a metal-H bending mode, and the rotation of a
dihydrogen intermediate. Here the damping of the tunneling
system was in fact described by an interaction with a heat bath
arising from the vibrational modes of the system.
Dihydrogen-Hydride Exchange. Rapid exchange of the

dihdydrogen and hydride ligands was clearly evident in the
solution NMR spectrum23 at temperatures as low as 183 K so
that decoalescence of the hydride and dihydrogen signals could
never be observed, nor was it possible to measure the H/D
coupling constant in a sample with partially deuterated hydride
ligands. This dihydrogen/hydride exchange is proposed to occur
classically through a concerted rotation/bond-breaking mechan-
ism at the cis-position.23 We find, however, that the structure in
which the dihydrogen is bound in the cis-position is between
5.16�6.49 kcal mol�1 higher in energy, depending on the
functional used. Similar, apparently high barriers (in the order
of 5.8 kcal mol�1 or greater) for such an exchange have been
found in related systems, such as[Cp*OsH4(PPh3)]

+,24 but these
are normally taken to be the energy of some calculated transition
state. Experimental values for the dihydrogen-hydride exchange
are an estimate, and are not determined directly in the NMR
experiments. It is certainly possible, however, that translational
tunneling of the hydrides could be involved in this process, as is
frequently observed for proton transfer in a wide variety of
systems.52 If this were the case, the dihydrogen-hydride exchange
could occur much more rapidly, than the barrier indicated by the
energy of a theoretical transition state. An indication of this
possibility may be provided by the fact that we found that the
optimized structure in which the dihydrogen is bound in the
trans-position differs by only a small amount, namely,�0.09 kcal
mol�1 and 0.33 kcal mol�1 using the B3LYP and TPSS func-
tionals, respectively, and 1.95 kcal mol�1 by using the dispersion
corrected wB97XD functional from that of the global minimum
structure, while the associated geometrical arrangements show
appreciable differences in the gas phase calculations.
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We do in fact observe a third dynamical process (Figure 2) in
the quasielastic neutron scattering spectra of Fe(H)2(H2)-
(PEtPh2)3 at temperatures above approximately 225 K with
activation energy of 0.44 kcalmol�1, which we tentatively attribute
to the dihydrogen-hydride exchange, despite the high energy of the
likely classical intermediates. If this process involves translational
tunneling the effective activation energy could be appreciably
lower, and conceivable fall into the range given by this activation
energy. We show, for comparison, the temperature dependence of
the quasielastic broadening of the relatedRu tetrahydride complex,
RuH4(PPh3)3, for which we find an activation energy of 2.29 kcal
mol�1. In this case the quasielastic broadening cannot arise
predominantly from dihydrogen rotation only, as the dihydro-
gen-dihydride configuration can only be an intermediate in the
exchange of the four separate hydrides. This in turn would be the
reason for the higher activation energy than that for Fe(H)2(H2)-
(PEtPh2)3, where the dihydrogen-dihydride forms are the two
lowest energy structures. Other possible source of this high
temperature broadening of the quasielastic line, such as classical
stochastic reorientation of the phenyl or ethyl groups, can be ruled
out because the activation energies required would be far too high.
The lack of agreement between our new calculated transition

state energies and the observed activation energy attributed to
dihydrogen-hydride exchange suggests that the latter must be
treated by quantum dynamics and that translational tunneling of
hydrides may well be involved. We note, for example, (Figure 7)
that our calculated tetrahydride intermediate has two pairs of
hydride ligands that are sufficiently close (1.607 and 1.353 Å,
respectively) to facilitate the type of pairwise H/H exchange with
the attendant formation of a dihydrogen intermediate described

by Scheurer et al.,51 one of which would end up being a stable
structure. In fact, the pair of H’s in the position on the tetrahydride
where the dihydrogen is found in the global minimum structure
would commonly be viewed as an “elongated dihydrogen ligand”,21

and it may provide one of many pathways for rearrangements of
hydride and dihydrogen ligands in this system.
To resolve issues of the actual reaction path of the dihydrogen

hydride exchange, and the nature of the dynamics, including the
possible involvement of translational tunneling in addition to the
rotational tunneling of any dihydrogen intermediate, extensive ab
initio molecular dynamics computations are required which take
into account all the degrees of freedom. This was shown, for
example, in the well-known case of CH5+.53 While ab initio
molecular dynamics simulations are indeed nowpossible for systems
of significant complexity, they depend critically on the availability of
accurate electronic structure methods. The importance of an
application of this approach in the case of transition metal poly-
hydrides, cannot be understated as it would lead to amuch improved
understanding of a considerable number of important reactions that
effectively involve interconversion of dihydrogen and hydrides such
as the before mentioned hydrogen spillover process.

’CONCLUSIONS

We have carried out extensive computational and new experi-
mental studies on the fluxionality of the hydrogen ligands in the
polyhydride Fe(H)2(H2)(PEtPh2)3. In accordance with earlier
studies we found that the staggered conformation of H2 is a
consequence of a delicate balance between the back-donation
from the metal d-orbitals and electrostatic interactions favoring
the coplanarity of the H�H axis with the dipole moment vector.
We have shown that this balance is strongly affected by structural
relaxation of the dihydrogen complex. Non-Arrhenius behavior
was observed for the broadening of the rotational tunneling lines
along with subsequent broadening of the quasielastic line in the
neutron scattering spectra over three different temperature
regimes. These can be related to the reorientational dynamics
of the H2 dynamics, and provide a measure of the combined
coherent and incoherent H/H exchange processes of the dihy-
drogen ligand as previously described.32 This very low activation
energy for this broadening (35 cm�1) makes it clear that it
cannot be related to the excitation of the system to the higher
librational state (>160 cm�1) but more likely to a coupling
involving very low frequency deformations of the Fe(H)2(H2)-
(PEtPh2)3. At temperatures above approximately 225 K we
observe a third dynamical process with an activation energy of
0.44 kcal mol�1, which we tentatively attribute to a nonclassical
exchange between dihydrogen and hydride ligands, a process, which
has to involve translational as well as rotational tunneling. Our
calculations do indicate that the cis-effect put forward in the original
paper is not likely to promote the classical dihydrogen/hydride
exchange, since the structure in which the H2 ligand is bound in the
“cis-position” is 5.16�6.49 kcal mol�1 higher in energy. We have,
however, found that the structure with the dihydrogen ligand bound
in the trans position may be relevant to dihydrogen/hydride
exchange. The details of the reaction path mechanism including
tunneling processes, however, remain to be elaborated.
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Figure 7. Geometries of the central part of Fe(H)2(H2)(PEtPh2)3 for
the two lowest energy structures, the global minimum with the
dihydrogen axis lying in the equatorial plane (upper left), the trans
configuration (lower left), as well as the cis-dihydrogen and tetrahydride
intermediates, as calculated using B3LYP. Note that use of TPSS and
wB97XD gives lower energies for global minimum structure than that of
its trans- analogue. Note that strictly for graphical reasons the (PEtPh2)3
groups were replaced by (PH3)3.
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