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In this paper, the mechanisms for the insertion of H,,
H,C=CH,, and O=CHj, into the Zr-Si bond of Cp,Zr(n2-Si-
Me,=NiBu)(PMej) (R) are theoretically investigated with the
aid of density functional theory (DFT) calculations. The struc-
ture of the H, insertion product P is discussed on the basis of
our calculations, and its bonding features are rationalized in
terms of molecular orbital theory. The regiochemistry for in-
sertion of O=CH, has also been theoretically investigated. It
is found that the relative stabilities of the three insertion
products of R are in the order P < P’ < P’’. For the reactions

of R with H, and CH,=CH,, the rate-determining steps are
the insertions of H, and CH,=CH, into the Zr-Si bond of
Cp,Zr(n?-SiMe,=NtBu) (Int1), whereas PMe; dissociation is
the rate-determining step for the reaction of R with O=CHo,.
Only the precursor Int2"’, formed by the coordination of
O=CH, to the Zr atom, is located; those formed by the coordi-
nation of H, and CH,=CH, to Int1 are not found.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2007)

1. Introduction

Free unsaturated silicon substrates are very reactive and
usually exhibit unsaturation at the Si atom. However, they
can be stabilized by coordination to transition metals.
Metal complexes of silicon analogs of common carbon-
based ligands such as silylenes and silaolefins were pre-
pared, but remained quite rare despite their unusual reactiv-
ity in chemical transformations, their proposed role in
metal-catalyzed transformations at silicon, and their poten-
tial utility in the selective formation of silicon-based poly-
mers. Transition-metal complexes of unsaturated silicon
compounds such as silenes (R,Si=CR’,), disilenes
(R,Si=SiR,), and silanimines (R,Si=NR’) are important
candidates for experimental and theoretical investigation.
The reactions of these complexes with a range of organic
and inorganic reagents afford interesting products and pro-
vide further insight into the role of such species in catalytic
reactions. Remarkable progress has been made over more
than ten years in the synthesis of stable transition-metal
complexes of unsaturated silicon ligands. In 1988, Tilley
and co-workers reported the first stable unsaturated silene
complex, (CsMes)Ru(PR;)(H)(n?-R’,Si=CH,).[':?l Stable
mononuclear and binuclear complexes of disilenes were
subsequently prepared.’-81 Okazaki and co-workers pre-
pared a three-membered silametallacyclic complex,
Cp*Fe(CO){k>(Si,P)-SiMe,PPh,} and studied its reactivity
toward MeOH.P”! We have theoretically investigated the
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mechanisms of formation of the ring-opening products of
this reaction.'”! Berry introduced the first unsaturated sil-
animine complex, Cp,Zr(n>-SiMe,=NzBu)(PMe;),['"! and
investigated some chemical reactivity experimentally in
1991. As depicted in Scheme 1, Cp,Zr(n>-SiMe,=N7Bu)L
(L = PMe3, CO) can react with H, by a-bond metathesis,
and with olefins, alkynes, aldehydes, or ketonest'!-'?! by un-
saturated bond insertion leading to ring expansion. For
these reactions, only the structures of the complexes
Cp>Zr(n>-SiMe,=N7Bu)(PMes) and Cp,Zr(n>-Si-
Me,=N7Bu)(CO) were determined by single-crystal X-ray
diffraction analyses.'":!3] For the complex Cp,Zr(n?3-Si-
Me,=N¢Bu)(CO), the origin of n-back-bonding to the car-
bonyl ligand directly from an orbital on the adjacent silicon
atom has been theoretically investigated by ZINDO molec-
ular orbital calculations.['3] To the best of our knowledge,
theoretical studies on the reactions of Cp,Zr(n>-Si-
Me,=NzBu)(PMes) with H,, olefins, alkynes, and aldehydes
or ketones have been very limited. For example, the reaction
of [Cp,ZrHCI], with LiN7BuSiMe,H-THF in benzene
yields Cp,ZrH(N7BuSiMe,H), whose structure was charac-
terized by single-crystal X-ray diffraction. The same molec-
ular formalism was afforded by H, insertion into the Zr-Si
bond of Cp,Zr(n>-SiMe,=N¢Bu)(PMes); the product of this
reaction has not been analyzed by single-crystal X-ray dif-
fraction. Are the two products obtained from these two re-
actions the same or different? What structural and bonding
features are involved in the product obtained by H, inser-
tion? For the reaction of Cp,Zr(n?-SiMe,=N¢Bu)(PMe;)
with CH,=0, chemoselectivity clearly appears. Why does
the O atom, and not the C atom, of CH,=0 bind to the Zr
center? In addition, it is necessary to study the reactions in
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more detail in order to gain an insight into the mechanisms
on these reactions. In this work, theoretical calculations
based on the B3LYP DFT have been carried out to examine
the structural, bonding, and energetic aspects related to
these reaction pathways.
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Scheme 1.

As known, the bonding of the silanimine fragment to
the metal falls between two resonance extremes. One is a
metallacycle in which Si has sp® hybridization (X, type),
and the other is a n-donor complex in which Si has sp>
hybridization (L type) as shown in the diagram. We will
give further evidence for the bonding of the silanimine frag-
ment to the metal on the basis of the results of our calcula-
tions.
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2. Computational Details

All molecular geometries were optimized at the Becke-
3LYP (B3LYP) level of DFT.'4 1 Frequency calculations
at the same level of theory have also been performed to
identify all stationary points as minima (zero imaginary fre-
quencies) or transition states (one imaginary frequency).
The transition states involved were checked by IRC (Intrin-
sic Reaction Coordinate) analysis.'”-'®] The effective core
potentials (ECPS) of Hay and Wadt with double- valence
basis sets (LanL2DZ) were used to describe Zr, Si, and P
atoms, while the standard 6-31G basis set was used to de-
scribe C, N, and H atoms. Polarization functions were
added for P(C d = 0.34), Si( d = 0.262), N({ d = 0.8), and
those atoms directly involved in bond-forming and bond-
breaking processes, C({ d = 0.8), H{{ p = 0.11). All the
calculations were performed with the Gaussian 98 software
package.!'”]
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For examining the feasibility of the B3LYP level of DFT,
the computed geometrical structure of the reactant R was
compared to the original X-ray diffraction structure. Se-
lected calculated and experimental (in brackets) bond
lengths are shown in Figure 2. The calculated values and
the geometrical parameters obtained from X-ray diffraction
are close enough, indicating that our calculations at the
B3LYP level of DFT are reliable. We have also used this
computational method to investigate other organometallic
systems.[20-23]

3. Results and Discussion

For investigating the mechanisms, the structures, and the
bonding features involved in the reactions mentioned above,
we chose H,, H,C=CH,, and O=CHj, as substrates to react
with Cp,Zr(n2-SiMe,=N¢Bu)(PMe;) (R). The mechanisms
for the three reactions are theoretically proposed as shown
in Scheme 2. Since the reactant R is coordinatively satu-
rated, it is proposed that R first loses the phosphane ligand,
PMes, through a transition state TSI, to form a 16-electron
intermediate Intl. In reaction (1), Intl reacts with H, to
yield the product P via a transition state TS2. In reac-
tion (2), Intl reacts with ethylene to give the product P’
via a transition state TS2'. In reaction (3), Intl reacts with
formaldehyde to afford the product P’’ via a transition state
TS2'".
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Scheme 2.

3.1 Insertion of H,

Figure la shows the calculated potential energy profile
corresponding to the reaction of R with H, by the mecha-
nism shown in Scheme 2. Figure 2 shows all the B3LYP-
optimized geometrical structures with selected structural
parameters. The first step is the dissociation of PMes. In R
2047
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and TSI, the calculated Zr-P bond lengths are 2.76 and
3.73 A, respectively, indicating that the PMes leaves from
the metal center. Table 1 indicates that the Zr—Si and Zr—N
bond lengths decrease and the Si—N bond length increases
in going from R via TS1 to Intl. This means that, with the
dissociation of PMes;, the Me,SiN7Bu unit tends to be
closer to the Zr center, and correspondingly the interaction
between the Me,SiNsBu unit and Zr is enhanced. The Si-
N bond is then weakened with the increasing interaction of
the Zr center with the Me,SiN7Bu unit, and hence the Si—
N bond length increases in going from R via TS1 to Intl,
as shown in Table 1. Also, as the Me,SiNsBu unit ap-
proaches the Zr atom, the increasing strain in the Zr-Si-N
ring in going from R to Intl can make the Si-N bond
longer. Clearly, this structural variation results from the loss
of the PMej; ligand. The activation energy for the step from
R to Intl is calculated to be 9.2 kcal/mol. Intl is higher
than R in energy by 5.9 kcal/mol, indicating that this step
is thermodynamically unfavorable. The reason for the insta-
bility of Intl compared with R is the transformation from
the 18-electron species R to the 16-electron species Intl.

Table 1. Zr-N, Zr-Si, and Si-N bond lengths [A] in all the species
involved in the reaction mechanism shown in Figure la.

Zr-N Zr-Si Si-N
R 2.16 2.67 1.72
TS1 2.09 2.62 1.76
Int1 2.07 2.60 1.77
TS2 2.09 2.62 1.75
p 2.20 2.94 1.71

As for step two (Intl to P), the results of our calculations
indicate that insertion of H, into the Zr-Si bond becomes
energetically accessible as shown in Figure la. The H-H
bond length in free H, is calculated to be 0.74 A. In TS2,
the calculated H1-H2, Zr-Si, Zr-H1, and Si-H2 bond
lengths are 0.76, 2.62, 2.72, and 2.89 A, respectively. As H,
approaches the metal center in TS2, the HI-H2 and Zr-Si
bonds are elongated with respect to their values in Intl. The
activation energy for the step is calculated to be 7.8 kcal/
mol. In the product P, the HI-H2 and Zr-Si bonds are
broken, and Zr-H1 and Si-H2 o bonds are formed. As
shown in Table 1, the Zr-Si bond length increases in going
from Intl via TS2 to P as a result of the insertion of H,.
The Si—-N bond strength is enhanced as a result of the de-
crease in the m-back-donation from the metal center to the
Si—N unit and the release of the ring strain. As indicated in
Table 1, the Si—-N bond length decreases in going from Intl
via TS2 to P. The Zr-N bond length increases slightly as
shown in Table 1, which arises mainly from two factors.
One is the decrease in the n-back-donation, which weakens
the Zr—N bond. The other is the increasing steric hindrance
of the tBu group attached to the N atom by the two Cp
rings because of the increase in the Zr—N-Si bond angle.
The energy difference for the step is calculated to be
—17.7 kcal/mol, indicating that this step is very much fa-
vored thermodynamically.
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Examining carefully the structure of P, we predict the
presence of an agostic interaction between the Si-H bond
and the metal center. Evidence offered by our calculations
is as follows: (i) The Zr, N, Si, and C1 atoms are coplanar,
and hence the N atom has sp? hybridization. Thus, the Zr—
N-Si bond angle could be predicted to be about 120°. How-
ever, this angle is calculated to be 96.4°, supporting the oc-
currence of an interaction between the Zr atom and the Si—
H bond. (ii) The Si atom has sp® hybridization, and hence
the N-Si—-H2 bond angle could be predicted to be about
109°. In fact, the bond angle is calculated to be 95.2°, also
providing evidence for the agostic interaction. (iii) The Si—
H2 bond length is calculated to be 1.54 A. This bond could
be expected to be longer in the absence of an agostic inter-
action. For investigating the Si-H2 bond length, we de-
signed a model complex, A, as shown in Figure 2. A is de-
rived from the product P by the replacement of the two
methyl groups attached to the Si atom by two hydrogen
atoms. The Si-H3 and Si-H4 bond lengths in A are calcu-
lated to be 1.49 A, and the Si-H2 bond length in A is
1.52 A. Clearly, the Si-H2 bond is longer than both the
Si-H3 and the Si-H4 bonds, implying the presence of an
agostic interaction between the Si-H2 bond and the Zr
atom in A, and further supporting the prediction of an
agostic interaction in P. Even though Zr has d° configura-
tion, meaning that little back-donation from Zr to the c*
orbital of Si—H is present, the agostic interaction is still
present. The greater stability of P compared with Intl has
two main reasons. One is the release of the strain in the Zr—
N-Si three-membered ring. The other is the presence of the
agostic interaction mentioned above. The agostic interac-
tion helps the complex achieve a formal 18-electron config-
uration, and hence makes some contribution to the stability
of P. To the best of our knowledge, the structure of P has
not been characterized by single-crystal X-ray diffraction.
However, the structure of an isomer of P, represented by P-
isomer in this paper, was analyzed by single-crystal X-ray
diffraction.?* P-isomer was prepared from the reaction of
[Cp,ZrHCI], with LiNzBuSiMe,H-THF in benzene as
shown in Scheme 3. The structure of P-isomer is optimized
at the same level of B3LYP, which is illustrated in Figure 2
with selected bond lengths. The calculated Zr-N and N-Si
bond lengths (2.17, 1.72 A, respectively) are close to the
experimental observations (2.14, 1.71 A). The results of our
calculations are consistent with the experimental analysis
results that an agostic interaction between Zr and the Si-H
bond is present in the compound. The Zr---H1 distance and
the N-Si-H1 angle in P-isomer are calculated to be 2.29 A
and 95.7°, respectively; these values are similar to those in
P (2.20 A, 95.2°). The calculated Zr-N-Si bond angle is
98.8°, which is close to that in P (96.4°) and to the experi-
mental result (95.1°).241 On the basis of the structural pa-
rameters above, we can also theoretically support the pres-
ence of the B-agostic interaction mentioned above. P-isomer
is calculated to be more stable than P by —2.0 kcal/mol. The
weaker steric hindrance in P-isomer compared with that in
P may be responsible for its relative stability. Theoretically,
P could be converted into the more stable P-isomer by rota-
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Figure 1. (a) Energy profile for the insertion reaction of H, into Cp,Zr(n>-SiMe,=N7Bu)(PMes). (b) Energy profile for the insertion
reaction of ethylene into Cp,Zr(n>-SiMe,=N7Bu)(PMes). (c) Energy profile for the insertion reaction of formaldehyde into Cp,Zr(n?-
SiMe,=N7Bu)(PMes). The relative energies and free energies (in parentheses) are given in kcal/mol.
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Zr-Si=2.67
Zr-N=216
Zr—-P =276
Si-N=1.72
Si—C1=1.91
Si-C2=1.91
N-C3=1.48

P-isomer

TS2"-isomer

P"-isomer

Figure 2. B3LYP-optimized structures of all related compounds with selected structural parameters. The experimental data are given in

brackets. Bond lengths are in A.

tion of —N(zBu)(SiMe,H) about the Zr-N axis. However,
the conversion through rotation is very difficult because of
the agostic interaction and the steric hindrance as
mentioned above. So, we suggest theoretically that the final
product for reaction (1) in Scheme 2 is P but not P-isomer.

H
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Scheme 3.

It is interesting to further discuss the structure of the
product P and the bonding features involved. If the 7/Bu
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and SiHMe, groups are substituted by two hydrogen atoms,
the B3LYP-optimized structure of the derived model com-
plex, Cp,ZrH(NH,) (B), shown in Figure 2, is different
from that of P. The Zr, N, H2, and H3 atoms are coplanar,
meaning that the N atom has sp> hybridization, and one
lone pair is on the p orbital of the N atom perpendicular
to the Zr-N-H2-H3 plane. The HI-Zr-N-H2 and H1-Zr-
N-H3 dihedral angles are calculated to be equal (89.4°). In
other words, the H2-N-H3 plane is perpendicular to the
H1-Zr-N plane in B, whereas H1, Zr, N, C1, and Si are
coplanar in P. The structural difference between P and B is
worth to explore in terms of molecular orbital interactions.
For the model complex Cp,ZrH(NH,), only if the H2-N-
H3 plane is perpendicular to the HI-Zr—N plane can the
lone pair on the N atom have the same symmetry with one
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LUMO (la;) of the fragment Cp,M, as shown in
Scheme 4.5 Thus, the 7 interaction between la; and the p
orbital takes effect, and the Zr—N bond is further stabilized.
Therefore, the © interaction between the la; orbital of the
fragment Cp,M and the p orbital on the N atom is respon-
sible for the orientation of the H2-N-H3 plane. In contrast,
the C1-N-Si plane in P is wedged into the two Cp rings.
Clearly, the m interaction mentioned above is not present in
P, since the LUMO (la;) is not symmetric to the p orbital
on the N atom. Other factors play a dominant role in con-
trolling the geometrical structure. One is the agostic interac-
tion between Zr and the Si—-H bond, which prevents the
rotation of the C1-N-Si plane around the Zr-N axis. An-
other is the steric hindrance of the two Cp rings, affecting
the bulky rBu and SiHMe, groups, which also blocks the
rotation of the C1-N-Si plane around the Zr—N axis. Only
when the C1-N-Si plane is wedged into the two Cp rings
can the steric effect be reduced to the least possible amount.

CpaM Mty
o v
2a,
%z %
bo H
Tag &, e O@‘H
ol H

Scheme 4.

Figure la shows that the rate-determining step is the in-
sertion of H, into the Zr-Si bond. The reaction activation
energy is calculated to be 13.7 kcal/mol. The product P is
lower in energy than the reactant R by 11.8 kcal/mol, indi-
cating that the reaction is thermodynamically favorable.
The high stability of the product P relative to the reactant
R arises mainly from the release of the strong ring strain in
going from R to P, the formation of the relatively strong
Zr—H bond, and the agostic interaction of the Si-H bond
with the metal center.

The bonding between Zr and the Si—N is also worth dis-
cussing. As mentioned in the introduction, there are two
extremes for the structure of the Zr-Si—-N three-membered
ring, the L type and the X, type. What we want to know is
which one is the major type in the reactant R. First, we
take a look at the structure of the product P. The Si atom
in P has sp? hybridization, and hence the Si-N bond is a ¢
bond. The bond length is calculated to be 1.71 A. In the
reactant R, both N and Si atoms bind to the metal, and the
Si-N bond length is calculated to be 1.72 A, which is even
slightly longer than that in P, suggesting that the Zr—Si-N
unit has X,-type bonding. This is a result of the fact that
the remaining d? electrons in the fragment Cp,Zr are very
reactive, and hence the Cp,Zr fragment is a very good ©
base. The two methyl groups attached to the Si atom are
bent far away from the metal, which is also consistent with
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the X,-type structure. The Zr—N bond in P is a ¢ bond,
which is longer than that in R only by 0.04 A, also suggest-
ing that the Zr—N bond in R is a ¢ bond.

3.2 Insertion of CH,=CH,

Reaction (2) in Scheme 2 is the insertion of ethene into
the Zr-Si bond. Figure 1b shows the energy profile corre-
sponding to the reaction mechanism. Related geometrical
structures with selected structural parameters are also illus-
trated in Figure 2. The first step is the same as that in reac-
tion (1). The second step is the insertion of the C=C double
bond into the Zr-Si bond. In TS2’, the calculated Zr---Cl1
and Si-~C2 distances are 3.27 and 3.21 A, respectively. The
Zr-Si bond length is 2.63 A, which is slightly larger than
that in Intl (2.60 A). The C1-C2 bond length (1.35 A) is
almost the same as the free ethylene C—C bond length, indi-
cating that the C1 and C2 atoms keep nearly sp? hybridiza-
tion. Clearly, TS2' is a very early transition state. IRC
analysis confirms that TS2' directly connects to Intl and
the product P’. In other words, along the reaction coordi-
nate, no precursor in which ethylene is coordinated to the
metal center can be located as a minimum on the potential
energy profile. The reason is probably that the d° metal cen-
ter cannot stabilize an olefin complex because of lack of
back-donation. The activation energy for the step is calcu-
lated to be 8.5 kcal/mol. When the ethylene ligand is in-
serted into the Zr-Si bond, a five-membered metallacycle is
formed in the product P’. The hybridizations of C1 and C2
are changed from sp? to sp?, which is supported by change
in the C1-C2 bond length from 1.35 A in TS2' to 1.54 A
in P’. No agostic interaction between C-H and Zr is found
because of the formation of the metallacycle. The energy
difference for the step is calculated to be —28.1 kcal/mol,
indicating that this step is thermodynamically very favor-
able . The high stability of P’ relative to Intl is a result of
the chelating effect involved and the releasing of ring strain.

As shown in Figure 1b, the rate-determining step is the
insertion of ethylene into the Zr-Si bond. The reaction acti-
vation energy is calculated to be 14.4 kcal/mol, which is
slightly higher than that for H, insertion. The reaction en-
ergy difference is —22.2 kcal/mol. Although the reactant R
is an 18-electron species, R is much less stable than the 16-
electron product P’. The reasons for the energy difference
are the releasing of ring strain from R to P’ and the chelat-
ing effect involved in P'.

3.3 Insertion of CH,=0

Figure 1c shows the energy profile for the reaction of R
with the substrate formaldehyde. Related B3LYP geometri-
cal structures are illustrated in Figure 2. In contrast to the
insertion of H, and ethylene, a precursor, Int2'’, is located
for the insertion of formaldehyde. In the structure of Int2’’
shown in Figure 2, the Zr-O bond length is calculated to
be 2.52 A. The C-O bond length in the coordinated CH,O
is 1.22 A, while that in free CH,0 is 1.21 A, calculated at
2051
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the same level of theory, which supports the coordination
of CH,O to the metal center. The calculated distance be-
tween the Zr atom and the C atom of CH,=O is 3.44 A,
indicating that the O atom is coordinated to the metal cen-
ter rather than the CH,=O m bond. This means that the
binding of the terminal oxygen coordination is stronger
than that of the side C=0 coordination. The reason for the
different binding ability is that the metal center Zr'V is a
hard acid and the O atom is a hard base, which can form a
relatively strong ¢ coordination bond to afford an 18-elec-
tron intermediate. Int2’’ is more stable than Intl by
1.7 kcal/mol. The coordination of CH,O to the metal to
achieve an 18-electron species may be responsible for the
relatively high stability of Int2’’ relative to Intl. The coordi-
nation abilities of the substrates studied in this paper to the
Zr center are in the order PMe; > CH,O > CH,=CH, >
H,. The calculated results show that R is more stable than
Int2’’, whereas the precursors formed by the coordination
of ethylene and dihydrogen to the Zr atom are not present.

Ring expansion from Int2’’ to P’’ results from the inser-
tion of the C=0 bond of CH,=0 into the Zr-Si bond. Ob-
viously, the regiochemistry of the C=0 insertion could oc-
cur in two modes: one would be the binding of the Zr with
the O atom and Si with the C atom, and the other would
be the binding of the Zr with the C atom and Si with the
O atom. Experiments confirmed that the O atom is coordi-
nated to the Zr atom to afford a five-membered metallacy-
cle in P'’. This results from the fact that the Zr'V is a hard
acid and the O atom is a hard base in terms of the so-called
"hard soft acid base theory", leading to the relatively strong
interaction between the Zr and O atoms.

In the calculated insertion transition state TS2'’, the cal-
culated Zr-O bond length is 2.45 A, and the Si-C distance
is 3.36 A. IRC calculations confirmed that TS2'' directly
connects to Int2’”’ and P'’. The longer Zr-N and Zr-Si
bond lengths than those in Int2’’ indicate a decrease in -
back-donation from the metal to the Si-N unit. Conse-
quently, the Si-N bond becomes slightly shorter than that
in Int2"’. The C-O bond length in TS2'’ is calculated to be
1.23 A, which is larger than that in Int2'’. The longer Zr—
Si and C-O bonds and shorter Zr—O and Si—C bonds imply
stronger interaction between the latter two bonds relative
to that in Int2'’. In the structure of P'’, a five-membered
ring containing the metal center is formed. The Si atom is
far away from the metal center, and the three ¢ bonds (Zr—
0, O-C, and C-Si) are formed; this can be confirmed by
the structural parameters of P’’ shown in Figure 2. The ac-
tivation energy for the step is calculated to be 2.7 kcal/mol,
indicating the insertion of formaldehyde is kinetically much
favorable. The energy difference for the step is calculated to
be —52.0 kcal/mol. In contrast to the insertion of H, and
ethylene, the rate-determining step of Reaction (3) in
Scheme 2 is theoretically predicted to be the dissociation of
the phosphane ligand PMes; and not the insertion of C=0
into the Zr-Si bond. The strong interaction between the Zr
and O atoms plays a crucial role in stabilizing the transition
state TS2'’. The reaction energy is calculated to be
—47.8 kcal/mol, indicating that this reaction is much favor-
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able thermodynamically. Releasing of ring strain and the
chelating effect due to the formation of the five-membered
metallacycle are responsible for the favored thermodynam-
ics.

Clearly, there is regioselectivity in the insertion of
O=CH,. The metal could be attacked by the O atom of
O=CH, or by the C atom. As shown in Figure lc, the tran-
sition state TS2''-isomer is located, which connects an in-
termediate Int2''-isomer and a proposed product P’’-iso-
mer. In this step, the C atom is bound to Zr and the O
atom bound to Si. Calculations show that Int2'’-isomer is
more stable than Int2"’ by 0.7 kcal/mol. This arises from
the stronger Zr-O bond in Int2'’-isomer than that in Int2"’,
since the Zr—O bond length is shorter in the former (2.25 A)
than in the latter (2.52 A). The TS2''-isomer is calculated
to be higher in energy than TS2'' by 9.3 kcal/mol. The
reason for this energy difference can be understood by an
energy-decomposition analysis of reaction barriers.[?>?7] As
shown in Scheme 5, AE, and AE, represent the binding en-
ergies between TS2''-frag and TS2'’, and TS2'’-isomer-frag
and TS2''-isomer, respectively. AE; is the energy difference
between the two kinds of fragments. AE, is the activation
energy difference between TS2'' and TS2''-isomer. It can
be seen in Scheme 5 that AE, = (AE, — AE,) — AE; = -5.9—
3.5 = 9.4 (kcal/mol). The binding energy difference
(=5.9 kcal/mol) plays a dominant role in the difference be-
tween the activation energies. Clearly, the stronger Zr-O
bond in TS2'' relative to the Zr—C bond in TS2''-isomer is
responsible for the activation energy difference. The isomer
of P"’, P''-isomer, is 5.6 kcal/mol higher in energy than P’".
The driving force from Int2'’ to P’’, but not to P'’'-isomer
is still the strong interaction of the O atom with the metal

center.
+
-si H A o=,
szZr;'/S'M82 & AEi=-11.7 kcalimal * _.-SiMe,
VO = AL [ )
Bu le) N~y
TS2"-frag TS2"

AE; = 3.5 kcal/mol ‘AE4 =-9.4 kcal/mol

-0 S
.SiM H H F
CpoZr./ Ve Y AE;=-5.8kcal/mol : ..-SiMe,
N\ oy e | O 2
tBu 0 ~tBu
TS2"-isomer-frag TS2"-isomer

Scheme 5.

3.4 Comparison of the Insertions of H,, CH,=CH,, and
CH,=0

In a comparison of the three reactions, insertion of H,
can be regarded as a o-bond metathesis, while insertion of
ethylene and formaldehyde are processes of ring expansion.
The reactant R is an 18-electron species, so we propose that
the first step is the dissociation of PMes to give a 16-elec-
tron intermediate. Among the insertions of the three sub-
strates, only that of formaldehyde involves a precursor
formed by the coordination of formaldehyde to the Zr cen-
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ter as a result of the strong interaction between the so-
called “hard acid” Zr'V center and the so-called “hard
base” O atom of CH,=0. The precursors formed by coordi-
nation of H, and CH,=CH, are theoretically predicted to
be nonexistent, mainly owing to the lack of back-donation,
as the Zr center has d° configuration. As for the three tran-
sition states, TS2, TS2’, and TS2'’, the former two are rela-
tively close to each other. H, has a higher bond energy than
the ethylene m bond, indicating that the H-H o bond is
more difficult to break than the C=C n bond. However,
ethylene engages in a larger steric repulsive interaction as it
approaches the metal center, while H, can easily reach the
metal center with its much less bulky structure. These two
factors lead to similar activation energies for the two inser-
tions. In comparison, the transition state TS2'’ for the in-
sertion of formaldehyde is much lower than TS2 and TS2'
in energy, and even lower than the dissociation barrier of
PMe;, as a result of the strong interaction between the Zr
and O atoms. Therefore, in contrast to the insertion of H,
and ethylene, the rate-determining step for reaction (3) in
Scheme 2 becomes the dissociation of PMe; and not the
insertion of formaldehyde. Figure 1 indicates that the rela-
tive stability of the three products with respect to the reac-
tant R is in the order P < P '< P"’. A chelating effect due
to the formation of the five-membered metallacycle in P’
and P’ leads to the higher stability of P’ and P’’ relative
to P. For early transition metals, M—X (X is a heteroatom)
bonds are much stronger than M—C bonds.[*8] For example,
calculated results show that the bonding energy difference
between Ta—OH and Ta—C bonds is about 53.1 kcal/mol,
and the difference between Ta—Cl and Ta—C bonds is about
35.6 kcal/mol. For late transition metals, M—X bonds are
a little stronger than M-C bonds. For example, the bond
dissociation energy of a Pt—Cl bond is estimated to be only
about 10.0 kcal/mol larger than that of a Pt—C bond.[?%-3%
The energy of P’ is calculated to be —22.2 kcal/mol, while
that of P’’ is —47.8 kcal/mol with respect to the reactant R.
P’" is much more stable than P’. Clearly, the reason for the
higher stability of P’’ is the formation of the strong Zr-O
o bond.

4. Conclusions

Metal complexes of silanimines (R,Si=NR’) exhibit un-
usual reactivity in chemical transformations. The reactions
of these complexes with a range of organic and inorganic
reagents yield interesting products and provide further in-
sight into the role of such species in catalytic reactions.
Three typical insertion reactions, those of H,, CH,=CH,,
and CH,=O into the Zr-Si bond of Cp,Zr(n>-Si-
Me,=N7Bu)(PMes) were chosen to investigate their reac-
tion mechanisms and the structural and bonding features
involved in these reactions. The product of H, insertion, P,
is structurally discussed, and we find that a Zr---H-Si agos-
tic interaction is present. The bonding feature in P is ana-
lyzed in comparison to the designed model complex
Cp,Zr(NH,)H (B). The geometrical structural difference
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between P and B results from their different bonding prop-
erties and steric environments. We also predict that the H,
insertion product, P, is different from P-isomer, the product
obtained from the reaction of [Cp,ZrHCI], with
LiN7BuSiMe,H-THF. The results of our calculations also
confirm that the product of CH,=O0 insertion contains the
Zr-O bond and not the Zr-C bond as a result of the
stronger interaction of Zr with the O atom than with the C
atom.

The reaction mechanisms are confirmed theoretically to
comprise two steps, dissociation of PMe; and insertion of
H,, CH,=CH,, and CH,=0. Theoretical findings are: (i)
the relative stabilities of the three insertion products of R
are in the order P < P’ < P'’; (ii) the rate-determining step
is H, insertion in reaction (1) and CH,=CH, insertion in
reaction (2), whereas it is PMes dissociation in reaction (3);
(iti) only the precursor Int2'’ is located, while those formed
by the coordination of H, and CH,=CH, to Intl are not
found.
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