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Summary: The insertion of ethylene into a Y-H bond of the
tetranuclear yttrium polyhydride complex (η5-C5H4SiH3)4Y4H8,
a model of (η5-C5Me4SiMe3)4Y4H8, which possesses oneµ4-H,
oneµ3-H, and sixµ2-H atoms, was computationally inVestigated
by the method of two-layer ONIOM (B3LYP:HF). It was found
that the enthalpy barrier for theµ3-H migratory insertion (15.3
kcal/mol) is higher than that forµ2-H migratory insertion (10.9
kcal/mol). Bothµ2-H and µ3-H migratory insertion reactions
lead to a structurally and hence energetically identical insertion
product, in which the resulting ethyl group adopts aµ2-bridging
structure. These results suggest that theµ2-H migratory insertion
reaction pathway is kinetically preferable.

Introduction

The insertion of an alkene into a metal-hydrogen (M-H)
bond (or hydrogen migratory insertion) is a key elementary step
in many important catalytic and stoichiometric processes, such
as hydrogenation, hydroformylation, isomerization, and polym-
erization.1 In addition to mononuclear-complex-catalyzed inser-
tion reactions, insertion processes promoted by polynuclear
transition-metal and rare-earth-metal complexes have attracted
considerable research interest because of the unusual reactivity
contributed by the cooperation of multiple metal centers.2 In
this context, computational studies have mostly focused on the
µ1-H migratory insertion reaction3,4 but there have not been
many theoretical studies on the migratory insertion of multiply

coordinated hydrogen, such asµ2-H andµ3-H, in polynuclear
complexes.5 During our recent studies on polynuclear rare-earth-
metal polyhydrido complexes bearing cyclopentadienyl ligands,6

we found that they possess several unique features, structurally
and chemically. For example, they not only have multiply
coordinated hydrogen atoms such asµ2-H, µ3-H, and µ4-H
atoms6b,h but also show high reactivity toward various unsatur-
ated substrates, including those having unsaturated carbon-
carbon bonds.6d Unlike reactions with mononuclear complexes,
a polynuclear complex mediated alkene insertion process, such
as ethylene insertion into the Y-H bonds of the tetranuclear
yttrium polyhydride cluster (η5-C5Me4SiMe3)4Y4H8 (1; see
Figure 1),6h,7 may show diversity in the migratory insertion
process due to its multiple metal centers and the competitive
migration of multiply coordinated hydrogens. For instance, in
complex1, the three different metal centers may have different
reactivities for attack by ethylene and the migratory insertion
process may involveµ2-H or µ3-H. A computational study on
such an insertion process catalyzed by polynuclear metal
complexes such as1 is of methodological importance and
chemical interest. Hence, a migratory insertion of multiply
coordinated hydrogen, which may be different from theµ1-H
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migratory insertion process, attracted our theoretical attention.
For modeling such an elementary insertion step, in this study,
we have computationally investigated the insertion reaction of
ethylene into the Y-H bonds of1.

Results and Discussion

In complex1, the Y1 atom bonds to four hydrogen atoms
and oneη5-C5Me4SiMe3 ligand, whereas each of the other three
Y atoms (Y2, Y3, and Y4) bonds to five hydrogen atoms and
oneη5-C5Me4SiMe3 ligand, which suggests that Y1 is coordi-
natively unsaturated. With respect to the symmetry (C3V) of the
core part Y4H8 of (η5-C5H4SiH3)4Y4H8, a model complex of
1,8 there are three possible sites for ethylene access (Figure 1b).
As indicated in Figure 1b, at site 1 ethylene approaches the Y1
atom, while at site 2 ethylene approaches the Y4 atom above
the Y2Y3Y4 plane and at site 3 it approaches the Y4 atom below
the Y2Y3Y4 plane. Theµ4-H atom was considered not to be
involved in the elementary insertion step, since it is centered in
the cavity of the tetrahedron constructed by the four metal atoms.
The computed potential energy surface (PES) for ethylene
insertion into the Y-H bonds is shown in Figure 2, in which
the selected geometrical data together with the relative electronic
energies (∆E, including zero-point energy correction), enthalpies
(∆H), and free energies (∆G, 298.15 K, 1 atm) are given. Since
several small frequencies (less than 20 cm-1) were computa-
tionally found for some optimized minima, the relative enthalpy
(∆H) was used for the following discussion. However, the
difference between∆H and∆G reflects the entropy contribu-
tions. By access from site 1, complex2 was formed with
ethylene coordination to Y1. Attempts to locate a complex
formed by coordination of ethylene to Y4 by access from site
2 also led to complex2, in which the plane of the ethylene
molecule is orthogonal to the Y2Y3Y4 plane (see2 in Figure
2). Hence, by access from site 1 or site 2 (above the Y2Y3Y4
plane), ethylene was computationally found to preferentially
coordinate to the Y1 center via its carbon atoms. The access of
ethylene from site 3 (below the Y2Y3Y4 plane) gave complex
4 (Figure 2). In both2 and4, the interactions between the bare
cluster (η5-C5H4SiH3)4Y4H8 and the ethylene moiety are very
weak, as suggested by the rather small binding enthalpies shown

in Figure 2 (-1.1 and-0.5 kcal/mol for2 and4, respectively).
In complex4, ethylene interacts with the bare cluster (η5-C5H4-
SiH3)4Y4H8 through hydrogen atoms (H15 and H17) rather than
the carbon atoms, even when the ethylene molecule was initially
modeled parallel with the Y2Y3Y4 plane.

After the formation of complex2, the migratory insertion of
H8 into the ethylene occurs to yield3 by overcoming a transition
state,TS[2-3], with an enthalpy barrier of 10.8 kcal/mol (path
A in Figure 2). In 3, the C13‚‚‚Y4 distance of 2.950 Å indicates
an interaction between C13 and Y4. After migratory insertion
of µ2-H8, the resulting CH2CH3 group replaced the bridging
µ2-H8 to bind both Y1 (via a Y1-CH2 bond) and Y4 (via an
agostic interaction, Y4‚‚‚CH3), while the binding modes ofµ4-
H5 andµ3-H11 were retained. Actually, it is computationally
found that the migratory insertion reaction ofµ2-H7 does also
easily occur, which is equal to theµ2-H8 insertion process, due
to the symmetry. It is noticed thatTS[2-3] shows a five-center
structure constructed by Y1, C14, C13, H8, and Y4 atoms, in
which the H8 atom not only interacts with the C13 atom but
also bridges the Y1 and Y4 atoms. Such a bridging feature of
H8 may stabilize the structure ofTS[2-3].9 A similar five-center
structure of a transition state was previously found in a
binuclear-complex-assisted alkene insertion reaction.10 The
atomic orbital interactions corroborating the cyclic five-center
structure in TS[2-3] can be seen from the isosurfaces of
molecular orbitals shown in Figure 3. The HOMO (Figure 3a)
demonstrates the interactions of the 4d orbital of Y1 with the
1s orbital of H8 and the 2p orbital of C14. HOMO-27 and
HOMO-28 (Figure 3c,d) show the orbital overlap between H8
and the ethylene moiety, and HOMO-8 (Figure 3b) shows the
orbital interaction between H8(1s) and Y4(4d). Furthermore,
we found that3, with a terminal CH2CH3 group (µ1-CH2CH3),
easily goes throughTS[3-5′] (with an enthalpy barrier of 7.4
kcal/mol) to give the more stable5′ (exothermic by 3.0 kcal/
mol relevant to3) with a CH2CH3-bridging character. Analysis
of the single imaginary frequency ofTS[3-5′] reveals a motion
of the CH2CH3 group to bridge Y1 and Y4 and motions of the
H10 and H11 atoms toward the bond formation of Y1-H10
and bond breakage of Y3-H11, respectively, indicating that
an exchange in binding mode between H10 (fromµ2 to µ3) and
H11 (fromµ3 to µ2) is concerted with the alkyl-bridging process
(see the Supporting Information for the displacement vectors
associated with the imaginary frequency ofTS[3-5′]). An
attempt to locate a more stable minimum with aµ3-CH2CH3

connection led to5′ instead, which has theµ2-CH2CH3 bridging
character.11

In comparison with complex2, the coordination complex4
needs to overcome a higher enthalpy barrier (15.3 kcal/mol) to
give the insertion product5 via TS[4-5] (path B in Figure 2).
One may notice that, from4 to TS[4-5], the ethylene moiety
needs to rotate about 90° around its CdC bond axial with
breaking of the Y4-H11 bond, which may be why the migratory
insertion ofµ3-H11 is kinetically unfavorable relative to that
of µ2-H8. The free-energy barriers shown in Figure 2 also
suggest that theµ2-H8 migratory insertion process (barrier of
12.0 kcal/mol) is more kinetically favorable than theµ3-H11
insertion reaction (barrier of 22.8 kcal/mol). IRC calculations
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vibration modes corresponding to Cp-ring (η5-C5H5) rotations, we considered
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1 could not be structurally characterized due to its instability, the reaction
product of styrene with [(η5-C5Me4SiMe3)Y(µ-H)2]4(THF), which has been
structurally characterized previously,5b shows a structural feature of the
benzylic phenyl group bridging two Y atoms, which is similar to the CH2-
CH3-bridging structural character in5′.

Figure 1. (a) Structure of the complex (η5-C5Me4SiMe3)4Y4H8 (1).
(b) Core part Y4H8 of (η5-C5H4SiH3)4Y4H8, which is a model
complex of1. The arrows indicate three possible orientations for
ethylene access. Site 1 is for ethylene to approach the Y1 atom,
while site 2 above the Y2Y3Y4 plane and site 3 below the Y2Y3Y4
plane are for ethylene to approach the Y4 atom.
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and further geometrical releases ofTS[4-5] to the minima along
both sides confirmed thatTS[4-5] exactly connects structures
4 and5. For the coordination complex4, theµ2-H12 migratory
insertion product was also found, but this process was compu-

tationally found to be endothermic by 1.9 kcal/mol, possibly
because of the absence of aµ3-H atom to stabilize the structure
(see the Supporting Information for the optimized structure).
This suggested that theµ2-H12 migratory insertion reaction

Figure 2. Computed potential energy surface. Path A is for ethylene access from site 1 or site 2, and path B is for access from site 3.
Distances are given in Å, and the assignments of access sites are shown in Figure 1. Each Y atom bonds to oneη5-C5H4SiH3 ligand, which
is omitted for clarity. The relative electronic energy (∆E, including zero-point energy correction), enthalpy (∆H), and free energy (∆G,
298.15 K, 1 atm) are relative to separate (η5-C5H4SiH3)4Y4H8 and ethylene molecules.

Figure 3. Molecular orbital isosurfaces of TS[2-3] showing a five-center structure constructed by Y1, C14, C13, H8, and Y4 atoms.
Schematic representations (Cp′ ) η5-C5H4SiH3) for the atomic orbital overlaps among the five atoms (Y1, C14, C13, H8, and Y4) are
shown below the corresponding molecular orbital isosurfaces.
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could not thermodynamically compete with the exothermicµ3-
H11 migratory insertion reaction. Indeed, in coordination
complex4 (Figure 2), the H12 atom is considerably further from
C14 (C14‚‚‚H12 distance of 5.542 Å) than is H11 (C14‚‚‚H11
distance of 3.721 Å). Hence, the potential energy surface around
the region of theµ2-H12 migratory insertion product was not
further investigated.

It is also noteworthy that the insertion product5 with an alkyl-
bridging feature is exothermic by-12.2 kcal/mol relevant to
the reactants, ethylene molecule, and the bare cluster (η5-C5H4-
SiH3)4Y4H8 and is structurally and hence energetically equal to
5′ (relative enthalpy of-12.1 kcal/mol). That is, the migratory
insertion ofµ3-H11 andµ2-H8 led to the same insertion product,
although insertion ofµ3-H11 is kinetically unfavorable, implying
that insertion of ethylene into a Y-H bond of (η5-C5H4-
SiH3)4Y4H8 preferably follows path A in Figure 2.

In summary, a computational study of ethylene insertion into
the Y-H bonds of (η5-C5H4SiH3)4Y4H8, a model of (η5-C5-
Me4SiMe3)4Y4H8 with multiply coordinated hydrogen atoms,
has been performed. Although theµ2-H and µ3-H migratory
insertion processes are kinetically feasible and lead to identical
insertion products, theµ2-H insertion reaction is more kinetically
favorable, implying that this insertion starts with the coordination
of an ethylene moiety to the coordinatively unsaturated metal
center (such as Y1 in Figure 1) followed by the migratory
insertion of aµ2-H. The resulting ethyl group easily proceeds
to adopt a bridging structure, concerted with a rearrangement
of metal-hydrogen bonds.

Computational Details

The model compound (η5-C5H4SiH3)4Y4H8 is used for modeling
complex1, (η5-C5Me4SiMe3)4Y4H8. The computations were carried
out with the two-layer ONIOM (B3LYP:HF) method12 as imple-
mented in the Gaussian03 program.13 In the ONIOM (B3LYP:HF)
computations, the four SiH3 groups of (η5-C5H4SiH3)4Y4H8 are
placed in the outside layer treated at the HF level, and the other
atoms, including those in the ethylene moiety, constitute the inner
layer. Hence, for the ONIOM calculation of (η5-C5H4SiH3)4Y4H8,
the “model” system is (η5-C5H5)4Y4H8. The ONIOM energy of the
whole system is calculated as

whereE(high level, inner layer) is the energy of the inner layer
calculated using the high-level method (B3LYP),E(low level, real)
is the energy of the whole system calculated using the low-level

method (HF), andE(low level, inner layer) is the energy of the
inner layer calculated using the low-level method. For the HF
calculation, the LanL2MB basis and associated effective core
potential (ECP)14 were applied. For the B3LYP calculation, the
LanL2DZ basis sets and associated ECP14 were used for the Y
atoms, and the eight hydrogen atoms involved in the core part Y4H8

were treated with the 6-31G** basis set, while the C and the
remaining H atoms were treated with the 6-31G* basis set. We
use the term “BS” to represent the basis sets used in the B3LYP
calculation. Hence, the two-layer ONIOM method used in this study
can be denoted as ONIOM (B3LYP/BS:HF/LanL2MB). Actually,
the ONIOM (B3LYP:HF) calculation of (η5-C5H4SiH3)4Y4H8 in this
study gave geometrical results similar to the available experimental
data and computations by the method of “pure” DFT combined
with larger basis sets (see Table S-1 in the Supporting Information).
The geometrical variations in these methods were small (less than
0.01 Å in Y-H bond lengths and 0.06 Å in Y‚‚‚Y distances) in
the core part, Y4H8. This suggests that the two-layer method used
in this study is reliable for computing the present system.15 Normal-
coordinate analyses were performed to verify the geometrically
optimized stationary points and to obtain the zero-point energy and
thermodynamic data. For the transition-state structure, the intrinsic
reaction coordinate (IRC) routes in both directions toward the
corresponding minima were calculated, and further geometrical
releases to the minima along with both sides were performed for
some TSs. The potential energy surface was described by the
relative electronic energy (∆E), including zero-point energy cor-
rection and enthalpy (∆Η). Although there are several small
frequency values (less than 20 cm-1) of some optimized minima,
the relative free energies (∆G, 298.15 K, 1 atm) are also given for
comparison. The stabilities of the wavefunctions were tested. A
C1 symmetry point group was used throughout all calculations, and
no higher molecular symmetry restriction was imposed.
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