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Abstract: Density functional calculations (B3LYP) on IrXH2(η2-H2)(PR3)2 for X ) Cl, Br, I and R) H, Me
and inelastic neutron scattering studies for X) Cl, Br, I and R) Pri are used to elucidate the mechanisms for
the intramolecular dihydrogen/hydride exchange. The two lowest energy processes are rotation of the dihydrogen
ligand and oxidative addition of the dihydrogen to form an intermediate Ir(V) tetrahydride, which undergoes
rapid reductive elimination to interchange the dihydrides and the dihydrogen. The use of PMe3 as a model
phosphine is essential to bring the calculated barriers for the dihydrogen/hydride interchange into agreement
with the experimental observations. The activation energy for site exchange (1.9 kcal/mol) is found to be in
excellent agreement with the experimental result obtained for X) Cl (1.5(2) kcal/mol), and the calculations
show a slight decrease in this value from X) Cl to I. Comparison between calculated rotational barriers (0.4
to 0.7 kcal/mol) and experimental values obtained for IrXH2(η2-H2)(PR3)2 (X ) Cl, Br, I; R ) Pri) (0.5 to 1.0
kcal/mol) also demonstrates that the quantitative estimate of the barrier to rotation requires PMe3 as the minimal
model ligand.

Introduction

The synthesis, characterization, structure, and reactivity of
molecular hydrogen complexes1-3 have been active areas since
Kubas et al. discovered the first nonclassical dihydrogen
complex.1 Most η2-H2 complexes1,4-9 have been characterized
by combinations of several experimental methods such as IR

and NMR spectroscopy and X-ray and neutron diffraction.
Theoretical calculations7d,e,10-14 have also been carried out to
substantiate the presence or absence of nonclassical H2 ligands
for many transition metal polyhydride complexes. Increasingly,
one finds both experimental and theoretical studies on the
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reactivity of polyhydride complexes, especially intramolecular
site exchange between molecular hydrogen and hydride ligands
in complexes where both ligands coexist.6,10,11,15,16This in-
tramolecular process has been observed experimentally for
systems such ascis-[Fe(PR3)4H(η2-H2)]+,5b Cr(CO)4(η2-H2)2,5i

RuH(H2)(Ph-py)(PPri3)2,6a [TpM(PR3)(H2)H]+ (M ) Ir, Rh),6b

[Ir(bq)(PCy3)2H(η2-H2)]+,8b [ReH4(CO)(PMe2Ph)3]+,8c and
[Cp*MoH4(η2-H2)(PMe3)]+.11eWith respect to the site exchange
mechanism, ab initio calculations10,11d-f have shown the pos-
sibilities of a variety of rearrangement mechanisms. For
example, a reductive-elimination/oxidative-addition (REOA)
pathway through a bis(dihydrogen) intermediate was proposed
for the [ReH4(CO)(PMe2Ph)3]+ complex,11d but for thecis-[Fe-
(PR3)4H(η2-H2)]+ and [Cp*MoH4(η2-H2)(PMe3)]+ complexes,
the preferred reaction pathway is to go through a “trihydrogen
anion” transition state.10,11e

The rapid exchange between the dihydrogen and hydride
ligands in the complexes IrXH2(η2-H2)(PPri3)2 (X ) Cl, Br, I)
was observed by solution NMR spectroscopy.9 A subsequent
solid-state1H NMR study15 revealed that this exchange persists
down to the lowest temperature reached in the experiment (77
K) and that its barrier in the complex IrClH2(η2-H2)(PPri3)2 is
“substantially under 3 kcal/mol”. It was also determined in this
study that the metal-bound hydrogens remain as distinct pairs
which do not cross the Cl-Ir-P plane. This observation
immediately excluded the direct proton-transfer approach
(pathway C in Scheme 1) as a possible mechanism. However,
this result failed to distinguish between the two possible
mechanisms denoted as pathways A and B in Scheme 1.
Pathway A is the oxidative-addition/reductive-elimination (OARE)
process, in which the hydrogen molecule oxidatively adds to
the metal, leading to a tetrahydride intermediate, and then two
hydride ligands reductively eliminate to regenerate the molecular
hydrogen ligand. Pathway B involves a bis(dihydrogen) inter-
mediate, which is obviously a REOA process.

In addition to the dihydrogen-hydride exchange observed
by NMR, rotational barriers of 0.5 and 1.0 kcal/mol have been
previously derived17 from observations of rotational transitions
of the dihydrogen ligand by inelastic neutron scattering (INS)

for X ) Cl18 and I,9c respectively. Coupling between dihydrogen
rotation and hydrogen-hydride exchange may also play a role
in the experimental observations9c,18 because the energies
involved for the two processes apparently are relatively close
in magnitude. INS is extremely sensitive to the height of the
rotational barrier because the rotational tunnel splitting of the
ground state has an exponential dependence of the barrier
height.17 The theoretical calculation of rotational barriers is a
sensitive test to the accuracy of the calculated metal-H2

interaction because describing the weak metal-H2 interaction
in transition metal complexes is difficult for available theoretical
methods.5f,13

This paper presents a combination of theoretical and experi-
mental studies on hydrogen exchange in closely related com-
plexes. We report calculations by density functional theory
(DFT)19 on the model systems IrXH2(η2-H2)(PR3)2 (X ) Cl,
Br, I; R ) H, Me) to determine the most favorable pathways
and corresponding activation parameters for the dihydrogen/
hydride exchange and the rotational barriers of the dihydrogen
ligand. We also report new results of the barrier to rotation for
the compound X) Br and R) Pri, and the first experimental
observation by inelastic neutron scattering of quasielastic
scattering attributable to the dihydrogen/hydride site exchange
and its associated activation energy for the compound X) Cl
and R ) Pri. Comparisons are made between the calculated
barriers and the new and previously reported experimental
values.

Experimental and Computational Section

Inelastic neutron scattering data on IrXH2(η2-H2)(PPri3)2 (X ) Cl,
Br, I) were collected on the cold neutron time-of-flight spectrometers
IN5 at the Institute Laue-Langevin (Grenoble, France) and MIBEMOL
at the Laboratoire Leon-Brillouin (Saclay, France) over the temperature
range from 1.7 to 250 K. Approximately 1 g of each compound was
sealed in quartz sample holders, with a geometry of an annular cylinder,
under hydrogen atmosphere. Incident wavelengths between 2 and 4.5
Å were used to cover different frequency ranges. Data reduction and
analyses were carried out using standard routines available at the ILL.

All the calculations on the model systems IrXH2(η2-H2)(PR3)2 (X
) Cl, Br, I; R ) H, Me) have been performed with the Gaussian 94
package20 by density functional theory (specifically B3LYP) and by
the second-order Møller-Plesset (MP2) method21 (X ) I only). The
exchange potential in B3LYP is the three-parameter hybrid functional
of Becke22 and the correlation potential is due to Lee, Yang, and Parr.23

The Hay-Wadt relativistic effective core potentials (ECPs)24 for
iridium, phosphorus, and the halides (X) Cl, Br, I) were employed in
all MP2 and DFT calculations. In the ECP for Ir, the 5s and 5p orbitals
were treated explicitly along with the 5d, 6s, and 6p valence orbitals.

The basis set for P and the halides X (X) Cl, Br, I) was the standard
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LANL2DZ25/Gaussian 94 augmented by a polarization d function.26 A
STO-3G basis set27 was used for those hydrogen atoms uncoordinated
to the metal (i.e., in PH3 and PMe3) and the carbon atoms (in PMe3).
The basis sets for Ir and those metal-coordinated dihydrogen and
hydrides deserve special attention because their selection has consider-
able influence on the calculated barriers of site exchange and rotation
of the dihydrogen ligand. For Ir, it has been shown that a double-ú
basis set (341/541/21), where the two outermost 6p functions of the
“standard” LANL2DZ (341/321/21) have been replaced by a (41) split
of the optimized 6p function from Couty and Hall,28 gives better
descriptions for the bonding between Ir and its ligands. Similarly, we
have examined two choices for the basis set of metal-coordinated
hydrogens: 6-31G(p)29 and 6-311G(p).30 Thus, we have four different
combinations for Ir and metal-bound hydrogen basis sets: BS1
(LANL2DZ, 6-31G(p)), BS2 (Modified LANL2DZ, 6-31G(p)), BS3
(LANL2DZ, 6-311G(p)), and BS4 (Modified LANL2DZ, 6-311G(p)).
To determine the difference among these four basis sets, we have
compared the B3LYP-optimized geometries of IrIH2(η2-H2)(PR3)2 (R
) H, Me) obtained with these basis sets to the related experimental
parameters for IrIH2(η2-H2)(PR3)2 (R ) Pri). The results displayed in
Figure 1 and listed in Table 1 clearly show that BS4 provides the best
descriptions for the geometries of the model systems IrIH2(η2-H2)(PR3)2

(R ) H, Me) if the neutron diffraction structure of IrIH2(η2-H2)(PR3)2

(R ) Pri)9c is used to calibrate the calculated geometries. It is easy to

see from Figure 1 that, with the exception of the Ir-I distance, the
agreement between experimental geometrical parameters and calculated
ones with BS4 is excellent, especially when PMe3 is used as a model
phosphine. There is a significant overall improvement for the geometries
of IrIH2(η2-H2)(PR3)2 (R ) H, Me) when the basis sets for Ir and metal-
bound hydrogens are changed from BS1 to BS4 (see Table 1). In IrIH2-
(η2-H2)(PMe3)2 the H(3)-H(4) distance lengthens from 0.830 to 0.862
(vs 0.856(9) Å experimental) and even more dramatically the Ir-H(3)
and Ir-H(4) bond lengths shorten from 1.822 and 1.838 to 1.770 and
1.783 Å, respectively, which are very close to the corresponding
experimental values of 1.748(7) and 1.764(7) Å. In addition, a
comparison between BS1 and BS2 listed in Table 1 for R) H reveals
that the optimized 6p function alone significantly improves the Ir-H2

bonding description. On the basis of these results, we again recommend
the use of the modified LANL2DZ basis set by Couty and Hall28 in
studying transition metal complexes.

Previous studies31 using BS1 resulted in a conclusion that the MP2
level of theory gives a little better description than B3LYP for the same
molecular hydrogen complexes. However, this is not the case for the
larger basis sets. In the MP2 optimizations for IrIH2(η2-H2)(PH3)2, we
found that the molecular hydrogen complex is no longer a minimum
with the best basis set, BS4. This result reminds us that the MP2 method
often overestimates the Ir-H2 interaction31 and favors the oxidative-
addition product; accordingly, the corresponding tetrahydride complex
was found as a local minimum by MP2/BS4. For this reason, only the
B3LYP method is used in subsequent optimizations of the species
involved in the dihydrogen/hydride exchange and rotation of the
molecular hydrogen of IrXH2(η2-H2)(PR3)2 (X ) Cl, Br, I; R ) H,
Me). Likewise, the BS4 basis set is used for all geometry optimizations.
We also present the relative energies of some species calculated with
other electron correlation methods such as MP2, MP3,21 MP4(SDQ),21

CISD,32 and CCSD33 at the B3LYP/BS4 geometries and with another
basis set (BS5), which is BS4 augmented with an f polarization function
on Ir.34

The nature of the stationary points was checked by separate
frequency calculations for all species with R) H. In other cases, only
the updated Hessian matrix was used to characterize the stationary
points.

Results and Discussion

This section begins by describing the optimized structures
of IrXH2(η2-H2)(PR3)2 (X ) Cl, Br, I; R ) H, Me). Next, the
rotation of the dihydrogen ligand is described briefly, and finally,
the dihydrogen/hydride exchange process is described in greater
detail. Experimental and theoretical results are combined for
clarity.

Structures of IrXH 2(η2-H2)(PR3)2 (X ) Cl, Br, I; R ) H,
Me). As shown in the Experimental and Computational Section,
B3LYP calculations with basis set BS4 are necessary for
accurate results in these complexes. In Table 2 we tabulate the
calculated (B3LYP/BS4) geometrical parameters of the molec-
ular hydrogen complexes IrXH2(η2-H2)(PR3)2 (X ) Cl, Br, I;
R ) H, Me) (see Figure 1 for the numbering of atoms).
Frequency calculations have verified that the corresponding
molecular hydrogen compound is a local minimum for each
halide with either PH3 or PMe3. Interestingly, although the
distances involving dihydrogen and the hydrides are similar for
the series Cl, Br, and I, one can clearly see that the bond
distances Ir-H(3) and Ir-H(4) are slightly shortened and
simultaneously the H(3)-H(4) bond is slightly lengthened along
the series. This trend, which is seen for both PH3 and PMe3, is
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plus double-ú basis sets on Na-Bi.
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Figure 1. The B3LYP/BS4-optimized geometry for the molecular
hydrogen complex IrIH2(η2-H2)(PR3)2 (R ) H, Me) and comparison
with the neutron diffraction structure of IrIH2(η2-H2)(PPri3)2.

Table 1. Selected B3LYP Optimized Geometrical Parameters of
IrIH2(η2-H2)(PR3)2 (R ) H, Me) with Four Different Basis Sets and
Comparison with a Related Neutron Diffraction Structure Obtained
for IrIH2(η2-H2)(PR3)2 (R ) Pri)a,b

R ) H R ) Me R ) Pri

BS1c BS2 BS3 BS4 BS1c BS4 exptld

Ir-I 2.861 2.841 2.863 2.846 2.896 2.882 2.770(4)
Ir-P 2.320 2.318 2.321 2.319 2.360 2.353 2.336(4)
Ir-H(1) 1.573 1.585 1.574 1.587 1.578 1.593 1.579(6)
Ir-H(2) 1.591 1.593 1.588 1.594 1.586 1.592 1.589(6)
Ir-H(3) 1.855 1.807 1.834 1.793 1.822 1.770 1.748(7)
Ir-H(4) 1.863 1.818 1.844 1.804 1.838 1.783 1.764(7)
H(3)-H(4) 0.819 0.839 0.827 0.847 0.830 0.862 0.856(9)

a See Figure 1 for the numbering of atoms.b See the text for the
definitions of four basis sets.c As discussed in ref 31.d Neutron
diffraction structure for IrIH2(η2-H2)(PR3)2 (R ) Pri) from ref 9c.

Transition Metal Polyhydride Complexes J. Am. Chem. Soc., Vol. 122, No. 12, 20002905



easily understandable because as the halide becomes less
electronegative, the electron density on Ir increases, the back-
donation into the H2 σ* orbital increases, the Ir-H2 interaction
strengthens, and the H-H bond lengthens. On the other hand,
we note that for each halide the dihydrogen ligand is bonded to
the metal more strongly with PMe3 than with PH3, and as shown
in the Experimental and Computational Section, the former is
a better choice for mimicking the experimental phosphine
geometry.

Rotation of the Molecular Hydrogen. At very low temper-
atures the spectrum of the Cl and I analogues consists of rather
broad rotational tunneling transitions at approximately(20 and
(6 cm-1, respectively, as previously reported.9c,18The spectrum
of the Br complex, however, shows a pair of such transitions
(Figure 2) at(19 and(29 cm-1. The origin of this splitting is
likely to be the result of the presence of two inequivalent
molecules in the crystal, which may give rise to different barriers
to rotation at each complex. This splitting could also arise from
the presence of the two distinct isomers in the absence of the
rapid interconversion at low temperatures. However, we consider
the former explanation to be more likely, because a similar effect
was in fact observed in W(CO)3(η2-H2)(PPri3)2

35 and appears
to be qualitatively in accord with disorder found in the phosphine
ligands. With increasing temperature, however, the intensity of
the peak at 29 cm-1 in the Br analogue shifts into the peak at
19 cm-1 and by about 40 K only the latter remains. We have,
therefore, in the following discussion taken the transition at 19
cm-1 to be characteristic of dihydrogen in the Br complex.

A value of the barrier to rotation can be derived from the
observation of rotational tunnel splitting of the librational ground
state if one assumes that the reorientation of the dihydrogen
ligand occurs in a plane perpendicular to the M-H2 rotation

axis with a double-minimum potential35 and a knowledge of
the rotational constantB, i.e., the H-H distance, from other
experiments such as neutron diffraction or solid state NMR.
We determineB with the aid ofd(HH) from neutron diffraction
results, namely 0.82 and 0.86 Å for the Br and I analogues,
respectively.9c,36 For the Cl complexB was taken to be a
variable18 and determined from the observed rotational transi-
tions to be 0.78 Å. A more elaborate analysis37 of the rotational
barrier was recently carried out for the Cl analogue with the
same result ford(HH). With these values and under the simple
assumption of a 2-fold rotational barrier we findV2 ) 0.51(3),
0.48(3), and 1.00(4) kcal/mol for the Cl, Br, and I complexes,
respectively.

Experimental measurements on the rotational barrier of the
dihydrogen ligand in molecular hydrogen complexes provide a
considerable amount of insight into the dihydrogen-metal
interaction.5f,g,9c,18Comparison between measured and calculated
rotational barriers of the dihydrogen ligand is expected to
provide a sensitive test on the accuracy of the theoretical
methods. In prior work, quantitative predictions of the rotational
barriers have met with only fair success.5f,13 For instance, with
X ) Cl and R) H the rotational barrier was calculated to be
2.2 kcal/mol at the MP2//RHF level,18 a value significantly larger
than the corresponding experimental value. However, our present
calculations, vida infra, show that the rotational barriers for the
experimental systems can be very well reproduced at the
B3LYP/BS4 level when PMe3 is used as the phosphine.

Figure 3 shows the B3LYP/BS4-optimized transition state
geometry for the dihydrogen rotation in IrClH2(η2-H2)(PR3)2

(R ) H, Me). Selected geometrical parameters of the transition
state for the whole halide series are displayed in Table 3. For
each halide, the replacement of PH3 by PMe3 introduces a fairly
large change in the geometry of the coordinated H2 ligand. Since
PMe3 is a stronger electron donor than PH3,38 the metal with
PMe3 has more electrons available forπ back-donation to the
σ* orbital of the molecular hydrogen, which strengthens the
Ir-H2 interaction. This ligand effect is reflected in the Ir-H(3)
and Ir-H(4) bonds which are shorten by 0.04 Å and simulta-
neously in the H(3)-H(4) distance which is elongated by about
0.02 Å for each halide. In addition, one can see that for each
halide the dihydrogen ligand is bonded to the metal more weakly

(35) Eckert, J.Spectrochim. Acta A1992, 48, 363.

(36) Albinati, A.; Jensen, C. M.; Koetzle, T. F.; Klooster, W.; Mason,
S. A.; Eckert, J. Manuscript in preparation, 1999.

(37) ) Clot, E.; Eckert, J. J. Am. Chem. Soc.1999, 121, 8855.
(38) (a) Song, J.; Hall, M. B.J. Am. Chem. Soc.1993, 115, 327. (b)

Jacobsen, H.; Berke, H.Chem. Eur. J.1997, 3, 881.

Table 2. Selected B3LYP/BS4-Optimized Geometrical Parameters
of IrXH2(η2-H2)(PR3)2 (X ) Cl,Br, I; R ) H, Me)a

R ) H R ) Me

X ) Cl X ) Br X ) I X ) Cl X ) Br X ) I

Ir-X 2.524 2.676 2.846 2.561 2.712 2.882
Ir-P 2.316 2.317 2.319 2.349 2.351 2.353
Ir-H(1) 1.585 1.586 1.587 1.591 1.591 1.593
Ir-H(2) 1.593 1.593 1.594 1.592 1.591 1.592
Ir-H(3) 1.805 1.800 1.793 1.775 1.773 1.770
Ir-H(4) 1.820 1.813 1.804 1.795 1.790 1.783
H(3)-H(4) 0.836 0.841 0.847 0.853 0.857 0.862

a See Figure 1 for the numbering of atoms.

Figure 2. INS spectrum forT ) 5 K of IrBrH2(η2-H2)(PPri3)2 collected
on IN5 at the ILL with an incident wavelength of 4 Å.

Figure 3. The B3LYP/BS4-optimized geometry for the transition state
of the rotation of the dihydrogen ligand in IrXH2(η2-H2)(PR3)2 (X )
Cl; R ) H, Me).
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in the rotational transition state than in the molecular hydrogen
complex regardless of which model phosphine is used (compare
Table 2 with Table 3). Moreover, it is interesting to note that
from Cl to I the increase of the Ir-H2 interaction in the
molecular hydrogen complexes is relatively larger than that in
the rotational transition states. This result accounts for the
increasing rotational barriers along the halide series, as shown
in Table 4. From Table 4, we find that, if the zero-point energy
(ZPE) corrections obtained from PH3 as a model phosphine are
added to corresponding electronic energy differences obtained
with the use of PMe3, the calculated barriers are in remarkable
accord with the related experimental values from previous
studies on X) Cl18 and I9c and from this study on X) Br. In
contrast, the calculated rotational barrier with PH3 as a model
phosphine is much too large and beyond the experimental range.
Because the rotational barrier is very sensitive to the nature of
the phosphine, the use of PMe3 as a model phosphine is critical
for the quantitative estimate of the barrier to rotation of the
molecular hydrogen.

Site Exchange Mechanism.As the temperature is increased
the tunneling transitions broaden, shift to slightly lower frequen-
cies, and decrease in intensity while a very broad background
appears underneath these peaks, in much the same way as was
observed for RuH2(η2-H2)2(PCy3).13b In addition, at temperatures
greater than 100 K the narrow elastic line can be seen to broaden
progressively. This indicates that another dynamic process is
now fast enough to be observable with the frequency window
(i.e. energy resolution) provided by the spectrometer of about
2 cm-1 fwhm. While the intensity of the quasielastic component
is rather low, we were able to extract it by fitting a Lorenztian
convoluted with the measured Gaussian resolution function over
this part of the spectrum. An example of this procedure is shown
in Figure 4 for IrClH2(η2-H2)(PPri3)2 at 250 K. An effective
activation energy for this line broadening can be obtained by
fitting these Lorentzian widths to an Arrhenius law with the

resultEa ) 1.5(2) kcal/mol. We associate this line broadening
with the site exchange process for reasons discussed below.

To survey the three different mechanisms proposed in Scheme
1, we focus on the model system IrXH2(η2-H2)(PR3)2 (X ) Cl;
R ) H). It is reasonable to assume that the favored mechanism
for X ) Cl and R) H will be favored for the whole halide
series with R) H or Me. Then, the optimized geometries of
reactants (products and reactants are identical), intermediates,
and transition states and the corresponding activation parameters
are determined for the other model complexes only along the
favored pathway.

The search for a possible intermediate on path A with X)
Cl and R ) H as a model phosphine results in the desired
intermediate, i.e., the tetrahydride complex. This tetrahydride
intermediate (Figure 5) was found to be only 4.3 kcal/mol higher
in energy than the molecular hydrogen complex and was
confirmed by numerical frequency calculations to be a true
minimum. A search for a transition state between this tetrahy-
dride intermediate and the reactant yielded a species which has
one imaginary frequency and is less than 1.0 kcal/mol in energy
above the intermediate. This late transition state, TSSE, is
structurally similar to the intermediate except for a shorter
H(3)-H(4) distance (Figure 5).

B3LYP optimizations with X) Cl and R ) H found no
minima on paths B and C. After restricting the H-H distances
of the two dihydrogen ligands in the hypothetical bis(dihydro-
gen) complex to 0.82 and 1.10 Å, the partial B3LYP optimiza-

Table 3. Selected B3LYP/BS4 Optimized Geometrical Parameters
for the Rotational Transition States of the Dihydrogen Ligand in
IrXH2(η2-H2)(PR3)2 (X ) Cl, Br, I; R ) H, Me)a

R ) H R ) Me

X ) Cl X ) Br X ) I X ) Cl X ) Br X ) I

Ir-X 2.520 2.671 2.843 2.558 2.712 2.882
Ir-P 2.317 2.318 2.320 2.349 2.352 2.354
Ir-H(1) 1.580 1.580 1.582 1.590 1.590 1.591
Ir-H(2) 1.592 1.592 1.593 1.591 1.590 1.591
Ir-H(3) 1.843 1.838 1.832 1.797 1.794 1.791
Ir-H(4) 1.843 1.838 1.832 1.797 1.794 1.791
H(3)-H(4) 0.817 0.819 0.821 0.842 0.844 0.846

a See Figure 3 for the numbering of atoms.

Table 4. Activation Parameters (kcal/mol) for the Rotation of the
Dihydrogen Ligand in IrXH2(η2-H2)(PR3)2 (X ) Cl, Br, I; R ) H,
Me)a

R ) H R ) Me R ) Pri

X ∆E ∆(E + ZPE) ∆E ∆(E + ZPE)b Ea

Cl 2.44 2.04 0.77 0.37 0.51c

Br 2.53 2.11 0.84 0.42 0.48d

I 2.75 2.32 1.09 0.66 1.00e

a ∆E is the electronic energy difference between the transition state
and the reactant.b The zero-point energy corrections are taken from
analogous model systems with PH3 as a model phosphine.c The
experimental value from ref 18.d The experimental value from the
present work. The barrier for the Br is insignificantly smaller than that
for the Cl despite the smaller rotational tunnel splitting because of the
smaller value ofB for the Br than the Cl compounds.e The experimental
value from ref 9c.

Figure 4. (a) Temperature dependence of the quasielastic line for
IrClH2(η2-H2)(PPri3)2, T ) 100, 175, 210, and 250 K. Broadening is
evident above 175 K in the base of the line. (b) Example of a fit to the
data atT ) 250 K. The line appears to be asymmetric because of a
strong spectrometer-related “peak” at ca. 2 cm-1.
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tions give two structures which are 36.6 and 21.2 kcal/mol,
respectively, above the reactant. Upon relaxing the H-H
restriction in the geometry optimization, these species return to
the above-mentioned tetrahydride intermediate. Additionally,
rotating either or both H2 ligands by 90° did not produce
minima. In an analogous way (H(2)-H(3) bond distance fixed
at 0.85 Å), a hypothetical intermediate on path C was found to
be about 15.6 kcal/mol higher in energy than the reactant; this
species also returned to the tetrahydride upon optimization.
However, when the H(2)-H(3) bond was turned perpendicular
to the Cl-H(1)-H(4) plane as a starting point, a full optimiza-
tion resulted in a true stationary point, TSHE, 21.6 kcal/mol
above the reactant (Figure 5). By a frequency analysis, it was
identified as a transition state for the direct exchange of H(2)
and H(3) in the tetrahydride intermediate. Thus, the site
exchange between H(2) and H(3) in the tetrahydride complex
is unlikely to occur at lower temperatures since the correspond-
ing barrier is 17.3 kcal/mol (21.6- 4.3).

Summarizing the results above, one can conclude that only
pathway A is possible for the site exchange process observed
experimentally.15 The low barrier on this pathway and the high
barrier to H’s crossing the Cl-Ir-P plane are consistent with
the experimental observations.

With R ) H, the structural parameters for intermediates and
corresponding transition states along pathway A for the whole
halide series have been collected in Table 5, and their relative
energies reported in Table 6. The energies and geometries show
that the exchange transition state is a very “late” transition state
for all halides (the oxidative addition of the molecular hydrogen

is nearly complete in the transition state). There are relatively
small geometrical differences between the intermediates and
transition states as the halides are changed. The exchange barrier
decreases slightly along the halide series, paralleling the increase
in the H(3)-H(4) distance of the molecular hydrogen complexes
(see Table 2). As shown in Table 6, the electronic energy
difference between the transition state and the intermediate is
quite small (about 0.7 kcal/mol for X) Cl, Br and 0.8 kcal/
mol for X ) I). When the zero-point energy corrections are
added to these energy differences, the intermediate is slightly
higher in energy (0.04 to 0.12 kcal/mol) than the “transition
state”. Thus, the intermediate for R) H may not exist.

The site exchange mechanism given by pathway A can
convincingly explain what has been observed from the single
crystal 1H NMR study of IrClH2(η2-H2)(PPri3)2. It was found
experimentally15 that the facile rearrangement between dihy-
drogen and two hydrides does not scramble them between all
four sites on the NMR time scale. Remembering that the site
exchange process between H(2) and H(3) in the intermediate is
not particularly facile with a calculated activation energy of 17.3
kcal/mol (without zero-point and thermal energy corrections),
one concludes that pathway A correctly interprets the observa-
tion that the hydrides occur in distinct pairs which do not cross
the Cl-Ir-P plane. However, the major difficulty we encounter
by using R) H as a model of Pri is that the calculated exchange
barrier is higher than the corresponding experimental values,
which earlier were estimated to be “substantially under 3 kcal/
mol”15 and are now determined to be 1.5(2) kcal/mol as
described in the beginning of this subsection.

The relatively high exchange barrier (X) Cl) calculated for
R ) H suggests that PH3 may not be a good model for the
experimental phosphine (R) Pri). In the Experimental and
Computational Section, we have demonstrated that PMe3 is
better than PH3 in mimicking the experimental phosphine ligand.
However, the qualitative conclusions established with PH3 as a
model phosphine will remain valid upon replacement of PH3

by PMe3. Thus, for the case of PMe3 we only reoptimized the
intermediate and the transition state along pathway A for X)
Cl, Br, and I (we did not reexamine the other pathways).
Selected structural parameters are given in Table 7. Comparing

Figure 5. B3LYP/BS4-optimized structures for the reactant, the
intermediate, and the two transition states, TSSE and TSHE, involved in
the dihydrogen/hydride interchange process of IrXH2 (η2-H2)(PR3)2 (X
) Cl; R ) H).

Table 5. Selected B3LYP/BS4 Optimized Geometrical Parameters
for the Intermediate and the Transition State TSSE Involved in the
Site Exchange Process of IrXH2(η2-H2)(PH3)2 (X ) Cl, Br, I)a

TSSE intermediate

X ) Cl X ) Br X ) I X ) Cl X ) Br X ) I

Ir-X 2.508 2.660 2.831 2.497 2.650 2.822
Ir-P 2.321 2.322 2.322 2.322 2.322 2.322
Ir-H(1) 1.637 1.635 1.635 1.642 1.641 1.640
Ir-H(2) 1.591 1.592 1.594 1.591 1.593 1.596
Ir-H(3) 1.610 1.613 1.616 1.591 1.593 1.596
Ir-H(4) 1.651 1.650 1.649 1.642 1.641 1.640
H(3)-H(4) 1.339 1.344 1.344 1.754 1.755 1.763

a See Figure 5 for the numbering of atoms.

Table 6. Relative Energies (kcal‚mol-1) at the B3LYP/BS4 Level
for the Intermediate and the Transition State TSSE Involved in the
Site Exchange Process of IrXH2(η2-H2)(PR3)2 (X ) Cl, Br, I; R )
H)

intermediate (R) H) TSSE (R ) H) TS (R) Pri)

X ∆E ∆(E + ZPE) ∆E ∆(E + ZPE) Ea

Cl 4.27 3.79 5.01 3.74 1.5(2)a

Br 4.05 3.60 4.78 3.48
I 3.59 3.11 4.37 3.07

a The experimental value from the present work.
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Tables 2, 5, and 7, we note that for each halide the dihydrogen
ligand in the reactant is bonded to the metal more strongly with
PMe3 than with PH3, but little change is seen for the hydride
part of the tetrahydride intermediate when replacing PH3 with
PMe3. Thus, the late transition state would be expected to have
a lower barrier with PMe3.

Accordingly, it can be seen from Table 8 that the change of
phosphine reduces the activation energies by about 1.9, 1.7, and
1.4 kcal/mol for X) Cl, Br, and I, respectively. Again, if the
ZPE corrections obtained from PH3 as a model phosphine are
added to corresponding electronic energy differences listed in
Table 8, we obtain approximate ZPE-corrected activation
energies of 1.9, 1.8, and 1.7 kcal/mol for X) Cl, Br, and I,
respectively. Obviously, the calculated activation energy for X
) Cl is now in excellent accord with our new experimental
value, vida supra. Therefore, we can see that the use of PMe3

as a model phosphine improves the results significantly.
Additionally, the PMe3 ligand stabilizes the tetrahydride inter-
mediate enough that it remains an intermediate for all halides
even with approximate ZPE correction.

Although the B3LYP method yields very satisfactory activa-
tion energies for the dihydrogen/hydride interchange, it is also
important to compare this method with other methods in which
electron correlation effects are treated in different ways. With
the B3LYP/BS4 geometries, we recomputed the electronic
energies at the B3LYP, HF, MP2, MP3, MP4(SDQ),21 CISD,32

and CCSD33 levels with the largest basis set (BS5) for the
reactant, intermediate, and transition state involved in the
hydrogen exchange process of IrClH2(η2-H2)(PH3)2. The relative
energies are collected in Table 9. First, we note that the addition
of an f polarization function on Ir has little influence on the
relative energies at the B3LYP level. Clearly, the results of the
Møller-Plesset perturbation series are oscillating severely and
therefore are not reliable. A comparison of HF results with CISD
and CCSD values reveals that electron correlation strongly
stabilizes the classical tetrahydride intermediate and its related
transition state and, thus, considerably reduces the energy
difference between the intermediate and the nonclassical reactant
as well as the barrier to hydrogen exchange. Encouragingly,

the B3LYP results seem to lie between variational CISD and
size-consistent CCSD values. Therefore, we conclude that the
B3LYP energies for IrXH2(η2-H2)(PR3)2 (X ) Cl, Br, I; R )
H, Me) are fairly accurate and that our agreement between
calculated and experimental results is not fortuitous. Note that
inclusion of triple excitations by perturbation theory, CCSD-
(T), overcorrects for electron correlation as has been seen in
other cases where MPn methods also overcorrect.39

The above theoretical result for the activation energy for the
site exchange (1.9 kcal/mol for X) Cl) is in excellent
agreement with the results for the quasielastic broadening of
the INS spectrum at high temperatures. While in principle a
number of dynamic processes in this type of complex could
give rise to such a broadening of the elastic line, we nonetheless
can attribute this effect to the rapid interconversion between
hydride and dihydrogen ligands. There are basically two reasons
for this conclusion. First, reorientational motion of either the
methyl groups on the phosphine or the phosphine itself is likely
to be subject to much higher barriers (the barrier to methyl
rotation should be close to that in propane, which has been
determined to be 3.4 kcal/mol40) and/or governed by much
smaller values ofB for either process to be observable with the
instrumental resolution used in this experiment. Second, the
intensity of the quasielastic line roughly reflects the fact that at
most four H’s (the dihydrogen-dihydride ligands) participate
in this process (with 42 H’s on the phosphines), while for the
other processes many more H are likely to be involved. We
also have limited data on a sample with perdeuterated P-Pri

ligands which still shows the broadening.
Finally, we note that the site exchange barrier is only about

1.0 kcal/mol higher than the corresponding rotational barrier.
Therefore, our results do not exclude the possibility that the
site exchange process and the rotation of the molecular hydrogen
are coupled to some extent.9c,18

Conclusions

In this paper three different possible mechanisms for the
intramolecular dihydrogen/hydride interchange in IrXH2(η2-H2)-
(PR3)2 (X ) Cl, Br, I; R ) H, Me) have been examined by
using density functional theory. Our B3LYP/BS4 calculations
with X ) Cl and R) H strongly support the oxidative-addition/
reductive-elimination pathway through a tetrahydride intermedi-
ate as the most favored mechanism. With the more realistic
phosphine, PMe3, and with approximate ZPE corrections, the
exchange barriers are found to be 1.9, 1.8, and 1.7 kcal/mol for
X ) Cl, Br, and I, respectively. For the latter system, the
calculated activation energy for X) Cl is in excellent agreement
with the related experimental value of 1.5(2) kcal/mol obtained
from inelastic neutron scattering studies. Because the tetrahy-
dride intermediate is only slightly more stable than the transition
state connecting it to the molecular hydrogen compound, it may

(39) Niu, S.; Hall, M. B.J. Phys. Chem. A1997, 101, 1360.
(40) McMurry, J. Organic Chemistry; Brooks/Cole Publishing Com-

pany: Pacific Grove, CA, 1996.

Table 7. Selected B3LYP/BS4-Optimized Geometrical Parameters
for the Intermediate and the Transition State TSSE Involved in the
Site Exchange Process of IrXH2(η2-H2)(PMe3)2 (X ) Cl, Br, I)a

TSSE intermediate

X ) Cl X ) Br X ) I X ) Cl X ) Br X ) I

Ir-X 2.537 2.690 2.861 2.523 2.676 2.847
Ir-P 2.353 2.355 2.357 2.353 2.355 2.356
Ir-H(1) 1.634 1.633 1.634 1.644 1.642 1.641
Ir-H(2) 1.590 1.591 1.592 1.589 1.591 1.594
Ir-H(3) 1.614 1.618 1.620 1.589 1.591 1.594
Ir-H(4) 1.659 1.657 1.654 1.644 1.642 1.641
H(3)-H(4) 1.269 1.270 1.278 1.757 1.756 1.756

a See Figure 5 for the numbering of atoms.

Table 8. Relative Energies (kcal‚mol-1) at the B3LYP/BS4 Level
for the Intermediate and the Transition State TSSE Involved in the
Site Exchange Process of IrXH2(η2-H2)(PR3)2 (X ) Cl, Br, I; R )
Me)

intermediate (R)Me) TSSE (R)Me) TS (R) Pri)

X ∆E ∆(E + ZPE)a ∆E ∆(E + ZPE)a Ea

Cl 1.88 1.40 3.14 1.87 1.5(2)b

Br 1.92 1.47 3.09 1.79
I 1.79 1.31 2.95 1.65

a The zero-point energy corrections are taken from analogous model
systems with PH3 as a model phosphine (from Table 6).b The
experimental value from the present work.

Table 9. Electronic Energy Differences (kcal‚mol-1) at Various
Electron Correlation Levels with the B3LYP/BS4 Geometries for
the Intermediate and the Transition State (TSSE) Involved in the Site
Exchange Process of IrClH2(η2-H2)(PH3)2

level TSSE intermediate theoretical level TSSE intermediate

B3LYP/BS4 5.01 4.27 MP4(SDQ)/BS5 1.08 -0.37
B3LYP/BS5 4.75 3.88 CISD/BS5 6.16 5.17

HF/BS5 13.54 13.32 CCSD/BS5 2.64 1.27
MP2/BS5 -4.03 -5.93 CCSD(T)/BS5 1.06 -0.43
MP3/BS5 3.64 2.33
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be difficult to detect this intermediate species. The direct
oxidative-addition/reductive-elimination mechanism, as illus-
trated here, is one of several mechanisms that may be
responsible for the fluxional behavior of other transition metal
polyhydride complexes.5f,10,11d-f

The rotational barriers of the dihydrogen ligand in IrXH2-
(η2-H2)(PPri3)2, both previously measured X) Cl and I values
and the X) Br value reported here, are also well reproduced
by our B3LYP/BS4 calculations on the model complexes IrXH2-
(η2-H2)(PMe3)2 (X ) Cl, Br, I). The use of PMe3 as a model
phosphine is again shown to be crucial for the quantitative
estimate of the barrier to rotation of the dihydrogen ligand. In
addition, our calculations also do not rule out the possibility
that in the IrXH2(η2-H2)(PPri3)2 (X ) Cl, Br, I) complexes the
site exchange process and the rotational motion of the dihy-
drogen ligand are coupled to some extent because their
respective barriers are of similar magnitude.

Finally, generalization of the results presented here suggests
that, if appropriate basis sets and model ligands are chosen, the

density functional theory (specifically B3LYP) with effective
core potentials is a reliable theoretical tool for elucidating the
intramolecular exchange mechanisms and evaluating the rota-
tional barrier of the molecular hydrogen in transition metal
polyhydrides.
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