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Abstract

The mechanistic study on the ring-opening of alkoxy-bridged bis(silylene) transition-metal complexes toward MeOH is performed by
using density functional theory. Four steps are predicted to be involved in the reaction, formation of hydrogen bonding between R and a
MeOH, ring-opening of the Ru-Sil-O1-Si2 four-membered ring, formation of the six-membered ring, and the hydroxyl hydrogen
migration to the metal center. It is found that the reaction is favorable thermodynamically and the hydroxyl hydrogen migration is
the rate-determining step. Systematic variations of the structural parameters involved in the reaction mechanism are revealed, which
revealed the relationship of the bond strength among Ru-Si, Si-O and O-H bonds.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Donor-stabilized silylene transition-metal complexes are
considered to play an important role in many metal-cata-
lyzed transformations of organosilicon compounds. The
first two reports about successful syntheses of donor-stabi-
lized silylene complexes were reported by Tilley and Straus
[1]and Zybill and Muller [2]. In 1988, Ogino group [3] have
successfully synthesized and characterized the first intra-
molecular donor-bridged bis(silylene)iron complex, and a
series donor-bridged bis(silylene) transition-metal com-
plexes [4-7] were synthesized in the following years, as
shown in Scheme 1.

Among these donor-bridged complexes, alkoxy-bridged
bis(silylene) transition-metal complexes, with peculiar
bond modes and novel reactivity, occupy a unique position

* Corresponding author. Address: College of Chemistry Science, Qufu
Normal University, Qufu, Shandong 273165, China. Fax: +86 537
4456305.

E-mail address: siweibi@126.com (S. Bi).

0022-328X/$ - see front matter © 2007 Elsevier B.V. All rights reserved.
doi:10.1016/j.jorganchem.2007.11.044

in these systems. To our knowledge, transition-metal com-
plexes with silylene or silyl ligands have been analyzed in a
variety of theoretical studies [§-14], but few detailed theo-
retical studies are focused on donor-bridged bis(silylene)
transition-metal complexes [15,16]. The silicon atom is
expected to be vulnerable to various nucleophiles such as
ROH, RCN, and H,O [17-21]. This kind of nucleophilic
reactions should be one of the most common reactions of
silylene complexes. In this paper, we choose a representa-
tive reaction system of CpRu(CO)SiMe,SiMe,OCHj; (R)
with MeOH to theoretically investigate the related reaction
mechanism and bonding properties [22] (see reaction 1).
Our aim is that this work can be expected to present deep
understanding for this kind of reactions.
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Scheme 1. (a) (M = Fe, Ru; Do = OR, NR») [4]; (b) (M = Mn; Do = OR)
[5]; (¢) (M =Mo,Cr; Do=OR, NR;) [6]; and (d) (M =W, Do =O0R,
NR,) [7], etc.

2. Computational details

Molecular geometries of all complexes in this work were
optimized without any constraints at the Becke3LYP
(B3LYP) [23]level of density functional theory [24,25]. Fre-
quency calculations at the same level have also been per-
formed to identify all the stationary points as minima
(zero imaginary frequency) or transition states (one imagi-
nary frequency). The effective core potentials (ECPs) of
Hay and Wadt with a double-{ basis set (LanL2DZ)[26,27]
were used to describe Ru, Si atoms. The standard 6-31G
[28-30] basis set [31] was used for H, C and O atoms. Polar-
ization functions [32] were also added for Si ({d = 0.262), O
(¢d = 0.8), and those atoms directly involved in bond-form-
ing and bond-breaking processes, C ({d=0.8), H ({d=
0.11). The transition states involved were checked by calcu-
lations of intrinsic reaction coordinates (IRC) [33,34] anal-
ysis to confirm that such structures are indeed connecting
two minima. All calculations were performed with the
GAUSSIAN 98 software package [35]. The methods employed
in this work are reliable as reported by literatures [36,37].
We have also used these methods successfully to study
some organometallic systems [38-43]. For examining the
methods used in this work, the computational structural
parameters are compared with the experimental data [22]
as shown in Scheme 2. The computational structural
parameters are well in accord with the experimental ones,
indicating the method is reliable in investigating organosil-
icon transition-metal systems. Molecular orbitals obtained

RuSi1=2.335 (2.316)
RuSi2=2.335 (2.311)
Si101=1.871 (1.801)
Si201=1.871 (1.793)
01C=1.457 (1.464)
Si1RuSI2=73.243 (70.68)
RuSi101=95.156  (96.3)
RuSi201=95.175 (96.7)
Si101Si2=96.231  (96.3)

Scheme 2. Calculated geometrical parameters for reactant R along with
the corresponding parameters from the original X-ray structure (in
brackets). Bond lengths are given in A and bond angles are given in
degree.

from the B3LYP calculations were plotted using the MOLD-
EN v3.5 program written by Schaftenaar [43].

3. Result and discussion

Experiments confirmed that Cp(OC)Ru{SiMe,(OMe)-
SiMe,} (R) reacts with MeOH to afford the product Cp(O-
C)Ru(H)(SiMe,OMe), (P) cleanly [22]. For exploring the
mechanism of the reaction and the bonding features, the
potential energy profile for formation of Cp(CO)Ru(H)(Si-
Me,OMe), from R and MeOH has been done and shown
in Fig. 1. All the optimized geometrical structures with
selected structural parameters are illustrated in Fig. 2.

3.1. Reaction mechanism

The reactant R is featured by a coplanar four-membered
Ru-Si1-0O1-Si2 ring. The two Ru-Si and two Si-O bond
distances are calculated to be identical, respectively, which
can be rationalized by the structural resonance involved in
the four-membered silametallacycle as shown in Scheme 3.
The Ru-Si bond distances are calculated to be 2.34 A,
which lies in between the single and the double Ru-Si bond
distances. As shown in Int2, the single Ru-Si2 bond is cal-
culated to be 2.42 A and the double bond Ru-Sil is 2.25 A.
The Si-O bond in R is calculated to be 1.87 A, larger than
the Si-O o-bond distance (~1.70 A, as illustrated in the
geometry of P), which can be rationalized from Scheme 3
where the Si—-O bond has partial dative-bond character.
In addition, the Si1-O1-Si2-C dihedral angle is calculated
to be 170.0°, indicating that the O1 atom has almost sp>
hybridization. The p orbital with a lone pair of electrons
on Ol, perpendicular to the plane formed by the four
atoms, is believed to have n interaction with silicon d orbi-
tals, slightly enhancing the Si—O bond strength. As the lone
pair on the p orbital of Ol interacts with hydroxyl hydro-
gen of MeOH as shown in Intl, the & interaction between
the p orbital on Ol and the d orbitals on silicon would
be reduced and consequently the Si—O bond distances are
slightly elongated (1.87 A in R and 1.90 A in Intl).

The first step (R to Intl) is proposed to be the attack of
the MeOH proton to the bridged OMe oxygen. A more sta-
ble intermediate Intl is formed, in which the hydrogen
bonding between the donor O and the MeOH proton is
present. The driving force for the step is the formation of
the hydrogen bonding. Following this step and through
the subsequent steps, the MeOH proton is placed in
between the two SiMe, groups as shown in Int3. The
HOMO of Int3 (see Scheme 4) shows that the overlap
between Ru and the MeOH proton is more favorable.
Another situation is that the MeOH oxygen can attack
the silylene ligand. Considering the lobe outside the
Ru-Si bond is smaller than that inside the two SiMe,
groups, we predict that the bonding between Ru and the
hydrogen may be more favorable in between the two SiMe,
groups than outside the Ru—Si bond. The second step (Int1l
to Int2) is the ring-opening of the four-membered ring.
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Fig. 1. Energy profile for reaction mechanism of Cp(CO)Ru{SiMe,(OMe)SiMe,} with MeOH. The relative energies are given in kcal/mol. The zero-point-
energy corrected values are in parenthesis.

Ru-Si1 2.34 Ru-Si1 2.33
Si Ru-Si2 2.34 Ru-Si2 2.33
Si1-01 1.87 Si1-01 1.90
Ru Si2-01 1.87 Si2-01 1.90
Gio O1 C sit018i2c=170° O1-H1 2.14
02-H1 0.97
R
Ru-Si1 225 Ru-Si1 2.25
Ru-Si2 2.41 Ru-Si2 2.42
Si1-01 2.92 Si1-O1 3.34
Si2-01 1.75 Si2-01 1.74
Si1-02 3.82 Si1-02 3.41
O1-H1 1.83 O1-H1 1.79
O2-H1 0.98 O2-H1 0.99
Ru-Si1 2.25 Ru-Si1 2.36
Ru-Si2 2.42 Ru-Si2 2.33
Si2-01 1.74 Si2-01 1.90
Si1-02 3.18 Si1-02 1.79
O1-H1 1.78 O1-H1 1.07
02-H1 0.99 02-H1 1.40
Ru-Si1 2.43 i
AuS2 237 RU-Si2 244
Si1-02 1.72 Si1-02 1.70
Si2-01 1.85 Si2-01 1.70
O1-H1 1.23 Ru-H1 1.61
Ru-H1 2.00

Fig. 2. Selected structural parameters (A) calculated for the complexes shown in Fig. 1. For clarity, the hydrogen atoms on carbon atom are omitted.
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Scheme 4.

Accordingly, the Ol---H1 hydrogen bonding is strength-
ened as a result of cleavage of the Sil-Ol bond. As
Fig. 2 shows, the Sil-O1 bond changes from 1.90 A in
Intl to 3.34 A in Int2 and Sil- - -O2 distances are calculated
to be 1.90 and 3.41 A, respectively. The resonance disap-
pears in Int2 and the two Ru-Si bond lengths are no longer
identical. Sil is changed to have sp> hybridization and the
Ru=Sil double bond is formed. Si2 is changed to have sp’
hybridization and the Ru-Si2 single bond is formed. There-
fore, the Ru-Sil becomes shorter and the Ru-Si2 longer
compared with the case of Intl. The Si2-O1 bond trans-
forms from a partial dative bond in Intl to a normal c
bond in Int2 and hence the bond is strengthened. The
Si2-O1 is calculated to be 1.74 A in Int2 while that is
1.90 A in Intl. TS1 is shown to be a late transition state.
Int2 is less stable than Intl due to the ring-opening where
the conjugation formed by Ru, Sil, Si2, O1 is broken, indi-
cating the bridging donor MeOH plays a role in stabilizing
such kind of complexes by forming a four-membered ring
of Ru-Si-O1-Si.

The third step is related to formation of a six-membered
ring. Fig. 1 shows the activation barrier for the step is only
0.05 kcal/mol, but the Sil-O2 distance is apparently chan-
ged from 3.41 A in Int2 to 3.18 A in TS2. The very low acti-
vation energy also suggests that this step is much favored
kinetically. The hydroxyl O2 atom has a tendency to
approach to Sil and the hydroxyl H to O1 in TS2. IRC cal-
culation confirms that the O2-HI1 is smoothly elongated
from TS2 to Int3. As shown in Int3, the O2-H1 is length-
ened to 1.40 A and the Ol-HI1 is shortened to 1.07 A,
allowing the O1-HI1 to be a ¢ bond and the O2-H1 inter-
action changing to be a hydrogen bond. As a result, the

Sil-O2 mainly has o bond character and the Si2-Ol
mainly has dative-bond character. Therefore, the Sil-O2
is expected to be shorter than the Si2-O1. As confirmed
by calculations, the former is 1.79 A and the latter is
1.90 A. It is easy to understand that the stronger the Si-
O is, the weaker the Ru-Si is. Therefore, the Ru-Si2 is
slightly shorter than the Ru-Sil as a result of the fact that
the Sil-O2 o bond is stronger than the Si2-O1 dative
bond. Int3 is more stable than Int2 mainly due to the
enhanced interaction between Sil and O2 compared with
the situation in Int2.

The last step is the hydrogen migration from the hydro-
xyl oxygen to the metal center. Compared with Int3, the
02-H1 hydrogen bonding disappears in TS3, which makes
the Si1-O2 bond stronger. Thus, the Sil has sp> hybridiza-
tion and correspondingly the Ru-Sil is changed to be a
completely single ¢ bond. Therefore this bond becomes
longer than that in Int3. The OI-HI1 is elongated to
1.23 A and the Ru- - -H1 distance is 2.00 A in TS3, indicat-
ing the H1 atom is moving from Ol to the metal center.
The weaker Ol-H1 makes the Si2-O1 bond stronger,
and the Ru-Si2 bond is concertedly weaker. The barrier
for the step is calculated to be 23.5 kcal/mol. The relatively
high barrier seems to be understandable because this step
involves breaking the strong O1-HI1 bond. We attempted
to locate a transition state which has lower activation
energy, but TS3 was always obtained. Although the barrier
of 23.5 kcal/mol seems to be relatively high, the energy dif-
ference between TS3 and (R + CH;OH) is only 11.1 kcal/
mol, consistent with the reaction condition to proceed at
room temperature. In P, the hydrogen migration from
Ol to Ru center affords a Ru—HI1 bond. The two Ru-Si
bonds become single o bonds and have the same bond dis-
tance. The Ru-Si bond length (2.44 A) is the longest
among all the species involved in the reaction mechanism.
Correspondingly, both the Sil-O2 and Si2-O1 become
completely ¢ bonds and hence are the shortest among all
species mentioned above. The hydrogen migration involved
in the step can be understood through the HOMO of Int3
as shown in Scheme 4. The lobe close to H in the HOMO is
the largest, giving favorable overlapping with the migrating
H atom. The charges on Ru and the H atom are —0.392
and +0.546, respectively, indicating that the electrostatic
attraction between the two atoms is present. Therefore,
the hydrogen migration becomes available. P is more stable
than Int3 by 5 kcal/mol, and is the most stable among all
the species throughout the reaction mechanism. The driv-
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ing force is the formation of the Ru—H and the normal Si—
O o bond.

For the overall reaction mechanism it can be seen from
Fig. 1 that the rate-determining step is the hydrogen migra-
tion from the hydroxyl oxygen to the Ru center. The
reaction energy difference is calculated to be —17.4 kcal/
mol, indicating that the reaction is favorable thermo-
dynamically.

3.2. Variation of structural parameters

Some systematic variations can be drawn from the struc-
tural parameters of the species discussed above, which is
helpful to better understand the bonding involved in the
reaction mechanism. Fig. 3 shows the variation of
Ru-Sil bond length with the change of Sil-O2 distance
(a), and that of Ru-Si2 bond length with the change of
Si2-O1 distance (b). As seen from Fig. 3a that the
Ru-Sil bond length decreases with the increase of
Si1-02 distance. In other words, the stronger the Sil-O2
is, the weaker the Ru-Sil is. For TS1, the Ru-Sil bond
strength is affected not only by the Sil---O2 interaction
but also by Sil-Ol interaction. So TS1 are not included
in the figure. It is found that a sharp decrease of the
Ru-Sil bond length occurs with the increase of Sil-O2 dis-
tance from P to Int3 while a mild decrease exists from Int3
to Int2. This is a result of strong interaction between Sil

2.454 P
2.404
2.351

2.301

Ru-Si1 distance

TS2
2.25- - Int2

16 18 20 22 24 26 2.8 30 32 34 3.6
Si1-02 distance
b 246

2444 ®
Int2

TS2 \ TS1

2.344 Int1 Int3

2.42
2.40+
2.38 1

2.36 1

Ru-Si2 distance

2.32 T T T T
1.70 1.75 1.80 1.85 1.90

Si2-0O1 distance

Fig. 3. Relationship between Ru-Si bond length and Si-O distance. (a)
Ru-Sil vs. Sil-02 and (b) Ru-Si2 vs. Si2-O1.

and O2 in Int3, TS3 and P. While in TS2 and Int2, only
a weak interaction is existent between Sil and O2, which
leads to the slight influence on the Ru-Sil bond strength.
In a word, if there exist a weak interaction between Sil
and O2, the variation of the Sil-O2 bond distance gives
rise to the Ru-Sil bond length changing mildly, and vice
versa.

TS1 is included in Fig. 3b, for the reason that the
Ru-Si2 is mainly affected by strong Si2-O1 bond. The
influence of the weak Sil---Ol and OI-H1 interactions
on the bond strength of Ru-Si2 are negligible. Fig. 3b
shows the Ru-Si2 bond length decreases smoothly with
the increase of Si2-O1 bond length, indicating the
Ru-Si2 bond strength increases with the decrease of the
Si2-O1 bond strength. In contrast to Fig. 3a where an
inflexion point (Int3) appears, no inflexion point is found
in Fig. 3b. The difference between the two cases is that
the weak Sil-O2 interaction is involved in (a), while only
strong Si2-O1 is involved in (b). It can be found that the
varying trend in (b) is similar to that in (a) from Int3 to
Int2, as a result of Si—O having strong interaction.

Some other structural parameters’ variations can be seen
from Table 1. Clearly, the O2-H1 is weakened with the
stronger Ol1---HI1 hydrogen bonding. The stronger the
Ol---HI1 hydrogen bonding is, the weaker the Si2-O1 bond
is.

3.3. Examination on the influence of hydrogen bonding

As seen from the reaction mechanism shown in Fig. 1,
the reaction rate-determining step is the hydroxyl hydrogen
migration from oxygen to Ru center. It is worth to note
that the proposed reaction mechanism shown in Fig. 1 does
not consider the influence of hydrogen bonding formed
with other methanol molecules. In fact, hydrogen bonding
is existent in the real reaction system. For exploring the
influence of the hydrogen bonding on the reaction mecha-
nism, we consider one more methanol molecule that forms
a hydrogen bond with the species involved in the reaction.
Now the most important is to focus the influence of hydro-
gen bonding on the rate-determining step. Fig. 4 shows the
potential energy profile for the rate-determining step of the
hydroxyl hydrogen migration which involves formation of
hydrogen bonding. The values of the relative energies of
Int3vicon, TS3meon, and Pyeon are obtained on the basis
of defining the energy of (R + 2MeOH) as 0 kcal/mol. It is
noted that the energy of “2MeOH” is not simply summa-
tion of the energies of two separate methanol molecules,
but is calculated by putting them together where the hydro-

Table 1
Calculated bond distances of the O2-H1, HI---O1, O1-Si2, O2-Sil in
Intl, TS2, and Int2

Intl TS1 Int2 TS2 Int3
0O2-H1 0.97 0.98 0.99 0.99 1.07
Ol---Hl 2.13 1.83 1.79 1.78 1.40
0O1-Si2 1. 90 1.75 1.74 1.74 1.90
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Fig. 4. Potential energy profile for the rate-determining step of the hydroxyl hydrogen migration, considering the hydrogen bonding. The relative energies
given in kcal/mol are obtained relative to (R +2MeOH). The energy of (R +2MeOH) is defined as 0 kcal/mol.

gen bonding between them occurs. In Int3y.on, results of
calculations show that a hydrogen bond is formed between
02---H2 (2.04 A). Clearly, the occurrence of the O2---H2
hydrogen bonding weakens the O2---H1 hydrogen bond-
ing, leading to the O2.--H1 distance increased by 0.09 A
and accordingly the Ol-H1 bond length decreased by
0.03 A relative to the corresponding data in Int3. The other
bond distances are almost similar to those in Int3. In
TS3meon and Pyeon, the O2---H2 hydrogen bonds are
still remained. The migration of the hydroxyl hydrogen
from O1 to Ru is analogous to the case without considering
the hydrogen bonding.

It can be drawn as follows from comparing the rate-
determining step from Int3yeon via TS3meon 10 Pymeon
in Fig. 4 and the one from Int3 via TS3 to P in Fig. 1.

Ru-Si1 2.36
Ru-Si2 2.33
Si1-02 1.80
Si2-01 1.90
O1-H1 1.04
02-H1 1.49
02-H2 2.04

PmeoH

(1) The activation barrier for the rate-determining step with
the hydrogen bonding considered (23.4 kcal/mol) is calcu-
lated to be almost the same as that without considering
the hydrogen bonding (23.5 kcal/mol), implying that the
hydrogen bonding hardly affects the activation barrier for
the rate-determining step. (2) The three species in Fig. 4
are not lowered in energy but slightly increased compared
with the three corresponding species in Fig. 1. The reason
may be that the hydrogen bonding involved in the interme-
diates and the transition states is weaker than that formed
in the two methanol molecules in (R + 2MeOH). The high-
est barrier relative to the reactants is hence increased a little
(13.5 — 11.1 = 2.4 kcal/mol). That means the occurrence of
hydrogen bonding does not lower but slightly heighten the
reaction barrier (Fig. 5).

Ru-Si1
Ru-Si2
Ru-H1

Si1-02
Si2-01
O1-H1

02-H2

2.44
2.38
2.04
1.73
1.83
1.22
1.83

Ru-Si1 2.44
Ru-Si2 2.44
Si1-02 1.71
Si2-01 1.70
Ru-H1 1.61
02-H2 1.97

Fig. 5. B3LYP optimized geometric structures with selected structural parameters (A) for the three species shown in Fig. 4. For clarity, the hydrogen
atoms on carbon atoms are omitted except for those introduced by the two methanol molecules.
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4. Conclusion

In this paper, the mechanism on formation of Cp(O-
C)Ru(H)(SiMe,OMe), from CpRu(CO),SiMe,SiMe,OR
and MeOH has been theoretically investigated with the
aid of density functional theory calculations. Four steps
are involved in the reaction (formation of hydrogen bond-
ing between R and a MeOH, ring-opening of the Ru-Sil—
O1-Si2 four-membered ring, formation of the six-mem-
bered ring, and the hydroxyl hydrogen migration to the
metal center). The hydroxyl hydrogen migration from
hydroxyl oxygen to Ru center is found to be the rate-deter-
mining step. The reaction is calculated to be favorable ther-
modynamically. Our results of calculations are consistent
with the experimental observation that Cp(OC)Ru{Si-
Me,(OMe)SiMe,} (R) reacts with MeOH to afford the
product Cp(OC)Ru(H)(SiMe,OMe), (P) cleanly. In addi-
tion, systematic parameter variations among Ru-Si, Si-O
and Si---H are analyzed. The varying trends tell that the
Ru-Si bond length is strengthened with the weakening of
the Si---O interaction. It is also found by further insight
into the parameter variations that the influence of weak
Sil---O2 interaction on Ru-Sil bond strength is different
from the influence of the strong Si2---Ol interaction on
the Ru-Si2 bond strength. We hope that the mechanistic
study, on the reactions of alkoxy-bridged bis(silylene) tran-
sition-metal complexes toward some small nucleophilic
agents such as MeOH, can provide deep understanding
for theoretical and experimental chemists.
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