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Summary: The insertion reactions of isoprene and ethylene into Chart 1. Transition States for Alkene Insertion into M—R

the Y—CH,SiH; bond of a cationic binuclear yttrium complex Bonds

are computationally inestigated by use of the hybrid B3LYP ® ®
density functional method. It has been found that these insertion c\ H c_l H ST
reactions take placeia a kinetically preferable fie-center f TN H««,.C.--"' \ H\C \
transition state rather than a ceentional four-center transition RN 'z-i/ A H/ C
state that is well known for the mononuclear-complex-catalyzed % /c\ M e T W ™
alkene insertion reactions. The cooperatbonding of the two H” \"H A\ LJ - Ln-/

metal centers to an alkene moiety plays an important role for M = metal, L = ligand
the stabilization of the fie-center transition state in the present A B c
system.
latively, if such a reaction is catalyzed by a binuclear metal

complex, there are two possibilities for the insertion TS. One
is the four-center TS involving a single metal atom (suclBas
The insertion of an alkene into the metallkyl (M—R) bond in Chart _1), and the other is a fiv_e-center TS involving two
of a cationic metal alkyl species is an important approach to cooperative metal atoms (such @sin Chart 1). However, to
the formation of a G-C bond! Detailed knowledge of the the best of our knowledge, theoretical investigation of the latter
reaction mechanism is crucial for a useful understanding of suchhas not been reported previously, although binuclear metal
a process and development of new catalysts. It has been Wide|y_complexes_ have recei_ved muc_h recent attention because of their
accepted for a long time that this insertion process follows a intermetallic cooperative reactivifWe have recently reported
general @-agostic interaction assisted) four-center transition @ cationic binuclear yttrium alkyl specieb(Chart 2), showing

Introduction

state (TS) mechanisfin which the olefin initially approaches
the metal center to form a-complex and then the reaction
proceeds via a four-center TS (suchfsn Chart 1), leading

unprecedented isospecific 3,4-selectivity in the polymerization
of isoprené€. In the study of the reaction mechanism of such a
binuclear system, we found that the insertion of isoprengl{C

to the insertion product. Such a mechanism has been experi-Or €thylene (GHy) into the Y—CH,SiH; bond of2, a compu-

mentally confirmeéland also computationally modeféd->for

tational model compound df (Chart 2)8 proceeds via a five-

mononuclear-complex-catalyzed alkene insertion reactions. Specucenter rather than a four-center TS. We report here these results,
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Notes

Chart 2. Cationic Binuclear Yttrium Alkyl Species 1 and
Its Model Compound 2 (bond lengths in A and angles in
deg; arrows in 2 showing the approach direction of an
alkene)

—|®

C6-Y1=2.60
] C6-Y2=255

Y1-Y2 =3.38
Y1-P1=2.84

Y1-P2 = 3.05
C6-SiMe; = 1.88
Y-C(Cp,av.) = 2.65
ZY1C6Y2 =818
ZY1P2P1Y2 = 110.7

to form 3' |
Q C6-Y1 =264

C6-Y2 =258
\ Y1-Y2 =3.45
to form 3

(Cy = cyclohexyl)

1

Y1-P1=276

Y1-P2 =3.02
C6-SiHz = 1.91
Y-C(Cp,av.) =2.64
£ZY1C6Y2 =827
ZY1P2P1Y2 =112.2

Results and Discussion

The insertion reaction of 4E1g° begins with its approach to
the sterically open Y2 center @rather than the crowded Y1

center because of the agostic interaction between Y1 and the

SiH3; group (Chart 2). The access of from the right side
of Y2 leads to ther-complex3, retaining the HSICH,-bridging

feature, which then undergoes a four-center (C6, C3, C4, and

Y2) TS, TS[3-4], with the breakage of the Y¥41C6 bond, and
leads to the insertion produdtwith a restoration of the alkyl-
bridging feature (Path I in Scheme 1). However, the rather hig
free-energy barrier (e.g., 37.6 kcal/mol in chlorobenzene) for
the conversion o8 to 4 is almost kinetically inaccessible and
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(9) The data for isoprene insertion given here are for 4,3-insertion in
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Scheme 1. Stationary Points (bond length in A) for Isoprene
Insertion along a Four-Center TS Pathway (Path 1) and a
Five-Center TS Pathway (Path Il) Together with the
Relative Gibbs Free Energy (kcal/mol) in Solution (italics)
and Gas Phase (in parentheses)
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may restrain the reaction from following Path | (Schemé®1).
This led us to wonder whether there is a kinetically feasible

h alternative pathway.

By an access of &g from the upside of Y21 thesz-complex
3 is formed. In this process, the €&2 bond is broken and
the dihedral anglélY1P1P2-P1P2Y2 increases from 118
2 to 149 in 3. The reaction then proceeds via a five-center
TS, TS[3'-4], by overcoming a solvation free-energy barrier of
22.9 kcal/mol, to yield the identical insertion proddc{Path
II, Scheme 1). Essentially, the bridging €%iH; group in2
plays the role of an electron-mediating “buffer” facilitating the
upside coordination of the incoming isoprene to the Y2 atom
and its insertion process. In this sense, the strength of a carbon
metal bond, such as €6r2, could be a possible factor affecting
the formation of ther-complex (such ag8') and hence the
catalytic activity. Although the breakage of the €62 bond
makes the formation o8 slightly endoergic (Scheme 1), the
lower free-energy barrier (22.9 kcal/mol), compared with that
along Path | (37.6 kcal/mol), allows the insertion reaction to
occur smoothly213 The IRC calculation and further releases
(optimization to minimum) confirmed thafS[3'-4] exactly
connects3' and4 on the potential energy surface. Tis[3'-4],

(10) The slightly large variation trend in solvation energy may result
from the fairly high polarity of the chlorobenzene solvent and the significant

also prefers a five-center TS pathway (see Supporting Information for more geometrical variation of the stationary points.
details). Because the 3,4-polyisoprene has been experimentally obtained in  (11) The BSiCsH4 and (P2)Me groups sterically inhibit the access of

very high regioselectivity, the 1,4-insertion fashion was not considered in
this work. An attempt to model the 3,4-insertion process finally led to the

isoprene to Y2 from either the back-side or front-side.
(12) An attempt to locate a transition state to conrgeahd 3 was not

1,4-insertion product, which was therefore not considered further. The successful. The reactarsind isoprene could be viewed to be in equilibrium

coordination in ecis-fashion will not alter the reaction pathway.

with the 7-complexes3 and3' (Scheme 1).
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(b)

Figure 1. Orbital isosurfaces of the five-center TIS5[3'-4] for
isoprene insertion. (a) HOMO (M& 91a); (b) HOMO-2 (MO=
89a); (c) HOMO-5 (MO= 86a). Schematic representations for the
atomic orbital overlaps among the five atoms (Y1, C6, C3, C4,
and Y2) are shown below the molecular orbital isosurfaces.

the Y1, C6, C3, C4, and Y2 atoms form a coplanar cyclic five-
center structure with an average deviation of 0.04 A from the

least-squares plane formed by the five atoms (Scheme 1). The

isoprene moiety interacts not only with C6 and Y1 (€63
distance of 2.38 A and G4Y1 contact of 2.78 A) but also
with Y2 (C4---Y2 distance of 2.62 A). This cooperative bonding
of the two metal atoms to the isoprene moiety plays an important
role for the stabilization of the five-cent@iS[3'-4], which is

not observed in a conventional four-center TS structure such
asTS[3-4] (Scheme 1). An agostic interaction between Y1 and
H(SiH,) is also observed in the five-cent€6[3'-4], as in the
case of the four-centerS[3-4].

The orbital interactions corroborating the cyclic five-center
TS structure can be seen from the isosurfaces of molecular
orbitals. For example, the HOMO (highest occupied molecular
orbital) shows interactions between the 2p orbitals of C4 and
the 4d orbitals of the two Y atoms (Figure 1a). The HOMO-5
and HOMO-2 demonstrate the orbital overlaps among the C6,

Notes

Scheme 2. Stationary Points (bond length in A) for Ethylene
Insertion along a Four-Center TS Pathway (Path I) and a
Five-Center TS Pathway (Path IlI) Together with the
Relative Gibbs Free Energy (kcal/mol) in Solution (italics)
and Gas Phase (in parentheses)
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binuclear yttrium alkyl specie& proceed via a significantly

C4, and Y1 atoms and those among the C6, C3, C4, and Y1favorable five-center transition state rather than a conventional
atoms, respectively (Figure 1b,c). These geometrical featuresfour-center transition state. A study on the insertion reaction of

and chemical bondings strongly support the cyclic five-center
structure ofTS[3'-4].

In agreement with the experimental resuthe Lu analogue
of 2 was computed to be less active ttasince the Lu analogue
induced higher complexation energy (10.7 kcal/mol) and inser-
tion free-energy barrier (25.9 kcal/mol, see Supporting Informa-
tion for more details) compared with(2.6 and 22.9 kcal/mol,
respectively).

alkenes into the MR(H) bonds of other bi- or polynuclear
complexes is in progress.

Computatonal Details

The geometry optimizations and energy estimations were carried

out with the method of the hybrid B3LYP density functio&T his

method has been successfully applied for many organometallic

To see whether the five-center TS pathway is available for Systems>'°The 6-31G* basis set was considered for the C and H

other alkenes, we investigated the insertion of ethylene into the
Y2—CH,SiH; bond of2. The geometries and the relative free

energies of stationary points along the four-center TS and five-
center TS pathways are shown in Scheme 2. It can be seen th
the geometrical features of the stationary points are similar to

those for isoprene insertion. As expected, the free-energy barrier

along the five-center TS pathway (17.4 kcal/mol) is significantly
lower than that along the four-center TS pathway (35.8 kcal/
mol). Therefore, it can be concluded that the insertions of both
isoprene and ethylene into the metalkyl bond of the cationic

(13) The lower stability (higher energy) dfthan that of3 might suggest
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an energetically favorable isoprene insertion/polymerization reaction. Such
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N.; Budzelaar, P. H. M.; Gal, A. WOrganometallics2003 22, 2564
2570). However, further calculations on the reactions taking pladeaes
difficult because of the hugeness of the computational resources required
for such a large system.
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DD in the Gaussian program). Moreover, a polarized f-function
or Y atoms (exponent of 0.84) and d-functions for Si (exponent
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D. G.J. Am. Chem. So006 128 11391-11403.
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of 0.45) and P (exponent of 0.55) were augmented, respectively, cationic partb-21 A C; symmetry point group was used throughout
for more accurate computational resuftsThe stability of the all calculations, and no higher molecular symmetry restriction was
wavefunction was tested to be stable for each case. Normalimposed. All calculations were performed utilizing the Gaussian
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