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Preface 
 
 
In recent years, interactions and reactions of transition metal complexes with species 

of heavy p-block elements have drawn a lot of interests because the interaction of d-

block elements with heavy p-block elements can create a new series of compounds 

with interesting geometries, properties, and reactivities.  The chemical bonds between 

the transition metal and heavy p-block element are expected to be distinctly different 

from the usual covalent and coordinate bonds of carbon, nitrogen, and oxygen 

compounds.  Silicon is the most common and useful element among such heavy p-

block elements.  Moreover, the M-Si bond plays a key role in many conversion 

reactions of silicon compounds catalyzed by transition metal complexes.  Thus, 

transition metal complexes of silicon species have been attractive research targets in 

inorganic chemistry, organometallic chemistry, catalytic chemistry, and physical 

chemistry.  However, we do not have sufficient knowledge of geometries, bonding 

natures, and reaction behavior of transition metal silicon complexes compared to well 

established chemistry of their carbon analogues.  One reason is that the synthesis of 

transition metal silicon complexes is difficult in contrast to their carbon analogue.  

Therefore, future studies are obligatory in this field to elucidate the characteristic 

features of the interactions and reactions between transition metal and silicon species.  

It is crucial to find out the general rules and fundamental properties that determine the 

geometries, interactions, and reactions of such complexes. 

Considering these issues, theoretical study with modern electronic structure 

theory must be applied to such complexes because the electronic structure theory can 

present good knowledge and correct understanding of the geometry, bonding nature, 

and electronic structure of a chemical system.  However, such theoretical study on 

transition metal complex with silicon species has been very limited, so far.  It is also 
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noted that the computational approach is not easy for the large systems containing 

transition metal and heavy p-block elements. 

 In this thesis, the author presents theoretical studies on new transition metal 

complexes containing silicon species.  The density functional theory (DFT) was 

mainly used in these theoretical studies.  Møller-Plesset (MP) perturbation theory 

(MP2, MP3, and MP4) and coupled-cluster method with single and double 

substitutions and perturbation correction of triple excitations (CCSD(T)) were also 

employed to check the reliability of the DFT-calculated energies.  To inspect the 

bonding interactions of these complexes, the LCMO (Linear Combination of 

Molecular Orbital) analysis was carried out, in which molecular orbital ψi of the total 

system is represented by a linear combination of molecular orbitals of the fragments.  

This thesis provides valuable and important results on interesting geometrical 

characteristics, bonding interactions, and electronic structures of transition metal 

complexes containing silicon species.  The geometry changes, energetics, and 

electronic processes of their reactions as well as their fluxional behavior are clearly 

discussed based on the fundamental understanding of electronic structure.  Correct 

understanding is provided on the reasons why the transition metal complexes of 

silicon species are similar to and/or different from their carbon analogues.  Clear idea 

is proposed on how to synthesize new transition metal complexes of silicon species. 

These studies were carried out at the Department of Molecular Engineering, 

Graduate School of Engineering, Kyoto University under the supervision of Professor 

Shigeyoshi Sakaki.  At first, the author expresses her sincere thanks to Prof. Sakaki 

for his wonderful guidance, inspiration, valuable suggestions, and enthusiastic 

discussion throughout this research.  All studies were performed with his full 

cooperation. 
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General Introduction 
 
 
 
 
 

1 Background 

In modern chemistry, the interactions and reactions of transition metal complexes 

have been investigated extensively.  One of the reasons is that the application of transition 

metal complexes has become increasingly important due to their high technological 

demands for the production of new advanced materials which are valuable from various 

aspects of our modern life [1].  Among those studies, investigation of the interaction and 

reaction of transition metal complexes with species containing heavy p-block elements has 

been considerably focused because the interaction of d-block elements with p-block 

elements can create a new series of compounds with interesting properties and reactivities 

[1, 2-5].  In particular, the compounds containing the bond between d-block and heavy p-

block elements can play a key role as intermediates in the transformations of such p-block 

compounds [3].  Because of large differences between s and p orbitals and very small 

electronegativities of heavy group 14 p-block elements compared to carbon, the chemical 

bonds between the transition metal and heavy group 14 elements are expected to be 

distinctly different from usual covalent and coordinate bonds of carbon compounds.  

Furthermore, heavy group 14 elements are able to expand their valence shells and to 

produce penta- or even hexa-valent species, which are well known as hypervalency [1e].  

Hence, species containing the heavy group 14 element exhibit very diverse coordination 

chemistry and are becoming increasingly novel ligands to a wide range of transition 

metals [1, 2-5].  To synthesize a new series of compounds containing transition metal (M) 

and heavy group 14 elements (E), we need deep understanding of the nature of the M-E 
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interaction.  In this regard, a lot of efforts have recently been devoted to the syntheses and 

characterizations of transition metal complexes containing heavy group 14 elements.  

However, in contrast to the well-advanced field of the transition metal complexes 

containing organic species, the chemistry of its heavier analogues is still in infancy.  

Various issues remain to be solved in this field.  In addition to experimental breakthrough, 

detailed theoretical considerations of structures, bonding natures, and reactivities of such 

systems are highly and impatiently awaited. 

 

2 Transition Metal Complexes of Silicon Species 

Silicon is the most common and useful element among the heavy p-block elements 

of group 14.  Silicon compounds are much different from their carbon analogues even if 

their compositions are similar to each other.  For instance, acetylene is linear, whereas its 

silicon analogue is very reactive and takes trans-bent structure, as shown in Scheme 1 [1a-

d, 5, 6-15].  Recently, transition metal complexes containing various silicon species have 

attracted considerable academic and industrial interests owing to their synthetic 

applications as well as physico-chemical properties [2, 3, 16-26].  Similar to the M-C 

bonds, the formation and cleavage of which play fundamental roles in the catalytic 

reactions of organic compounds, the reactivity of the M-Si bond play key roles in many 

conversion reactions of silicon compounds catalyzed by transition metal complexes [3].  

In order to develop new synthetic routes of various transition metal complexes containing 

 

Scheme 1 
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silicon species, well understanding of the interaction between silicon species and transition 

metal center is indispensible.  Thus, spectacular development of the transition metal 

chemistry of silicon species has been made [3, 18, 22-32].  However, the chemistry of 

transition metal silicon complexes is still insufficient compared to the well established 

chemistry of their carbon analogues.  Deep understanding about the nature of the M-Si 

bond and its reactivity is considerably insufficient.  It is unclear how and why silicon 

analogues of transition metal complexes are similar to or different from their carbon 

analogues.  One of the reasons is that the syntheses of transition metal complexes 

containing silicon species are still difficult and challenging in contrast to their carbon 

analogues.  For instance, the ferrocene derivatives with the cyclopentadienyl (Cp) ligands 

consisting entirely of group 14 heavy elements are most intriguing, representing an 

inorganic version of classical metallocenes [1e].  In contrast to a popular ferrocene (η5-

C5H5)2Fe (Scheme 2), which was synthesized about 55 years ago, the synthesis of 

persilaferrocene, (η5-Si5H5)2Fe, has not been succeeded, yet [1e].  Also, in contrast to a 

number of known transition metal complexes of cyclobutadiene η4-R4C4, those with the 

η4-R4Si4 ligands have been limited; for instance, a few examples of Fe [1e, 33a] and Co 

[1e, 33b] complexes were recently reported, as shown in Scheme 3.  Therefore, enormous 

future studies are necessary in this field; especially the detailed theoretical studies are 

obligatory to elucidate the characteristic features of the interaction and reaction between 

transition metal center and silicon species.  It is crucial to find out the general rules and 

 

Scheme 2 
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fundamental properties that determine the geometries, interactions, and reactions of such 

complexes.  Thus, theoretical study with modern electronic structure theory must be 

applied to such complexes, because electronic structure theory can present the 

fundamental chemical properties including the geometry, bonding nature, and electronic 

structure of a chemical system.  This is specifically important when experimental results 

are difficult to obtain.  However, such theoretical study on the transition metal complexes 

containing silicon species has been very limited, so far.  Various electronic structure 

methods have been developed during the last two decades.  At first, the common methods 

that are applied on the systems containing transition metals are briefly reviewed here. 

 

                                                                                        E = Si or Ge 

                                      (A)                                                        (B) 

Scheme 3 

 

3 Application of Electronic Structure Theory to Transition 

Metal Complexes 

Application of electronic structure theory to the transition metal complex was 

comparatively limited in contrast to the organic compound until the end of 1980s.  This is 

because the electronic structure of the transition metal complex is more complicated than 

that of the organic compound in general.  Situation has dramatically changed in the last 

two decades due to the enormous developments of post-Hartree-Fock (post-HF) and 
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Density Functional Theory (DFT) methods and the small-core relativistic effective core 

potentials (ECPs).  These set a new stage for the calculations of various important 

properties of the transition metal compounds [34-44]. 

To obtain reliable and accurate results for the transition metal system, inclusion of 

electron correlation effects is essential.  This cannot be achieved within an independent-

particle, single determinant Hartree-Fock (HF) approach.  Hence, various post-HF 

methods have been developed to include the electron correlation effects. 

The total energy (E) of the system is represented by eq 1, 

E = EN + ET + EV +EJ + EX + EC           (1) 

where EN is the nuclei-nuclei repulsion energy, ET is the kinetic energy of the electrons, 

EV is the electron-nuclear attraction energy, EJ is the electron-electron repulsion energy, 

EX is the electron-electron exchange energy, and EC is the electron-electron correlation 

energy.  It is noted that EN is independent of the electron coordinates within the 

Born-Oppenheimer approximation.  In the post-HF methods, the full HF exchange is 

employed for Ex and EC is evaluated by the Configuration Interaction (CI), Møller-Plesset 

(MP) perturbation, or Coupled-Cluster (CC) methods.  The CI method uses a variational 

wave function, which is a linear combination of configuration state functions (CSFs) 

consisting of spin orbitals.  Advantage of the CI method is that it is variational, indicating 

that the calculated energy is always greater than the exact energy.  A full CI calculation in 

which all possible electron configurations are taken into account provides exact 

correlation energy.  However, it is very high cost calculation.  Thus, truncation of the 

CI-space is necessary to save computational time.  A popular way to truncate the CI 

expansion is to consider only singly and doubly excited configurations (CI-SD).  In the 

MP method, the difference between the Fock operator (ĤHF) and the exact Hamiltonian 

(Ĥ) is considered as a perturbation term and the wave function and the energy of the 
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system are represented by the perturbation expansion.  Corrections can be made to any 

order of the energy and the wave function.  The MP2 method takes into account correction 

up to the second order, and hence, it is a relatively cheap method for inclusion of the 

electron correlation effect.  Third (MP3) and fourth (MP4) order MP calculations are 

computationally more expensive.  The MP method works well when the zeroth-order 

wave function is good but displays poor convergence when the zeroyh-order wave 

function contains substantial multi-reference character.  The CC wave function is 

generated by an excitation operator acting on a Slater determinant to produce a linear 

combination of excited Slater determinants.  The CC method is non-variational, but very 

accurate.  The CCSD(T) method, which is the CC method with single and double 

substitutions and perturbation correction of triple excitations, is often called "the gold 

standard of quantum chemistry" for its excellent accuracy for the molecule near 

equilibrium geometry.  However, this calculation requires large computer resources and 

currently is not suitable for systems with more than ~400 basis functions.  Unfortunately, 

the CI, MP, and CC methods require basis sets larger than DZP to exploit fully the 

inherent accuracy in these methods, which further reduces the size of the systems than can 

be handled.  The Multi-Configuration SCF (MCSCF) method has been developed to study 

the system having non-degenerate character, i.e., large non-dynamical correlation.  In the 

MCSCF calculation, the set of both coefficients of CSFs or determinants and the LCMO 

coefficients in molecular orbitals are optimized to present the electronic wave function 

incorporating full non-dynamical correlation with the best molecular orbitals.  The major 

problem with the MCSCF method is to correctly select the configurations that are 

necessary for the property of interest.  One approach is the Complete Active Space Self-

Consistent Field (CASSCF) method, in which the selection of the configurations is done 

by partitioning MOs into active and inactive spaces.  This method is used for describing 
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non-degenerate systems such as metal-metal multiple bonds, excited electronic states, and 

high-accuracy studies of dissociative processes.  However, the numbers of active orbitals 

are limited to be about 14 at present due to its high demand of computational cost.  This 

means that this method is limited to relatively smaller systems.  Another weak point of the 

CASSCF method arises from the neglect of electron correlation in which the inactive 

space participates.  CI calculation in which the configuration list is generated by allowing 

single or double excitations from the MCSCF or CASSCF reference space was proposed.  

Such methods are called Multireference CI (MRCI) and Second-order CI (SOCI) method, 

respectively.  These methods include dynamical correlation beyond the MCSCF or 

CASSCF level.  In MRMP2 or CASPT2 methods, the second order perturbation theory is 

also used to include the dynamic correlation to the MCSCF or CASSCF wave function.  

These methods can deal with extremely complex chemical situations and, if computing 

power permits, may be used to calculate both ground and excited states reliably. 

The Density Functional Theory (DFT), another approach for the evaluation of the 

electron correlation, is very different from the HF and post-HF methods.  In this method, 

the electronic structure is characterized by the electron density rather than by the wave 

function, where a functional is used for representing the exchange and correlation energies 

(EX and EC terms of eq 1).  Interestingly, the DFT method is considerably less demanding 

on computational resources than the post-HF methods because the correlation energy is 

approximately evaluated with the density which is given by single determinant wave 

function.  As a result, the DFT method can be applied to such large system as the 

transition metal complex.  Nowadays the DFT method with the hybrid functionals such as 

B3LYP, B3P86, and B3PW91 seems to give reliable results for the ground state properties, 
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and therefore, has become an efficient and reliable computational tool for the large 

systems [34-53].  In the popular B3LYP functional, EX is represented by the Becke three 

parameter hybrid exchange potential (B3) [54] and EC is represented by the non-local 

correlation functional of Lee, Yang, and Parr (LYP) [55].  The EC is also represented by 

the correlation functionals of Perdew (P86) in B3P86 [56] and of Perdew and Wang 

(PW91) [57] in B3PW91.  The success of these hybrid functionals has often been 

attributed to the inclusion of the exact HF exchange and gradient corrections for the 

exchange and correlation.  However, we need to remember that we do not know the 

correct exchange and correlation functions, indicating that the quality of the DFT method 

depends on the system: if the exchange-correlation functionals fit well the system, the 

DFT-calculated results are reliable.  But, if not, the DFT-calculated results are not reliable. 

 
 
Figure 1.  Strategic use of computational method and basis set in studies of transition 
metal complexes.  Ref. [50(c)]. 

Now, optimization of geometry and calculation of energetic of the species of 

interests are essential in quantum mechanical study.  The accuracy of such calculations 
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depends on the theoretical methods as well as on the basis sets [34].  The strategic use of 

the computational methods and basis sets to study the transition metal systems is 

illustrated schematically in Figure 1 [50(c)].  Computational level becomes higher from 

the HF to the CCSD(T) and basis set quality increases from the minimal basis set through 

the double- and triple-ζ basis sets (DZ and TZ) with additional polarization functions 

(DZP and TZP) to the quadruple-ζ basis sets (QZ) with polarization functions (QZP).  In 

other words, the quality of computational results increases upon going to the right-up 

direction in Figure 1. 

3.1 Methods Useful for Geometry Optimization 

Successful application of the electronic structure theory and reliable evaluation of 

the reaction and activation energies require correct geometries of reactant, transition state, 

intermediate, and product.  Hence, geometry optimization is the first important step in the 

quantum chemical study of the transition metal complex.  The most common geometry 

optimization of the system containing transition metal is performed at the MP2 or DFT 

levels of theory.  However, recent theoretical studies show that the MP2 method cannot 

describe the electronic state of the transition metal system in many cases, because often 

the HF wave function becomes unstable due to multi-reference character in the transition 

metal complex.  It has been proved from many studies that the DFT method with the 

hybrid functionals as B3P86, B3LYP, and B3PW91 provides better and more reliable 

description of geometries of transition metal complexes than the MP2 method [36, 41a,d,e, 

48-53] except for some metal-metal multiple bonds bearing significant multireference 

character [52].  Actually, Table 1 shows that the B3LYP- and CISD-optimized geometries 

of a cobalt nitroso complex Cp(CO)(PH3)(NOMe) 4 (see Scheme 4) are in much better 

agreement with the X-ray structure than the HF- and MP2-optimized geometries [50c].  
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For instance, the metal-ligand distances are too long at the HF level and are too short at 

the MP2 level.  The short Co-N distance and the long N-O distance of the MP2-optimized 

geometries indicate that the strength of the “back-donation” is overestimated by the MP2 

method.  As an additional example, Table 2 shows how much the geometry of 

[Cl2Rh(CO)]- depends on the level of theory [51].  The QCISD- and B3LYP-optimized 

geometries are close to that of the highest level CCSD(T)-optimized 

 
Scheme 4.  Insertion of NO into a Co-CH3 σ-bond followed by PH3 addition. 
Ref [50(c)]. 

Table 1.  Selected optimized parameters of CpCo(PH3)(NOMe) 4. 
 

 
Bond lengths are in angstrom and bond angles are in degree. 
Ref [50(c)]. 
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geometry.  On the other hand, the MP2-calculated Rh–C, C–O, and Rh–Cl distances 

considerably deviate from the CCSD(T)-calculated values.  Also, the shorter Rh-CO 

distance accompanied with a longer C–O distance at the MP2 level indicates that Rh–CO 

π back-donation is overestimated by the MP2 method, too.  In this regard, nowadays the 

DFT method with the hybrid functionals is commonly used for the geometry optimization 

of transition metal complexes. 

Table 2.  DFT, MP2, QCISD, and CCSD(T) Fully Optimized Geometries of [Cl2Rh(CO)]-

. 

 

Ref [51]. 

3.2 Methods Useful for Energy calculation 

 Correct evaluation of energy at the optimized geometry is in particular important in 

the quantum chemical study of the transition metal complex.  The energy is one index of 

the accuracy of the wave function.  It has been proved in many recent studies that the DFT 

method with hybrid functionals such as B3LYP, B3PW91 etc. usually provides much 

better and more reliable description of relative energies than does the MP2 method except 

for some weak bonding interactions [44, 50, 52].  For example, as shown in Figure 2, the 

energetics by different levels of theory at the B3LYP/DZ-optimized geometries were 

investigated in the insertion of NO into a Co-CH3 σ-bond (1 to 3 in Scheme 4) clearly 
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indicate that the MP perturbation method (MP2, MP3, MP4) fails to converge, while the 

B3LYP energy change is in good agreement with the higher post-HF methods such as 

CISD, QCISD, CCSD, and CCSD(T) [50a].  Also, the first dissociation energy of 

transition metal hexacarbonyls shows that the BP86- and B3LYP-calculated values are in 

good agreement with the CCSD(T)-calculated values; see Table 3 [44a].  In these 

 
Figure 3.  Energy profiles for the insertion of NO into a Co-CH3 σ-bond; see Scheme 4.  

Ref [50(c)]. 

Table 3.  First bond dissociation energies (kcal/mol) of isoelectronic transition metal 
hexacarbonyls. 
 

ZPE corrected values are given in parenthesis.       Ref [44a]. 
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regards, the DFT method with the hybrid functionals becomes the standard computational 

tool nowadays for treating the large systems containing transition metal element [34-53].  

However, it is reported in many works that the current DFT functionals do not correctly 

describe the weak interaction due to dispersion forces [50(c), 58-64].  For instance, the 

intermolecular interaction potential for the D2d ethylene dimer is shown in Fig. 4 [62].  

The calculated HF potentials have a very shallow potential minima (Figure 4a) and the 

MP2 and CCSD(T) potentials (Figure 4b and 4c) show that the dispersion interaction is 

mainly responsible for the attraction.  On the other hand, the BLYP and B3LYP potentials 

do not have minima, indicating these functionals fail to evaluate the dispersion interaction 

and the PW91 potential has its minimum at an intermolecular distance of 4.0 Å, 

Figure 4.  The (a) HF, (b) MP2, (c) CCSD(T), (d) BLYP, (e) B3LYP, and (f) PW91 
potentials of the D2d ethylene dimer.  Ref. [62]. 
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which is longer than those obtained by the MP2 and CCSD(T) calculations ~3.8 Å.  Also, 

it was reported for several transition metal systems that the DFT-calculated energetic is 

much different from that calculated by the post-HF methods [50, 65-67].  For example, the 

DFT(B3LYP) method presented much smaller binding energy (BE), activation barrier (Ea), 

and reaction energy (∆E) than the CCSD(T) method in the C-H σ-bond activation of 

methane by Pd(η2-O2CH)2, while the MP4(SDQ) method presents better results than does 

the DFT; see Figure 5 for the reaction and Table 4 for the energies [67].  Hence, though 

the post-HF methods such as the CCSD(T) are computationally expensive, the application 

of post-HF methods at least to the small model system is recommended as a check of the 

reliability of the DFT computational results of the transition metal complexes. 

 
 

Figure 5.  Geometry changes in the C-H bond activation of methane by Pd-(η2-O2CH)2. 
Bond lengths are in angstrom and bond angles are in degree.  Ref [67]. 
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Table 4.  Binding energy (BE), activation barrier (Ea), and reaction energy (∆E) in the 
C-H σ-bond activation of methane by Pd(η2-O2CH)2 (kcal/mol unit). 
 

Method BEa) Ea
b) ∆Ec) 

DFT -0.6 13.9 -4.9 

MP2 -1.3 17.5 -12.8 

MP3 -1.2 19.8 -12.8 

MP4(DQ) -1.2 21.1 -12.0 

MP4(SDQ) -1.3 21.5 -8.3 

CCSD(T) -1.5 20.5 -6.1 

 
a BE=Et(Precursor complex)-Et(Sum of reactants).     b Ea=Et(TSb)-Et(PC) 
c ∆E=Et(Product)-Et(Sum of reactants).       Ref [67]. 

4 The Aims of This Thesis 

Recently, research on the transition metal silylene, silaallyl, silapropargyl, and 

dihydride silyl complexes gets momentum because of their importance as intermediates in 

the conversion processes of metal-catalyzed transformation reactions of various 

organosilicon compounds.  They are also attractive research subjects in 

theoretical/computational chemistry, because transition metal complexes of such silicon 

species would have novel bonding nature and electronic structure, as described below. 

The silylene species involves a singlet spin state in general, and as a result, the sp2 

lone-pair orbital and the empty p-orbital (Scheme 5) of silylene play important roles in the 

interaction with the transition metal center.  This means that the coordinate bond of 

silylene with the transition metal center is expected to be similar to that of CO.  

Unexpectedly, however, transition metal silylene complexes are not stable unlike the 

transition metal CO complexes.  In this regard, careful theoretical investigation is required 

to elucidate the bonding nature and electronic structure of the transition metal silylene 

complexes. 
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        Also, multiple bond including Si element is interesting because it is considerably 

different from its carbon analogue.  Syntheses of such chemical species are interesting and 

challenging in recent chemistry.  The silaallyl and silapropargyl species are silicon 

analogues of the allyl and propargyl, respectively (Scheme 6).  These species are very 

reactive and free silaallyl and silapropargyl species have not been isolated yet, to our best 

knowledge.  However, it is expected that the interaction with transition metal complex is 

able to stabilize them.  In spite of this expectation, isolations of the transition metal η3-

silaallyl and η3-silapropargyl complexes are very difficult in contrast to many isolated 

 
Scheme 5 

 
                                       Allyl                                               Propargyl 

 
                                    Silaallyl                                          Silapropargyl 

 
Scheme 6 
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transition metal η3-allyl and η3-propargyl complexes.  Thus, their syntheses are one of the 

challenging research targets in the transition metal organosilicon chemistry.  Recently, the 

η3-silaallyl complex was isolated only for tungsten which is 

Cp*(CO)2W(η3-Me2SiCHCMe2) [68a] but the similar tungsten η3-silapropargyl complex 

has not been isolated yet [68b].  These results indicate that the interaction of these silicon 

species with the transition metal center must be different from their carbon analogues.  In 

this regard, detailed theoretical study of the transition metal η3-silaallyl and η3-

silapropargyl complexes is necessary to clarify their geometries, electronic structures, and 

bonding natures and to find out how to stabilize these complexes.  However, no theoretical 

study of these complexes has been reported yet, to our best knowledge. 

In chapter 1, we wish to present theoretical study of tungsten acetylide silylene and 

tungsten η3-silapropargyl complexes.  Detailed discussions of their geometrical 

characteristics and novel bonding natures as well as geometry changes, energetics, and 

electronic process of their interconversion reaction will be presented here. 

In chapter 2, we wish to present theoretical study of tungsten η3-silaallyl and 

tungsten vinyl silylene complexes.  Our purposes here are to make clear comparison of 

these complexes with the tungsten η3-silapropargyl and tungsten acetylide silylene 

complexes and to clarify the reasons why the tungsten η3-silaallyl complex can be isolated 

but the tungsten η3-silapropargyl complex cannot. 

In chapter 3, we wish to present theoretical prediction how to stabilize transition 

metal η3-silapropargyl complex.  Our purposes here are to clarify how and why the 

stabilities, bonding natures, and electronic structures of the transition metal η3-

silapropargyl complex depend on the substituents of Si, C, ligands, and metal center. 

In chapter 4, we wish to present theoretical study of a new μ-CC-bridged dinuclear 

tungsten silylene complex to elucidate its novel bonding nature and electronic structure. 
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            Silyl dihydride                           η2-Silane                                    η3-Silicate 

                Classical                              Non-classical                             Non-classical 

 
Scheme 7 

In addition to the transition metal silylene complexes, transition metal dihydride 

silyl complexes of the LnM(H)2(SiR3) type have drawn recent interests due to their unusual 

bonding natures and high fluxionality of their geometries.  Also, these complexes are 

possible intermediates in hydrosilation.  Bonding natures of such complexes vary between 

the classical dihydride silyl form [69a], non-classical η2-silane form [69a, 70], and non-

classical η3-silicate form [69] depending on the strength of the Si-H inter-ligand 

interaction; see Scheme 7.  It is noted that the non-classical η3-silicate form is the rarest 

mode among these three bonding modes.  The LnM(H)2(SiR3) type complexes are quite 

rare for group 6 transition metals [68c-e].  Only Cp*(CO)2W(H)2(SiR3) type complexes 

have been synthesized and characterized, recently [68c-e, 71].  Experimental analyses of 

these tungsten complexes suggest the presence of the non-classical Si-H interaction [68c, 

d] and unusually high fluxionality [68d], indicating that the group 6 metals add new 

features in the chemistry of the transition metal dihydride silyl complexes.  In these 

regards, detailed theoretical study of the transition metal dihydride silyl complex is 

essential to elucidate the interesting structural feature, bonding nature, electronic structure, 

and mechanism of the unusually high fluxionality.  Theoretical study of the transition 

metal dihydride silyl complexes are very limited [69] and no theoretical study to elucidate 
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the mechanism of fluxionality of such complexes has yet been reported, to our best 

knowledge. 

In chapter 5, we wish to present theoretical study of the tungsten dihydride silyl 

complex to elucidate its interesting electronic structure including the oxidation state of the 

tungsten center, non-classical bonding nature, and novel fluxional behavior. 

In the present study, the DFT method with such hybrid functionals as B3LYP and 

B3PW91 is mainly used and the MP perturbation (MP2, MP3, and MP4) theory and 

CCSD(T) method were also employed to check the reliability of the DFT-calculated 

energies.  Moreover, the LCMO (Linear Combination of Molecular Orbital) analysis was 

employed to inspect the bonding interaction of these complexes, in which a molecular 

orbital ψi of the total system is represented by a linear combination of molecular orbitals 

of the fragments. 
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Chapter 1 
 

Silapropargyl/Silaallenyl and Silylene Acetylide Complexes 

of [Cp(CO)2W]+. Theoretical Study of Their Interesting 

Bonding Nature and Formation Reaction 
 

 

1.1 Introduction 

       Transition-metal silylene complexes are important and interesting research targets in 

coordination chemistry, organometallic chemistry, and synthetic chemistry [1-5].  The 

geometry, bonding nature, and electronic structure are of considerable interest because of its 

similarities to and differences from the carbon analogue.  The important role as intermediates 

was also proposed in various metal-catalyzed transformation reactions of organosilicon 

compounds. To understand well its properties and reaction behavior, a considerable effort has 

been made to isolate transition-metal silylene complex [1-5].  The first example of isolated 

transition-metal silylene complex was previously reported by Schmidt and Welz in 1977 [6]. 

However, (CO)4Fe(=SiMe2NHEt2), which they synthesized, was very unstable and its X-ray 

characterization was not successful. In 1987, Zybill and Müller synthesized a transition-metal 

silylene complex and presented the first structural evidence for the TM=Si unit (TM = 

transition-metal) [7].  Since then, many successful results have been reported on the syntheses 

and characterization of transition-metal silylene complexes [1-5].  For instance, the Ogino 

group [8] and the Pannell group [9] successfully synthesized many transition-metal silylene 

complexes from disilanyl complexes through a 1,2-silyl shift.  The Tilley group successfully 
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synthesized base-stabilized ruthenium silylene complexes [10] and then base-free osmium and 

platinum silylene complexes [11].  The Corriu [12] and Braunstein groups [13] successfully 

synthesized HMPA- and amine-stabilized silylene complexes, respectively. The 1,2-H shift 

from a silyl ligand to a metal center was also employed to synthesize transition-metal silylene 

complexes [14-16].  It is noted that σ-bond activation was involved as an important process in 

these syntheses of transition-metal silylene complexes. Besides these studies, transition-metal 

silylene complexes have also been synthesized by ligation of free silylene with metal center 

[17-21]. 

       The transition-metal silylene complex has attracted considerable interests, as well [22-26].  

The silylene species involves a singlet spin state, and as a result, the sp2 lone pair orbital and 

the empty p orbital (Scheme 1.1) play important roles in the interaction with the metal center. 

This means that the coordinate bond with transition-metal center is expected to be similar to 

that of CO.  Unexpectedly, however, the transition-metal silylene complexes are not stable 

unlike the transition-metal CO complexes.  In this regard, the geometry and the bonding nature 

of the transition-metal silylene complexes were theoretically discussed in many works [22-25].  

The reaction of a transition-metal silylene complex is another attractive research subject to 

theoreticians.  For instance, Hall and his collaborators theoretically investigated the 

hydrosilation reaction catalyzed by ruthenium-silylene complex [26]. 

Si
R
R

Empty p orbital

Doubly-occupied sp2 orbital 
 

Scheme 1.1 
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       Recently, an interesting tungsten complex with composition of 

Cp*(CO)2W(C≡CtBu)(SiPh2) was synthesized from Cp*(CO)2(MeCN)W(Me) and the 

alkynylsilane (HPh2SiC≡CtBu) [27], as shown in Scheme 1.2.  Cp*(CO)2W(C≡CtBu)(SiPh2) is 

understood in terms of a tungsten silylene complex stabilized by an intramolecular charge-

transfer (CT) interaction with the acetylide group, as schematically shown by Form-A in 

Scheme 1.3, which is a new canonical structure of transition-metal silylene complex. The 

other two renderings of this complex were also experimentally proposed; one is a tungsten 

complex involving a silacyclopropenyl group (Form-B) and the other is a tungsten complex 

with a four-membered ring including silyl and alkenyl groups (Form-C); Scheme 1.3. It is 

W MeOC
OC NCMe

W MeOC
OC H

Ph2Si
C

C
tBu

W COOC

Ph2Si C

tBu
C

W COOC
Ph2Si C C tBu

R R RR

-MeCN

HPh2SiC       CtBu -CH4W MeOC
OC H

Ph2Si
C

C
tBu

R

                                               I-1                          I-2                          I-3                          
 

Scheme 1.2. Formation reaction of Cp*(CO)2W(C≡CtBu)(SiPh2) from 
Cp*(CO)2W(Me)(MeCN). 
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Scheme 1.3. Three possible limiting forms of Cp*(CO)2W(C≡CtBu)(SiPh2) 
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worthwhile to investigate theoretically the bonding nature of Cp*(CO)2W(C≡CtBu)(SiPh2) and 

to clarify which structure is correct.  The formation of this compound is also very interesting, 

because this reaction takes place through a variety of σ-bond activation processes, as follows: 

In the experimentally proposed reaction scheme [27], the first step is displacement of 

coordinated MeCN by the silylacetylene to give an intermediate 

Cp*(CO)2W(Me)(HSi(Ph)2C≡CtBu) I-1, followed by the Si-H oxidative addition to the W 

center to form the second intermediate Cp*(CO)2W(Me)(H)(Si(Ph)2C≡CtBu) I-2.  The next 

step is the C-H reductive elimination of methane to form the third intermediate 

Cp*(CO)2W(Si(Ph)2C≡CtBu) I-3, and the final step is either Si-C σ-bond activation to afford 

Form-A and Form-C or Si-C bond formation to afford Form-B (Scheme 1.3).  If either 

Form-A or Form-C is correct, Cp*(CO)2W(C≡CtBu)(SiPh2) is produced via a 1,2-alkynyl 

shift from a tungsten 1-alkynylsilyl complex I-3, which, to our knowledge, is interesting α-Si-

C σ-bond activation [28].  Thus, it is worthwhile to investigate theoretically this formation 

reaction.  Also, the bonding nature and geometry of I-3 are interesting, because I-3 is 

considered to be a silapropargyl complex, i.e., a silicon analogue of a propargyl complex; such 

species has not been reported yet, while the silicon analogue of a π-allyl complex has been 

experimentally reported [29]. 

       In the present study, the bonding nature of Cp*(CO)2W(C≡CtBu)(SiPh2) and 

Cp*(CO)2W(Si(Ph)2C≡CtBu) I-3 and the formation reaction of Cp*(CO)2W(C≡CtBu)(SiPh2) 

from Cp*(CO)2W(Me)(HSi(Ph)2C≡CtBu) were theoretically investigated with DFT, MP2 to 

MP4(SDTQ), and CCSD(T) methods.  The main purpose of this work is to present a proper 

understanding of the geometries and bonding nature of these complexes and to clarify 
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electronic processes and characteristic features of the transformation reaction of I-1 to 

Cp*(CO)2W(C≡CtBu)(SiPh2).  

 

1.2 Computational Details 

       We employed here Cp(CO)2W(C≡CH)(SiH2) 1 as the simplest model of 

Cp*(CO)2W(C≡CtBu)(SiPh2). Geometries were optimized with the density functional theory 

(DFT) method, where B3PW91 functional was adopted for the exchange-correlation 

terms[30, 31].  The B3PW91 functional presented much better agreements of the optimized 

geometry of 1 with experimental one of Cp*(CO)2W(C≡CtBu)(SiPh2) [27] than the B3LYP 

[30,32] and MPWPW91 [31, 33] functionals, as shown in Appendix A.1.1.  We ascertained 

that none of the equilibrium geometry exhibited an imaginary frequency and each transition 

state exhibited only one imaginary frequency.  Energy was evaluated with the DFT, MP2 to 

MP4(SDTQ), and CCSD(T) methods, where the DFT-optimized geometries were adopted. 

       Two kinds of basis set systems, BS-I and BS-II, were used in this work. In BS-I, usual 

LANL2DZ [34] basis set was employed for W.  cc-pVDZ basis sets [35] were employed for 

Si, C, and O, and 6-31G basis set was used for H [36].  This BS-I system was used for 

geometry optimization. The basis set effects on the optimized geometry were examined with 

6-31G(d) [37] basis set for Si, C, and O and Huzinaga-Dunning [38] basis set for Si.  

However, no significant difference was observed between BS-I and these basis set systems 

(see Appendix A.1.1).  In BS-II, valence electrons of W were represented with a 

(541/541/111/1) basis set [34, 39, 40] with the same effective core potentials as those of BS-I.  

For the other atoms, the same basis sets as those of BS-I were employed.  This BS-II was 

used to evaluate energy and population changes. 
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       Gaussian 03 program package (revision C.02) [41] was used for all these computations.  

Population analysis was carried out with the method proposed by Weinhold et al [42].  

Molecular orbitals were drawn with MOLEKEL program package (version 4.3) [43]. 

 

1.3 Results and Discussion  

       We wish to discuss first the bonding nature and geometry of 

Cp*(CO)2W(C≡CtBu)(SiPh2) and then the reaction leading to its formation from 

Cp*(CO)2W(Me)(Si(Ph)2HC≡CtBu).  Also, we will discuss the bonding nature and 

characterization of Cp*(CO)2W(Si(Ph)2C≡CtBu) in comparison with those of similar 

propargyl/allenyl complex. 

 

1.3.1 Geometry of Cp(CO)2W(C≡CR1)(SiR2
2) (R1 = H, Me, or tBu; R2 = H 

or Me) 

       The optimized geometry of Cp(CO)2W(C≡CH)(SiH2) 1 agrees well with the experimental 

one [27], except for several geometrical parameters; the W-Si and Si-C1 distances are 

moderately longer but the W-C1 and Si-C2 distances are moderately shorter than the 

corresponding experimental values (see Figure 1.1 and Table 1.1 for important geometrical 

parameters).  Introduction of Me and tBu groups on the acetylide C atom leads to excellent 

agreement of the optimized geometry with the experimental one, as will be discussed below 

in more detail. 

        For a better understanding of the geometry and bonding nature of 1, we optimized an 

ideal complex, Cp(CO)2W(C≡CH)(SiH2) 2, in which the acetylide group is at a position 
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                                     1                          1                                           2 
 

 
                    1-Mea                                    1-tBu                          1-Meb 
 
Figure 1.1. DFT/BS-I optimized geometries of Cp(CO)2W(C≡CR1)(SiR2

2) (R1=H, Me, 
or tBu and R2=H or Me).  Bond lengths are in angstrom and bond angles are in degree. 

Table 1.1.  Selected optimized parameters of Cp(CO)2W(C≡CR1)(SiR2
2). 

 1 
R1=H, 
R2=H 

1-Mea 
R1=Me, 
R2=H 

1-tBu 
R1=tBu, 
R2= H 

1-Meb 
R1=H, 
R2=Me 

Expt.a) 
R1=tBu, 
R2=Ph 

W-Si 2.616 2.555 2.564 2.661 2.567 
W-C1 2.014 2.051 2.047 2.004 2.050 
Si-C1 1.968 1.958 1.957 1.978 1.937 
Si-C2 1.957 2.049 2.038 1.958 2.009 
C1-C2 1.299 1.283 1.286 1.300 1.270 

∠W-Si-C1 49.7 52.0 51.7 48.5 51.9 
∠C1-Si-C2 39.0 37.3 37.5 38.6 37.5 

Bond lengths are in angstrom and bond angles are in degree. 
a) Reference 27. 
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opposite to the SiH2 group, as shown in Figure 1.1; in other words, no interaction exists 

between these two moieties. The W-C1 and C1-C2 distances of 2 agree well with those of a 

typical tungsten acetylide complex [44].  Silacyclopropene 3 was also optimized, as shown in 

Figure 1.2.  The Si-C and C-C distances of 3 agree well with the experimental values [45].  

 
                                                         Si-C distance (Angstrom) 
 
Figure 1.2. Changes of geometry,a total energy,b and important Kohn-Sham orbitalb in the 
formation reaction of silacyclopropene from silylene and acetylene.  
a DFT/ BS-I optimization was carried out. Bond lengths are in angstrom and bond angles are 
in degree.   b DFT/BS-II calculation.   c In parentheses are experimental values [45]. 

       The Si-C1 and Si-C2 distances in 1 are considerably longer than the Si-C bond of 3. 

Consistent with these long Si-C1 and Si-C2 distances, the C1-C2 distance of 1 is somewhat 
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shorter than that of 3. Also, the C1-C2 distance is longer in 1 than in 2. It is noted that the 

acetylide moiety somewhat distorts in 1 (C1-C2-H angle=145.7º) unlike the linear alignment 

in 2.  The W-C1 distance of 1 is almost the same as that of 2, while the W-Si distance of 1 is 

longer than those of 2 and a typical donor-stabilized tungsten-silylene complex [8m, 46].  

Consistent with the longer W-Si distance in 1 than in 2 and the longer Si-C1 and Si-C2 

distances in 1 than in 3, the sp2 lone pair orbital of SiH2 expands neither toward the W center 

nor toward the midpoint of the C1-C2 bond, i.e., the sp2 lone pair orbital expands at an angle 

of 35° with the W-Si bond and at an angle of 14° with the Si-C1 bond, as shown in Figure 1.1. 

        All these geometrical features of 1 suggest that the CCH(SiH2) moiety in 1 is neither a 

pure silacyclopropenyl group nor the sum of pure silylene and acetylide groups.  It is likely 

that the CCH(SiH2) moiety is intermediate between them, which will be discussed below in 

more detail. 

       To shed clear light on the CCH(SiH2) moiety, we investigated the formation reaction of 

silacyclopropene from silylene and acetylene, as shown in Figure 1.2.  This reaction takes 

place without barrier, as previously reported by Gordon et al [47] and Koch et al [48].  

Because no precursor complex could be optimized in this reaction, the starting geometry 4-1 

was optimized under assumption that the SiH2 plane was placed to be parallel to the C-C bond.  

In 4-1, the Si-C distances are long and the sp2 lone pair orbital of SiH2 makes a large angle 

(72.9º) with the Si-C bond.  Upon going to 4-3 from 4-1, the sp2 lone pair orbital of SiH2 is 

changing its direction toward the center of the C-C bond with concomitant formation of two 

Si-C bonds.  The angle (14.3º) between the sp2 lone pair orbital and the Si-C1 bond in 1 is 

smaller than that (26.3º) of 4-2 but larger than that (1.1º) of 4-3.  The Si-C1 and Si-C2 distances 

of 1 are not different very much from those of 4-2.  From these geometrical features, it is 
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concluded that the CCH(SiH2) moiety of 1 is similar to the HCCH(SiH2) species halfway to 

the formation of silacyclopropene from silylene and acetylene; in other words, the CCH(SiH2) 

moiety of 1 is understood to be an interesting intermediate species trapped by the W center in 

the reaction leading to the formation of silacyclopropene. 

       Substituent effects on the geometry of 1 were investigated by introducing Me and tBu on 

C2 and Me on Si (see 1-Mea, 1-tBu, and 1-Meb in Figure 1.1).  Introduction of Me and tBu 

groups on C2 considerably shortens the W-Si distance by 0.061 Å and 0.052 Å, respectively, 

and considerably lengthens the Si-C2 distance by 0.092 Å and 0.081 Å, respectively (see 1-

Mea and 1-tBu in Figure 1.1).  The C1-C2 bond also becomes moderately shorter by 

introduction of Me and tBu groups on C2. Consistent with the shortening of the W-Si distance, 

the angle between the sp2 lone pair orbital of SiH2 and the W-Si bond decreases to 25.4º in 1-

Mea and 27.4º in 1-tBu, compared to that (35.4º) of 1.  These optimized geometries of 1-Mea 

and 1-tBu extremely agree with the experimental one.  On the other hand, Me groups on Si 

little change the geometry except for moderate lengthening of the W-Si distance in 1-Meb.  

These substituent effects will be discussed below on the basis of bonding nature. 

 

1.3.2 Bonding Nature of Cp(CO)2W(C≡CH)(SiH2) 1 

       To clearly understand the bonding nature of 1, we investigated molecular orbitals of 1.  

The HOMO and HOMO-1 mainly consist of a W d-orbital, as shown in Figure 1.3A.  The 

presence of two doubly-occupied d orbitals is consistent with the +2 oxidation state of W (d4 

system).  The HOMO-2 of 1 closely resembles the HOMO of silacyclopropene, and the 

HOMO-6 of 1 is similar to the HOMO-2 of 4-1 ~ 4-3 (see also Figure 1.2).  These features 

suggest that the HOMO-2 and HOMO-6 of 1 mainly consist of the sp2 lone pair and empty p 
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orbitals of silylene and the π and π* orbitals of acetylide.  The sp2 lone pair orbital of silylene 

overlaps with the π* orbital of acetylide in a bonding way, because the π* orbital is at higher 

energy than the sp2 lone pair orbital, and with the π orbital of acetylide in an anti-bonding way, 

because the π orbital is at lower energy than the sp2 lone pair orbital, as shown in Scheme 

1.4(A).  As a result, the contribution of C1 p orbital considerably decreases and that of C2 p 

orbital considerably increases, which leads to the HOMO-2.  In other words, the HOMO-2 

involves CT from the sp2 lone pair of silylene to the π* orbital of acetylide and a four-electron 

repulsion between the sp2 lone pair of silylene and the π orbital of acetylide.  The HOMO-6 is 

formed through slightly different orbital mixing; the π orbital of acetylide overlaps with the 

 
       HOMO        HOMO-1        HOMO-2       HOMO-5         HOMO-6        HOMO-8 

        (-5.4)             (-6.0)                 (-7.3)              (-8.4)                (-10.1)              (-10.9) 

(A) Cp(CO)2W(C≡CH)(SiH2) 1 
 

 
      HOMO        HOMO-1          HOMO-2       HOMO-3        HOMO-6       HOMO-8 

       (-5.7)              (-6.0)                  (-7.0)              (-7.3)                (-8.7)               (-9.8) 

(B) Cp(CO)2W(C≡CH)(SiH2) 2 

Figure 1.3. Several important Kohn-Sham orbitals observed in Cp(CO)2W(C≡CH)(SiH2) 
1 and ideal complex Cp(CO)2W(C≡CH)(SiH2) 2. In parentheses are orbital energies (eV 
unit). 
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sp2 lone pair orbital of silylene in a bonding way because the HOMO-6 is the most stable in 

energy among the molecular orbitals consisting of the π and π* orbitals of acetylide and the 

sp2 and p orbitals of silylene.  Into this overlap, the empty p orbital of silylene mixes in a 

bonding way with the π orbital of acetylide because the empty p orbital is at higher energy 

than the π orbital.  The π* orbital of acetylide also slightly mixes into this orbital in a bonding 

way with the sp2 lone pair orbital of silylene.  These orbital mixings lead to bonding overlap of 

the deformed π orbital of acetylide with the empty p and sp2 lone pair orbitals of silylene, as 

shown in Scheme 1.4(B).  In other words, the HOMO-6 involves CT from the π orbital of 

acetylide to the empty p orbital of silylene. 

 
               Main         Small         Small     Very small 

(A)  HOMO-2 

Si

HH
C

C

C

C
Si

HH

+ + + Si
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C

C

 
               Main          Small           Small       Very small                                   

(B)  HOMO-6 
 

Scheme 1.4 
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       Comparison of 1 with 2 provides us information of the W-Si and W-C1 bonding nature of 

1.  In 2, the SiH2 moiety is bound to the W center through donation from the sp2 lone pair 

orbital to the empty d orbital of W, which is observed in the HOMO-6 of 2, as shown in Figure 

1.3B.  In 1, on the other hand, there is no clear bonding overlap but a deformed bonding 

overlap between W and Si centers is observed in the HOMO-2, as shown in Figure 1.3A.  This 

deformed overlap can be easily understood in terms that the bonding orbital between the sp2 

lone pair orbital of silylene and the empty p orbital of acetylide (Scheme 1.4(A)) interacts with 

the empty d orbital of W.  Although silacyclopropene is formed from silylene and acetylene in 

the absence of Cp(CO)2W, SiH2 cannot completely change its orientation toward the C1-C2 

bond in the presence of Cp(CO)2W.  This is because the bonding overlap between the sp2 lone 

pair of SiH2 and the empty d orbital of W suppresses the complete change of the SiH2 

orientation.  Also, the occupied dz
2 orbital overlaps well with the empty p orbital of SiH2 in 2, 

to form the dπ-p back donating interaction, which is observed in the HOMO-1 of 2.  However, 

the dz
2 orbital does not form such interaction in 1, as shown by the HOMO of 1.  These results 

indicate that 1 does not involve a pure silylene group unlike 2, which is consistent with the 

discussion based on the geometrical features. In 2, the HOMO-3 involves the bonding overlap 

between the π orbital of acetylide and the unoccupied dxy orbital of W (Figure 1.3).  Its anti-

bonding counter part is the HOMO. The similar orbitals are observed in the HOMO-5 and the 

HOMO of 1, respectively.  The HOMO-8 of 1 and 2 involves bonding interaction between the 

unoccupied dxz orbital of W and the sp lone pair of acetylide.  These results suggest that the 

interaction between acetylide and W in 1 is similar to that of the normal acetylide ligand, 

which is consistent with the similar W-C1 distance between 1 and 2. 
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       From all these results, it should be clearly concluded that the CCH(SiH2) moiety of 1 is 

considered neither to be a pure silacyclopropenyl group nor to be the sum of pure silylene and 

acetylide groups.  In 1, the acetylide group strongly interacts with silylene through the CT 

from the π orbital of acetylide to the empty p orbital of silylene and the CT from the sp2 lone 

pair of silylene to the π* orbital of acetylide.  Despite these strong CT interactions, the 

CCH(SiH2) moiety does not change to a pure silacyclopropenyl group because of the presence 

of bonding interaction between the sp2 lone pair orbital of silylene and the empty d orbital of 

W.  Thus, the CCH(SiH2) moiety of 1 is understood to be an interesting intermediate species 

which is trapped by the W center in the formation reaction of silacyclopropene from acetylene 

and silylene. 

 

1.3.3 Substituent Effects on the Bonding Nature of 

Cp(CO)2W(C≡CR1)(SiR2
2) 

       Significant substituent effects on the Si-C and W-Si distances were observed when Me 

and tBu groups were introduced on the C2 atom, as described above.  These substituent effects 

are interpreted in terms of the π and π* orbitals of the acetylide group.  Their orbital energy 

become higher by introduction of electron-donating substituent, as shown in Table 1.2.  Both 

the bonding interaction of the acetylide π orbital with the silylene empty p orbital and the anti-

bonding interaction of the acetylide π orbital with the silylene sp2 lone pair orbitals become 

stronger, as the π orbital of acetylide rises in energy.  Considering that the introduction of Me 

and tBu groups on C2 increases the Si-C2 distance, it is concluded that the anti-bonding 

interaction increases than does the bonding interaction.  In other words, the repulsive 

interaction between the sp2 lone pair orbital of silylene and the π orbital of acetylide is still 

 40



strong in 1.  This repulsive interaction shifts the direction of the lone pair orbital of silylene 

toward the W center from the C1 atom in 1-Mea and 1-tBu.  As a result, the electron-donating 

substituent on C2 strengthens the coordinate bond of silylene with the W center, which 

shortens the W-Si distance in 1-Mea and 1-tBu than that in 1. 

Table 1.2. The π and π* orbital energies of acetylene and sp2 lone pair and empty p orbital 
energies of silylene. 
 

 
 
a The DFT/BS-II calculation. In parentheses are Hartree-Fock orbital energies (BS-II).   
b Orbitals of free HCCR1 are presented, where the geometry was taken to be the same as 
that in Cp(CO)2W(C≡CR1)(SiR2

2) (R1 = H or Me or tBu and R2 = H or Me) (see Appendix 
A.1.2).  c Orbitals of free silylene are presented.  Geometries are optimized with the 
DFT/BS-I method. 

         Introduction of Me on Si raises the energy of the sp2 lone pair orbital and the empty p 

orbital of the silylene (Table 1.2).  As the sp2 lone pair orbital becomes higher in energy, both 

the bonding and anti-bonding interactions of the sp2 lone pair of silylene with the π* and π 

orbitals of acetylide, respectively, become stronger.  However, the bonding interaction 
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between the empty p orbital of silylene and the π orbital of acetylide becomes weaker.  

Because these effects compensate each other, the Si-C1, Si-C2 and W-C1 distances change 

little in 1-Meb. However, the W-Si distance becomes moderately longer in 1-Meb than in 1.  

This is interpreted, as follows:  The electron-donating group on Si decreases the participation 

of the empty p orbital in the bonding interaction with the π orbital of acetylide but increases 

the participation of the sp2 lone pair in the bonding interaction with the π* orbital of acetylide.  

As a result, the direction of the lone pair orbital of SiH2 shifts toward C1, which weakens the 

W-Si interaction and thereby increase the W-Si distance. 

 

1.3.4 Conversion from Cp(CO)2W(Me)(SiH3C≡CH) to 

Cp(CO)2W(Si(H)2C≡CH) 

       We wished to investigate the reaction from Cp(CO)2W(Me)(SiH3C≡CH) 5 to 

Cp(CO)2W(Si(H)2C≡CH) because interesting elementary steps and intermediates are involved 

in the reaction.  This conversion reaction takes place through two steps; in the first step, 5 

converts to Cp(CO)2W(Me)(H)(Si(H)2C≡CH) 6 through the Si-H oxidative addition.  In the 

second step, 6 converts to Cp(CO)2W(Si(H)2C≡CH)(CH4) 7 through the reductive elimination 

of methane.  

       The conversion reaction of 5 to 6 takes place without any barrier, as shown in Figure 1.4.  

The geometry optimization of 5 smoothly leads to 6, where the geometry of 5 was optimized 

with the Si-H distance fixed to be the same as that of the free HCCSiH3 molecule.  The Si-H 

bond gradually lengthens and the W-Si and W-H distances gradually shorten upon going to 6 

from 5.  In 6, the Si-H distance is 2.320 Å, and the W-H and W-Si distances are 1.735 Å and 

2.579 Å, respectively.  These geometrical features indicate that the Si-H σ-bond is completely 
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broken, and the W-Si and the W-H bonds are formed in 6.  This conversion reaction is 

considerably exothermic, as shown in Table 1.3.  Though the DFT-calculated reaction energy 

(∆E) value is moderately different from the MP4(SDTQ)-calculated value, the ∆E value 

fluctuates little upon going to MP4(SDTQ) from MP2, suggesting that the MP4(SDTQ) value 

is reliable. 

 
                                                        Si-H distance (Angstrom) 
 
Figure 1.4. Geometrya and energyb changes by the conversion reaction of 
Cp(CO)2W(CH3)(H3SiC≡CH) 5 to Cp(CO)2W(CH3)(H)(H2SiC≡CH) 6. 
a DFT/ BS-I optimization was carried out. Bond lengths are in angstrom and bond angles are 
in degree.   b DFT/BS-II calculation (in kcal/mol). 

       To understand this conversion reaction, we examined several important molecular 

orbitals. In 5, the HOMO and HOMO-1 mainly consist of a d orbital, while the other three d 
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orbitals are involved in unoccupied space (see Appendix A.1.3.(A)).  These results indicate 

that the W center takes +2 oxidation state in 5.  In 6, it is noted that only one d orbital of W is 

in occupied space and the remaining four d orbitals are in unoccupied space, which clearly 

shows that the doubly occupied dz
2 orbital becomes unoccupied and the W center takes +4 

oxidation state in 6; see Figure 1.4 for coordinate system.  The HOMO-4 involves the bonding 

overlap between the 1s orbital of H and the empty dz
2 orbital of W and the HOMO-1 involves 

the bonding overlap between the sp3 lone pair of Si and the empty d orbital of W (see 

Appendix A.1.3.(B)).  All these results are consistent with our understanding that the Si-H 

oxidative addition takes place in this process. 

Table 1.3:  Activation barrier (Ea),a,b reaction energy (∆E),a,b and destabilization energy 
(DE)a,b in the conversion reactions from Cp(CO)2W(Me)(H3SiC≡CH) 5 to 
Cp(CO)2W(Me)(H)(Si(H)2C≡CH) 6, from 6 to Cp(CO)2W(CH4)(Si(H)2C≡CH) 7, and 
from Cp(CO)2W(Si(H)2C≡CH) 8 to Cp(CO)2W(Si(H)2C≡CH) 9. 
 

Conversion 

of 5 to 6 

Conversion 

of 6 to 7 

Methane dissociation 

from 7 (7→ 8) 

Conversion 

of 8 to 9 

 

Method 

∆E  

(kcal/mol) 

Ea 

(kcal/mol)

∆E 

(kcal/mol)

DE  

(kcal/mol) 

∆E  

(kcal/mol) 

DFT -11.4 10.7 -0.6 8.2 -31.2 

MP2 -13.0 10.0 2.9 18.4 -45.8 

MP3 -14.7 16.0 2.6 10.2 -26.6 

MP4(DQ) -15.4 14.4 3.9 13.4 -34.9 

MP4(SDQ) -15.5 14.8 3.7 13.9 -34.5 

MP4(SDTQ) -14.2 11.8 2.6 17.5 -43.3 
 

(a) Ea is energy difference between transition state and reactant, ∆E is energy difference 
between product and reactant, and DE is the destabilization energy induced by methane 
dissociation. (b) The BS-II was employed. 
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       The intermediate 6 converts to Cp(CO)2W(Si(H)2C≡CH)(CH4) 7 through transition state 

TS6-7, as shown in Figure 1.5.  In TS6-7, only one imaginary frequency (885.6i cm-1) mainly 

involves the movement of the hydride ligand toward the Me ligand.  In this transition state, the 

W-C distance moderately lengthens to 2.367 Å by 0.076 Å and the W-H distance becomes 

slightly longer.  The C-H distance is still long.  These geometrical features indicate that the W-

H and W-C bonds are still kept and the C-H bond is not effectively formed yet in TS6-7; in 

other words, this transition state is reactant-like.  In 7, the C-H distance is 1.134 Å, which 

clearly shows that methane is completely formed in 7 and interacts with the W center through 

the weak interaction similar to the agostic interaction because its C-H distance is somewhat 

longer than the usual C-H bond.  This reaction takes place easily with a moderate activation 

barrier and either very small exothermicity (DFT/BS-II) or small endothermicity 

 
                                                                (885.6i cm-1)b 
 
Figure 1.5. Geometry changesa in the reductive elimination of methane from 
Cp(CO)2W(Me)(H)(Si(H)2C≡CH) 6 to afford Cp(CO)2W(CH4)(Si(H)2C≡CH) 7. 
a DFT/BS-I optimization was carried out. Bond lengths are in angstrom and bond angles 
are in degree.  b Arrow in TS6-7 represents important movement of atom in imaginary 
frequency. Imaginary frequency is given in parentheses. DFT/BS-I calculation.  
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(MP4(SDTQ)/BS-II) (see Table 1.3); the activation barrier somewhat fluctuates at MP3 but 

converges upon going to MP4(SDTQ) from MP2.  Also, the MP4(SDTQ)-calculated value is 

almost the same as the DFT-calculated value.  The moderate activation barrier is consistent 

with the reactant-like TS6-7.  Though the reaction energy is slightly different between DFT and 

MP4(SDTQ) methods, the difference is not large, indicating that this reaction is almost 

thermoneutral.  The orbital changes observed in this reductive elimination are the reverse of 

those observed in the oxidative addition of the Si-H bond.  We omitted detailed discussion 

here; see Appendix A.1.3 for orbital changes and A.1.4. for the corresponding discussion. 

       As shown in Figure 1.6, methane dissociation from 7 leads to a coordinatively unsaturated 

complex, Cp(CO)2W(Si(H)2C≡CH) 8, with moderate destabilization energy, where the 

geometry of 8 was taken to be the same as that of 7 except for the absence of methane moiety.  

The destabilization energy (DE) is evaluated to be 8.2 and 17.5 kcal/mol with the DFT and 

MP4(SDTQ) methods, respectively (Table 1.3).  Because the DFT method does not 

incorporate well the dispersion interaction which participates considerably in the interaction of 

methane with the metal center, the MP4(SDTQ)-calculated value is more reliable here than the 

DFT-calculated value.  In 8, the C≡C triple bond does not interact with the W center. The 

geometry optimization of 8 smoothly leads to Cp(CO)2W(Si(H)2C≡CH) 9 in which the C≡C 

triple bond coordinates with the W center, as shown in Figure 1.6.  The C≡C triple bond 

gradually approaches the W center in the reaction.  Consistent with this geometry change, one 

of the π orbitals of the C≡C triple bond becomes considerably lower in energy (see Appendix 

A.1.5).  The approach of the C≡C triple bond to the W center induces the direction change of 

the sp3 orbital on Si, which interacts substantially with the W center in 8, to increase the sp3 

orbital energy.  However, its energy does not rise so much because this sp3 orbital changes to 
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the HOMO of a silapropargyl-type Si(H)2C≡CH species, which will be discussed below in 

detail.  As a result, the conversion of 8 to 9 easily takes place with no barrier and considerably 

large exothermicity, as shown in Table 1.3.  The DFT-calculated exothermicity (31.2 

kcal/mol) is similar to the MP4(SDQ)-calculated value (34.5 kcal/mol) but somewhat smaller 

than the MP4(SDTQ)-calculated value (43.3 kcal/mol), suggesting that the exothermicity is 

between 31 to 43 kcal/mol.  Thus, it can be considered that this process is considerably 

exothermic.  

                                                               
Figure 1.6. Geometrya and energyb changes by the conversion reaction of 
Cp(CO)2W(Si(H)2C≡CH) 8 to Cp(CO)2W(Si(H)2C≡CH) 9. 
a DFT/ BS-I optimization was carried out. Bond lengths are in angstrom and bond angles 
are in degree.    b DFT/BS-II calculation (in kcal/mol). 
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1.3.5 Geometry and Bonding Nature of Cp(CO)2W(Si(H)2C≡C-H) 9 

       Here, we wish to discuss the bonding nature of 9 because this species is of considerable 

interest, as follows:  This is considered to be Si analogue of transition-metal propargyl 

complex and such a species has not been reported yet.  To clarify the characteristic feature of 

9, we optimized the model propargyl complex 9C, Cp(CO)2W(C(H)2C≡CH).  As shown in 

Figure 1.7, the C1-C2 distance of 9 is almost the same as that of 9C.  The Si-C1 (1.826 Å) and 

C1-C2 (1.269 Å) bond distances of 9 are intermediate between the Si-C single and the Si=C 

double bonds and between C=C double and C≡C triple bonds, respectively; R(Si-C)=1.895 Å 

and 1.717 Å in H3Si-CH3 and H2Si=CH2, respectively, and R(C-C)=1.334 Å and 1.209 Å in 

H2C=CH2 and HC≡CH, respectively, where the DFT/BS-I optimized values are presented.  

The Si-C1-C2 angle of the [Si(H)2CCH]- ligand in 9 is 140º, which is similar to that of 9C.  

 
    C3C1C2 = 147.1º        SiC1C2 = 140.0º 
                9C                                    9                                    TS9-1                             1 
                                                                                         (260.6i cm-1)b 

 
Figure 1.7.  Geometrya of Cp(CO)2W(C(H)2C≡CH) 9C and geometrya changes by the 
conversion reaction of Cp(CO)2W(Si(H)2C≡CH) 9 to Cp(CO)2W(C≡CH)(SiH2) 1. 
a DFT/BS-I optimization was carried out. Bond lengths are in angstrom and bond angles 
are in degree.    b Arrows in TS9-1 represent important movement of atoms in imaginary 
frequency. Imaginary frequency is given in parentheses. 
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                             HOMO-2                     HOMO-6                 HOMO-8 
                                (-7.2)                             (-9.7)                        (-10.8) 

(A) Cp(CO)2W(Si(H)2C≡CH) 9 
 

 
                                        HOMO-2           HOMO-6             HOMO-19 
                                          (-7.6)                   (-10.2)                    (-12.7) 

(B) Cp(CO)2W(C(H)2C≡CH) 9C 
 

 
                              LUMO              HOMO (SOMO)               HOMO-2 
                              (-1.0)                          (-6.0)                              (-8.9) 

(C) ·Si(H)2CCH 
 

 
                                     LUMO             HOMO (SOMO)        HOMO-2 
                                      (0.0)                           (-6.5)                     (-9.5) 

(D) ·C(H)2CCH 
 
 

Figure 1.8. Several important Kohn-Sham orbitals observed in Cp(CO)2W(Si(H)2C≡CH) 
9, Cp(CO)2W(C(H)2C≡CH) 9C and their fragments ·Si(H)2CCH and ·C(H)2CCH. In 
parentheses are orbital energies (eV unit). 
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All these geometrical features suggest that the [SiH2CCH]- ligand in 9 can be considered as a 

silicon analogue of the η3-propargyl/allenyl group.  Of course, some differences between 9 and 

9C are observed; for instance, the W-C2 distance is somewhat longer in 9 than in 9C, while 

the W-C1 distance of 9 is much longer than that of 9C.  These are not surprising, as follows:  

Because of the larger size of Si than that of C, the W-Si distance of 9 is longer than the W-C3 

distance of 9C, which leads to the longer W-C1 and W-C2 distances in 9 than in 9C.  

       To investigate the coordinate bond of the [Si(H)2CCH]- ligand, we examined several 

important molecular orbitals of 9 and 9C, as shown in Figures 1.8(A) and (B).  The HOMO 

and HOMO-1 of 9 mainly consist of a d orbital, which are similar to the HOMO and HOMO-1 

of 1.  The remaining three d orbitals are in unoccupied molecular orbitals in both complexes.  

These results are consistent with the fact that the W center takes +2 oxidation state in 9 and 

9C.  There are two important molecular orbitals for the interaction; one is HOMO-2 and the 

other is HOMO-6. Because these orbitals involve the bonding interaction between the 

Si(H)2CCH moiety and W, we first discuss frontier orbitals of ·Si(H)2CCH and the usual 

propargyl groups.  The HOMO of both ·Si(H)2CCH and ·C(H)2CCH is non-bonding π orbital 

(φnπ) which consists of p orbitals of terminal C and Si (or C) atoms, as shown in Figures 

1.8(C) and 1.8(D).  Although two p orbitals of terminal C atoms contribute to the HOMO in 

almost the same extent in ·C(H)2CCH, the p orbital of Si contributes more to the HOMO than 

that of C in ·Si(H)2CCH.  This is because the p orbital of Si is at higher energy than that of C; 

for instance, the p orbital of ·SiH3 is at -5.39 eV and that of ·CH3 is at -6.41 eV, where orbital 

energies calculated with DFT/BS-II method are presented (Hartree-Fock orbital provides 

similar energy difference between them) [49].  The HOMO-2 is, however, considerably 

different between ·C(H)2CCH and ·Si(H)2CCH; it is the usual π orbital in ·C(H)2CCH, which 
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is similar to the π orbital of π-allyl group.  In ·Si(H)2CCH, on the other hand, it is similar to 

the π orbital of the C=C double bond to which the p orbital of Si moderately contributes.  The 

shape of the HOMO is easily understood in terms of allyl-type orbital mixing, as follows: The 

p orbital of Si overlaps with the π orbital of acetylide in an anti-bonding way, as shown in 

Scheme 1.5(A), because the p orbital is at higher energy than the π orbital.  The π* orbital of 

acetylide mixes into this orbital in a bonding way with the p orbital of Si, to weaken the anti-

bonding overlap between the p orbital of Si and the π orbital.  This mixing significantly 

decreases the contribution of C1 p orbital and increases very much that of C2 p orbital to 

afford φnπ.  This φnπ orbital overlaps with the empty d orbital of W in a bonding way to form 

the HOMO-2 of 9. In ·C(H)2CCH, the p orbitals of three C atoms overlap with each other in a 

bonding way, to form the HOMO-2 (φπ), as shown in Scheme 1.5(B). Thus, the φπ orbital 

               Large 
 

 
              Large           Large        Small 

 

 
               Small             Large        Small 

 
 

Scheme 1.5 
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delocalizes to the terminal C atom.  This φπ orbital overlaps with the acceptor orbital of W in a 

bonding way to afford the HOMO-6, as shown in Figure 1.8(B).  The different shape of the 

HOMO-2 of ·Si(H)2CCH is interpreted in terms of the higher energy of Si p orbital, as 

follows:  Because the p orbital of Si is at much higher energy than that of C, as described 

above, the former orbital much less contributes to the HOMO-6 than the latter orbital, as 

shown in Scheme 1.5(C).  As a result, the φπ orbital moderately delocalizes onto the Si atom, 

as shown in Figure 1.8(C).  Because of the rather localized φπ orbital of ·Si(H)2CCH, the 

HOMO-6 of 9 is considerably different from that of 9C, as shown in Figures 1.8(A) and (B). 

       From all these results, it should be concluded that although 9 is considered to be the Si 

analogue of propargyl/allenyl complex and the non-bonding π orbital is similar to that of the 

propargyl/allenyl group, the conjugation between Si and C atoms is very weak in the π-orbital 

unlike the π-orbital of the usual propargyl/allenyl group in which the considerable conjugation 

is clearly observed. 

 

1.3.6 Conversion reaction of Cp(CO)2W(Si(H)2C≡C-H) 9 to 

Cp(CO)2W(C≡C-H)(SiH2) 1 

       Because Form-A is correct understanding of Cp(CO)2W(SiH2)(C≡CH) 1, as discussed 

above, the conversion reaction of 9 to 1 involves the α-Si-C σ-bond activation via the 

interesting 1,2-alkynyl shift, which takes place through the transition state TS9-1, as shown in 

Figure 1.8.  In the imaginary frequency of TS9-1, the direction of the sp orbital of the C≡C-H 

group is changing toward the W center. As a result, the W-C1 distance shortens to 2.369 Å 

and the W-C2 distance considerably lengthens to 3.278 Å in TS9-1.  At the same time, the Si-

C1 distance lengthens to 1.915 Å in TS9-1, while it is still shorter than that of 1 by 0.053 Å.  
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All these results indicate that the Si-C1 σ-bond and the W-C2 bond of 9 are going to be broken 

and the W-C1 bond is going to be formed in TS9-1.  Interestingly, the W-Si distance of TS9-1 is 

shorter than those of 9 and 1 by 0.089 Å and 0.177 Å, respectively.  The C1-C2 distance of 

TS9-1 is shorter than those of 9 and 1, too.  These interesting geometry changes relate to the 

interaction between [Si(H)2CCH]- and the W center, which will be discussed below. 

Table 1.4:  Activation barrier (Ea)a,b and reaction energy (∆E)a,b in the conversion reaction 
of Cp(CO)2W(Si(R2)2C≡CH) 9 to Cp(CO)2W(C≡CH)(SiH2) 1. 
 

Method Ea (kcal/mol) ∆E (kcal/mol) 
DFT 15.3 -4.9 
MP2 20.7  0.4 
MP3 14.0 -1.4 
MP4(DQ) 15.5 -0.1 
MP4(SDQ) 14.8 -0.9 
MP4(SDTQ) 
CCSD(T) 

18.8 
15.8 

-0.6 
-0.7 

 
a Ea is energy difference between transition state and reactant and ∆E is energy difference 
between product and reactant.  b The BS-II was employed. 

       This conversion reaction easily takes place with a moderate activation barrier of 15.3 

(15.8) kcal/mol and a small exothermicity of 4.9 (0.7) kcal/mol, as shown in Table 1.4, where 

the DFT- and CCSD(T)-calculated energies are given without and in parenthesis, respectively.  

The CCSD(T) and DFT methods present a similar activation barrier but the MP4(SDTQ) 

method presents a moderately larger value. On the other hand, the DFT-calculated 

exothermicity is moderately larger than the others.  It is likely that the DFT- and CCSD(T)-

calculated activation barriers and the MP4(SDTQ)- and CCSD(T)-calculated exothermicities 

are reliable. 
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 (A) Potential energy Changes 

 
(B) Orbital energy changesb 

 
Figure 1.9. Changes in potential energy and orbital energies in conversion reaction of 
Cp(CO)2W(Si(H)2C≡CH) 9 to Cp(CO)2W(C≡CH)(SiH2) 1. 
 a Reaction coordinates from IRC calculation.  b The DFT/BS-II calculation. 
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       The d orbital population of W changes little upon going to 1 (5.77e) from 9 (5.77e) but it 

is moderately larger in TS9-1 (5.85e) than in 9 and 1, where the DFT/BS-II calculated values 

are given in parentheses.  We found above that W has a +2 oxidation state in both 9 and 1.  

This is consistent with almost the same d orbital population in 9 and 1.  These results indicate 

that the conversion reaction from 9 to 1 takes place without changing the oxidation state of W.  

The moderate increase in W d orbital population in TS9-1 relates to the interactions in the 

transition state, as will be discussed below. 

       It is of considerable interest to clarify the reason why the α-Si-C σ-bond activation easily 

takes place with the moderate activation barrier.  To clearly understand this α-Si-C σ-bond 

activation, we carried out an IRC (Intrinsic Reaction Coordinate) calculation and examined the 

molecular orbitals along the reaction coordinate, as shown in Figure 1.9, where Kohn-Sham 

energies of three important orbitals are plotted against the reaction coordinate (see Figure 

1.9(B)).  In Hartree-Fock orbitals, essentially the same energy changes are observed (see 

Appendix A.1.6).  One is HOMO-8, which mainly consists of the Si-C1 bonding orbital in 9.  

This orbital energy does not change very much in the reaction in spite of the fact that the Si-C 

bond is broken in the reaction.  This is because the sp lone pair orbital of acetylide decreases 

the bonding overlap with the sp3 orbital of silyl group by changing its orientation from the Si 

atom toward the W center, but it starts to overlap with the acceptor orbital of W, as shown in 

Scheme 1.6.  On the other hand, the HOMO-6 rises considerably in energy upon going to 9-5 

from 9 and then becomes considerably lower in energy upon going to 1 from 9-5; see Figure 

1.9 for 9-1 to 9-8.  These changes are easily understood in terms of the interaction of the 

acetylide π orbital with either the acceptor orbital of W or the empty p orbital of the silylene, 

as follows:  The HOMO-6 of 9 mainly consists of the bonding interaction between the π 
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orbital of acetylide and the acceptor orbital of W, as shown in Figure 1.8(A).  Because the 

acetylide moiety changes its orientation upon going to TS9-1 from 9, the bonding overlap 

between the acetylide π orbital and the acceptor orbital of W decreases, as shown in Figure 

1.9, which increases the HOMO-6 energy.  However, the acetylide π orbital starts to overlap 

with the empty p orbital of silylene upon going to 1 from 9-5, to stabilize the HOMO-6 in 

energy. 

W

SiH C1 C2 HH  
Scheme 1.6 

         The HOMO-2 energy changes in a complicated manner; it first rises in energy and 

reaches the maximum before TS9-1.  Then, it lowers in energy upon going to 9-5 from 9-3. At 

TS9-1, it is decreasing in energy. After 9-5, its energy changes little.  The HOMO-2 of 9 mainly 

consists of the bonding overlap between the empty d orbital of W and the φnπ orbital, as shown 

in Figure 1.8(A).  The energy rise in the early stage of the reaction is easily understood in 

terms that the bonding overlap between the p orbital of C2 and the empty d orbital of W 

becomes small upon going to 9-3 from 9, as clearly observed in Figure 1.9.  Upon going from 

9-3 to 9-5 through TS9-1, silylene is gradually formed. Its lone pair orbital overlaps with the W 

center in a bonding way around TS9-1, which lowers the HOMO-2 in energy, as shown in 

Figure 1.9.  This is consistent with the shorter W-Si distance and the larger W d orbital 

population at TS9-1 than in 9 and 1.  In the later half of this reaction from 9-5 to 1, silylene 

changes its direction toward the C1 atom, which decreases the overlap between the lone pair 
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orbital and the acceptor orbital of W, to increase the energy of HOMO-2.  However, the π* 

orbital of acetylide starts to overlap with the lone pair orbital of silylene in a bonding way 

upon going to 1 from 9-5, which lowers the HOMO-2 in energy.  Because these two effects 

compensate each other, the HOMO-2 energy little changes in the later half of the reaction. 

     From these results, three important conclusions are extracted, as follows: (1) The origin of 

the activation barrier is the weakening of the bonding interaction between the φnπ orbital of the 

silapropargyl group and the acceptor orbital of W, (2) the π orbital of acetylide is stabilized in 

energy by the interaction with the empty p orbital of silylene, and (3) the lone pair of silylene 

is stabilized in energy by the interaction with the π* orbital of acetylide. In other words, the 

driving force for the 1,2-alkynyl shift is the CT interactions between the π orbital of acetylide 

and the empty p orbital of silylene and between the lone pair orbital of silylene and the π* 

orbital of acetylide. 

 

1.4 Conclusions 

        The geometry and bonding nature of Cp*(CO)2W(C≡CtBu)(SiPh2) and all steps of its 

formation reaction from Cp*(CO)2W(Me)(HSi(Ph)2C≡CtBu) were theoretically investigated 

with the DFT, MP2 to MP4(SDTQ), and CCSD(T) methods, where Cp(CO)2W(C≡CH)(SiH2) 

1 and Cp(CO)2W(Me)(Si(H)3C≡CH) 5 were adopted as their models, respectively.  The 

geometrical features and the bonding nature indicate that 1 is neither a pure silacyclopropenyl 

complex of W nor a pure silylene acetylide complex of W.  Although pure silacyclopropenyl 

group is not formed in 1, the orbitals of 1 resemble well those observed in the formation 

reaction of silacyclopropene from silylene and acetylene.  Those orbitals are formed through 

interactions of the π and π* orbitals of acetylide with the lone pair and empty p orbitals of 
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silylene.  In 1, CT occurs from the π orbital of the acetylide moiety to the empty p orbital of 

silylene and simultaneously the other CT occurs from the sp2 lone pair orbital of silylene to the 

π* orbital of acetylide.  From these frontier orbitals, as well as the geometry of 1, it should be 

concluded that the CCH(SiH2) moiety of 1 is an intermediate species trapped by the W center 

in the formation reaction of silacyclopropene from silylene and acetylene.  The substituent on 

the acetylide group considerably influences the geometry of 1. 

       Complex 1 is formed from 5 through several steps, as follows: 

Cp(CO)2W(Me)(Si(H)3C≡CH) 5 first converts to Cp(CO)2W(H)(Me)(Si(H)2C≡CH) 6 with no 

barrier and considerable exothermicity through Si-H oxidative addition.  Then, 6 converts to 

Cp(CO)2W(CH4)(Si(H)2C≡CH) 7 through the reductive elimination of methane with a 

moderate activation barrier of 10.7 (11.8) kcal/mol, where the DFT- and MP4(SDTQ)-

calculated energies are given without parentheses and in parentheses, respectively.  This 

reductive elimination is almost thermoneutral. After methane dissociation from 7, the 

coordination of the C≡C triple bond to W takes place with no barrier and large exothermicity 

of 31.2 (43.3) kcal/mol, to afford Cp(CO)2W(Si(H)2C≡CH) 9.  Finally, 9 converts to 

Cp(CO)2W(C≡CH)(SiH2) 1 through the α-Si-C σ-bond activation with moderate activation 

barrier of 15.3, 18.8, and 15.8 kcal/mol and exothermicity of 4.9, 0.6, and 0.7 kcal/mol, which 

are calculated with the DFT, MP4(SDTQ), and CCSD(T) methods, respectively.  This 

moderate activation barrier arises from the stabilization of the π orbital of acetylide by the 

bonding interaction with the empty p orbital of silylene and that of the lone pair of silylene by 

the bonding interaction with the π* orbital of acetylide.  In other words, the α-Si-C σ-bond 

activation easily occurs via the 1,2-alkynyl shift because of these bonding interactions. 
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       Complex 9 is a silicon analogue of η3-propargyl/allenyl complex of W, while the 

delocalization in [H2SiCCH]- is much less than in [H2CCCH]-.  The non-bonding π-orbital of 

the H2SiCCH moiety is essentially the same as that of the propargyl group but the π 

conjugation between Si and C atoms is very weak in the π orbital unlike the sufficient π 

conjugation in the propargyl complex.  Thus, 9 is understood in terms of 50% of the Si 

analogue of a tungsten η3-propargyl complex and 50% of a tungsten alkynylsilyl complex. 
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Appendix 

 
 
A.1.1 Selected optimized parameters of Cp(CO)2W(C≡CH)(SiH2) 1 
 

Table A.1.1.   Basis seta effects on the optimized parametersb of Cp(CO)2W(C≡CH)(SiH2) 1 
 

 B3LYP B3PW91  MPWPW91 

 BS-I BS-III BS-IV BS-V BS-I BS-III BS-IV BS-V  BS-I BS-III BS-IV BS-V

Expt.c

W-Si 2.656 2.649 2.665 2.662  2.616 2.612 2.624 2.620  2.630 2.626 2.635 2.634  2.567 

W-C1 2.020 2.023 2.012 2.018  2.014 2.017 2.007 2.013  2.017 2.018 2.010 2.014  2.050 

Si-C1 1.978 1.979 1.964 1.972  1.968 1.968 1.955 1.962  1.978 1.978 1.963 1.972 
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 1.937 

Si-C2 1.952 1.958 1.918 1.936  1.957 1.962 1.924 1.942  1.960 1.963 1.929 1.944  2.009 

C1-C2 1.300 1.294 1.299 1.297  1.299 1.293 1.298 1.295  1.311 1.307 1.311 1.309  1.270 

W-Si-C1 49.1 49.3 48.7 48.9  49.7 49.9 49.4 49.6  49.4 49.6 49.2 49.3  51.9 

C1-Si-C2 38.6 38.4 39.1 38.8  39.0 38.4 39.1 38.8  38.9 38.7 39.3 39.1  37.5 
 

a  In BS-III, 6-31G* basis sets were employed for C and O, while for Si, H and W, the same basis sets as those of BS-I were used. 
In BS-IV, 6-31G* basis set was employed for Si, while for C, O, H, and W the same basis sets as those of BS-III were used. In 
BS-V, D95(d) basis set was employed for Si, while for C,O, H, and W the same basis sets as those of BS-III were used. 
b  Bond lengths and angles are in angstrom and degree, respectively.  c Reference 27. 

 



 

A.1.2   Geometry of HCCR1. 
 
 
 
 

 
∠CCR1=145.7º (R1=H) 

                  =154.7º (R1=CH3) 
                =152.9º (R1=tBu) 

Figure A.1.1.   Geometriesa of HCCR1 (R1 = H, Me, or tBu). 
a Bond lengths are in angstrom and bond angles are in degree. 
Geometry of -C≡CR1 is similar to that in Cp(CO)2W(C≡CR1)(SiR2

2) 
(R1 = H, Me, or tBu and R2 = H or Me). 
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A.1.3 Kohn-Sham MOs in the conversion reaction of Cp(CO)2W(Me)(H3SiC≡CH) 5 to 

Cp(CO)2W(CH4)(Si(H)2C≡CH) 7. 

(D) Cp(CO)2W(CH4)(Si(H)2C≡CH) 7 

Figure A.1.2.   Several important Kohn-Sham MOs observed in the conversion 
reaction of Cp(CO)2W(Me)(H3SiC≡CH) 5 to Cp(CO)2W(CH4)(Si(H)2C≡CH) 7. 

 
                                                 HOMO                HOMO-1 

(A) Cp(CO)2W(Me)( H3SiC≡CH) 5 
 

 
            HOMO                    HOMO-1                   HOMO-3                HOMO-4 

(B) Cp(CO)2W(Me)(H)(Si(H)2C≡CH) 6 
 

 
                                   HOMO                 HOMO-1               HOMO-8 

(C) Cp(CO)2W(Me)(H)(Si(H)2C≡CH) TS6-7 

 

 
                                HOMO                  HOMO-1                HOMO-13 
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A.1.4 Discussion on the conversion reaction of Cp(CO)2W(Me)(H3SiC≡CH) 5 to 

Cp(CO)2W(CH4)(Si(H)2C≡CH) 7. 

 

 
        For clear understanding of the conversion reaction of 6 to 7, we examined several 

important molecular orbitals.  In 6, only one d orbital of W is doubly occupied, which is the 

HOMO, as shown in A.1.3(C).  This result indicates that the W center takes +4 oxidation 

state.  In the HOMO-3, the sp3 orbital of CH3 overlaps with the empty dxz orbital of the W 

center in a bonding way, and in the HOMO-4, the 1s orbital of H overlaps with the empty dz
2 

orbital of the W center in a bonding way.  In TS6-7, the shape of the HOMO little changes (see 

A.1.3(C)), while the d orbital contribution considerably increases in the HOMO-1, in which 

the 1s orbital of H and the sp3 orbital of CH3 overlap with the d orbital in a bonding way.  The 

1s orbital of H and the sp3 orbital of CH3 possess different phase from each other, which 

means that the approach of H to Me increases their anti-bonding overlap but the increment in 

d orbital contribution weakens the anti-bonding overlap.  This feature corresponds to the 

increase in the charge transfer from the H 1s and CH3 sp3 orbitals to the d orbital of the W 

center.  The HOMO-8 involves the charge transfer from the C-H σ-bond to the dxz orbital of 

W center.  In 7, two occupied d orbitals are observed in HOMO and HOMO-1 (see A.1.3(D)), 

and the remaining three d orbitals are unoccupied.  These results clearly show that the W 

center takes a +2 oxidation state.  HOMO-13 of 7 represents that the C-H σ-bond is 

completely formed.  These orbital changes are consistent with the reductive elimination. 

 

 
 
 
 
 

 68



 

A.1.5. Orbital energy changes in the conversion reaction of Cp(CO)2W(Si(H)2C≡CH) 8 to 

Cp(CO)2W(Si(H)2C≡CH) 9. 

 

 
 
Figure A.1.3.   Changes in orbital energiesa (in eV unit) in the conversion reaction of 
Cp(CO)2W(Si(H)2C≡CH) 8 to Cp(CO)2W(Si(H)2C≡CH) 9. 
a The DFT/BS-II method. 
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A.1.6 Changes in HF orbital energies in the conversion reaction of Cp(CO)2W(Si(H)2C≡CH) 

9 to Cp(CO)2W(C≡CH)(SiH2) 1. 

 

 
 

 
 
Figure A.1.4.   Changes in orbital energiesa (in eV unit) in the conversion reaction of 
Cp(CO)2W(Si(H)2C≡CH) 9 to Cp(CO)2W(C≡CH)(SiH2) 1. 
 a The HF/BS-II method.  

 
 



Chapter 2 

 

Theoretical Study of Tungsten η3-Silaallyl/η3-Vinylsilyl and 

Vinyl Silylene Complexes:  Their Interesting Bonding 

Nature and Relative Stability 
 

 

2.1 Introduction 

       Silaallyl species is of considerable interest because it is the simplest of all conjugate 

systems including Si element.  Unfortunately, silaallyl species would not be stable and a free 

silaallyl species has not been isolated yet, to our knowledge [1-3].  However, the interaction 

with a transition metal complex is expected to stabilize the silaallyl species.  In this regard, 

transition metal complex of η3-1-silaallyl (η3-H2SiCHCH2) is one of the interesting 

compounds in coordination chemistry, organometallic chemistry, and synthetic chemistry [1-4].  

Many efforts were made to isolate the transition metal η3-silaallyl complex, as follows:  In 

1976, Sakurai and his collaborators reported the preparation of η3-1-silapropenyl complexes of 

iron(II) [1a].  However, the same authors corrected that the compound synthesized was 

actually the η2-vinyldisilane complex of iron [1b].  The η3-1-silaallyl complex, 

Cp*(PMe3)Ru(η3-Ph2SiCHCH2), was synthesized by thermolysis of 

Cp*(PMe3)2Ru{Si(CH=CH2)Ph2} but details were not presented [4].  Recently, a stable 

tungsten η3-1-silaallyl complex Cp*(CO)2W(η3-Me2SiCHCMe2) A1 was successfully isolated 

via Si-H σ-bond activation of dimethylvinylsilane HMe2Si(CH=CMe2) with 
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Cp*(CO)2W(MeCN)Me, as shown in Scheme 2.1 [5].  The η3-coordination of Me2SiCHCMe2 

was clearly seen in its X-ray structure.  In the reaction of Cp*(CO)2W(MeCN)Me with similar 

diphenylalkynylsilane HPh2Si(C≡CtBu), on the other hand, not a similar tungsten η3-1-

silaalkynyl complex Cp*(CO)2W(η3-Ph2SiCCtBu) B1 but a tungsten acetylide silylene 

complex Cp*(CO)2W(CCtBu)(Ph2Si) B2 was isolated, while B1 was proposed as an 

intermediate in the formation reaction of B2, as shown in Scheme 2.2 [6].  We also 

theoretically investigated B1 and B2 and found that their bonding nature and electronic 

structures were very interesting [7].  Thus, it is worth investigating the bonding nature of the 

similar η3-1-silaallyl complex A1 in comparison with the η3-1-silapropargyl and the usual η3-

W MeOC
OC NCMe

W COOC
Si-MeCN,

HSiMe2(CH=CR2)

-CH4 Me

Me

R

R
R=H
R=Me

 
 

                                                                                               A1 
 

Scheme 2.1.  Formation of Cp*(CO)2W(η3-Me2SiCHCR2) A1 

 
                                                                           B1                                     B2 
 

Scheme 2.2.  Formation of Cp*(CO)2W(CCtBu)(SiPh2) B2 
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allyl complexes and to clarify the reasons why A1 was isolated but B1 was not, and why B2 

was isolated but the similar vinyl silylene complex Cp*(CO)2W(CHCMe2)(SiMe2) A2 was not. 

       In the present work, we theoretically investigated the geometries and bonding nature of 

Cp(CO)2W(η3-H2SiCHCH2) 1 and Cp(CO)2W(CHCH2)(SiH2) 2, and the conversion reaction 

of 1 to 2 with the DFT, MP2 to MP4(SDTQ), and CCSD(T) methods, where 1 and 2 were 

adopted as models of A1 and A2, respectively.  Our main purposes here are (1) to clarify 

characteristic features of the geometry and bonding nature of 1 in comparison with its carbon 

analogue, Cp(CO)2W(η3-H2CCHCH2) 1C and η3-1-silapropargyl analogue, Cp(CO)2W(η3-

H2SiCCH) 3, where 3 was adopted as a model of B1, (2) to evaluate the relative stabilities of 1 

and 2, and (3) to clarify the reasons why Cp(CO)2W(η3-H2SiCHCH2) 1 was isolated but the 

similar tungsten η3-silapropargyl complex Cp(CO)2W(η3-H2SiCCH) 3 was not and why the 

tungsten vinyl silylene complex Cp(CO)2W(CHCH2)(SiH2) 2 was not isolated but the similar 

tungsten acetylide silylene complex Cp(CO)2W(CCH)(SiH2) 4 was isolated, where 4 was 

investigated as a model of B2. 

 

2.2 Computational Details 

       Geometries were optimized with the density functional theory (DFT), where the B3PW91 

[8, 9] functional was adopted for the exchange-correlation terms.  This is because the 

optimized geometry of the similar complex Cp(CO)2W(CCR)(SiR2) by the B3PW91 

functional agrees well with the experimental one [6] but the geometry optimized by the 

B3LYP functional [8, 10] is somewhat different from the experimental one, as we reported 

recently [7].  We ascertained that each equilibrium geometry did not exhibit any imaginary 

frequency and each transition state exhibited only one imaginary frequency.  Energy was 
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evaluated with the DFT, MP2 to MP4(SDTQ), and CCSD(T) methods, where the DFT-

optimized geometries were adopted. 

       Two kinds of basis set systems, BS-I and BS-II, were used in this work.  In BS-I, usual 

LANL2DZ [11] basis set was used for W, the cc-pVDZ basis sets [12] were used for Si, C, 

and O atoms, and the 6-31G basis set was used for H [13]  This BS-I system was employed 

for geometry optimization.  In BS-II, valence electrons of W were represented with the 

(541/541/111/1) basis set [11, 14, 15] with the same effective core potentials as those of 

LANL2DZ.  The same basis sets as those of BS-I were used for the other atoms.  This BS-II 

system was employed to evaluate energy changes.  

       Gaussian 03 program package [16] was used for all these computations.  Laplacian of 

electron density was evaluated with MOLDEN program package (version 4.6) [17] and 

molecular orbitals were drawn with MOLEKEL program package (version 4.3) [18]. 

 

2.3 Results and Discussion 

       In this chapter, we wish to discuss first the geometries and bonding nature of 

Cp(CO)2W(η3-H2SiCHCH2) 1 and Cp(CO)2W(CHCH2)(SiH2) 2, and then discuss the 

conversion reaction of 1 to 2 in comparison with the conversion of Cp(CO)2W(η3-H2SiCCH) 

3 to Cp(CO)2W(CCH)(SiH2) 4.  Finally, we will discuss the reasons why 1 was isolated but 3 

was not. 

 

2.3.1 Geometry and Bonding Nature of Cp(CO)2W(η3-H2SiCHCH2) 1 

       The optimized geometry of Cp(CO)2W(η3-H2SiCHCH2) 1 agrees with the experimental 

one [5] where the W-Si and W-C2 distances are moderately shorter and the W-C1, Si-C1, and 
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                                   1                       TS1-2 (208.4i cm-1)b                   2 
 
Figure 2.1. Geometrya changes by the conversion reaction of Cp(CO)2W(η3-
H2SiCHCH2) 1 to Cp(CO)2W(CHCH2)(SiH2) 2. 
a  The DFT/BS-I method was used.  Bond lengths are in angstroms and bond angles are 
in degree.   b Imaginary frequency is given in parenthesis. Arrows in TS1-2 represent 
important movements of atoms in imaginary frequency. 

C1-C2 distances are moderately longer than the corresponding experimental values; see 

Figure 2.1 and Table 2.1 for important geometrical parameters.  Introduction of Me groups on 

the C2 and Si atoms leads to excellent agreement of the optimized geometry with the 

experimental one (see Table 2.1).  The W-Si and W-C2 distances in 1 are moderately longer 

than those of 3 by 0.033 Å and 0.022 Å, respectively, and the W-C1 distance of 1 is 

Table 2.1.  Selected optimized parametersa of Cp(CO)2W(η3-R2
2SiCHCR1

2) (R1=H or 
Me; R2=H or Me) 
 

 1  
(R1=H, R2=H) 

1-Mea 
(R1=Me, R2=H)

1-Meb 
(R1=Me, R2=Me)

Expt.b 
(R1=Me, R2=Me)

W-Si 2.561 2.549 2.581 2.571 
W-C1 2.291 2.303 2.293 2.281 
W-C2 2.331 2.454 2.427 2.419 
Si-C1 1.826 1.833 1.835 1.801 
C1-C2 1.425 1.424 1.427 1.410 

<SiC1C2 116.9 120.9 123.9 122.0 
 
a  DFT(B3PW91)/BS-I method was used. Bond lengths are in angstroms, and bond angles 
are in degrees.   b  Ref. 5. 
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                                          1C                                                5 
 
Figure 2.2. Geometriesa of Cp(CO)2W(η3-H2CCHCH2) 1C and 
Cp(CO)2W(CHCH2)(SiH2) 5. 
a  The DFT/BS-I method was used.  Bond lengths are in angstroms and bond angles 
are in degrees. 

considerably shorter than that of 3 by 0.133 Å (see Ref. 7 for the optimized geometry of 3).  

This significantly shorter W-C1 distance in 1 suggests that the W-C1 interaction is stronger in 

1 than in 3.  The SiC1C2 angle of 1 is smaller than that of 3 by 23.1º, because the C1 atom 

takes sp2-hybridization in 1 but sp-hybridization in 3. 

       For a better understanding of the geometry and bonding nature of 1, we optimized 

tungsten η3-allyl complex, Cp(CO)2W(η3-H2CCHCH2) 1C, as shown in Figure 2.2.  The C1-

C2, W-C1, and W-C2 distances and the SiC1C2 angle of 1 are almost the same as those of 1C. 

       Laplacian of electron density provides clear information of the bonding characteristics 

[19-22].  The Laplacian plot on the Si-C1-C2 plane of 1 indicates accumulation of electron 

density between C1 and C2 atoms but little accumulation of electron density between Si and 

C1 atoms, as shown in Figure 2.3(A), where red lines represent accumulation of electron 

density and blue lines represent depletion of electron density.  On the other hand, the 

Laplacian plot on the C1-C2-C3 plane of 1C represents accumulation of electron density 

between C1 and C2 atoms and between C1 and C3 atoms (Figure 2.3(B)).  These results 
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indicate that the Si-C1 interaction in 1 is much weaker than the C3-C1 one in 1C and that the 

 
Si-C1-C2 plane 

(A)  Cp(CO)2W(η3-H2SiCHCH2) 1 

 

 
C3-C1-C2 plane 

 (B)  Cp(CO)2W(η3-H2CCHCH2) 1C 
 

Figure 2.3.  Laplacian of electron density on the Si-C1-C2 plane in Cp(CO)2W(η3-
H2SiCHCH2) 1 and on the C3-C1-C2 plane in Cp(CO)2W(η3-H2CCHCH2) 1C.  Contour 
values are 0.0, ±0.1, ±0.2,….  Red and blue lines represent accumulation of electron density 
and depletion of electron density, respectively. 
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                             W-Si-C1 plane                                           W-C1-C2 plane 

(A)  Cp(CO)2W(η3-H2SiCHCH2) 1 

 

 
                                   W-C1-C3 plane                                    W-C1-C2 plane 

(B)  Cp(CO)2W(η3-H2CCHCH2) 1C 
 

Figure 2.4.  Laplacian of electron density on the W-Si-C1 and W-C1-C2 planes of 
Cp(CO)2W(η3-H2SiCHCH2) 1 and on the W-C3-C1 and W-C1-C2 planes of Cp(CO)2W(η3-
H2CCHCH2) 1C.  Contour values are 0.0, ±0.01, ±0.02,….. Red and blue lines represent 
accumulation of electron density and depletion of electron density, respectively. 
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η3-allyl moiety is well conjugated but the η3-silaallyl is not.  In 1, the Laplacian plots of the 

W-C1-Si and W-C1-C2 planes exhibit that electron accumulation occurs in the separated 

regions; one is the region between W and the C1-C2 moiety and the other is the region 

between W and Si atoms, as shown in Figure 2.4(A).  In 1C, on the other hand, electron 

accumulation occurs in the region between W and the C1-C2-C3 moiety (Figure 2.4(B)); note 

that the electron accumulation between W and the C1-C2 moiety is combined with that 

between W and the C1-C3 moiety at the C1 atom.  From these results, it is concluded that the 

interaction between W and η3-H2CCHCH2 is delocalized over three C atoms in 1C but the 

interaction between W and η3-H2SiCHCH2 is not delocalized but separated into two 

interactions in 1; one is the interaction between W and the silyl group and the other is that 

between W and the vinyl group.  In other words, 1 is not a pure tungsten η3-silaallyl complex 

but it is a species between η3-silaallyl and η3-silylvinyl complexes. 

       These features presented by the Laplacian plots should be reflected in molecular orbitals.  

As shown in Figures 2.5(A) and 2.5(B), the HOMO and HOMO-1 of 1 mainly consist of d 

orbitals like those of 1C.  The remaining three d-orbitals are unoccupied in both 1 and 1C, 

which is consistent with the +2 oxidation state of W (d4 system) in 1 and 1C.  The HOMO-2 

and HOMO-5 are important in 1 because these two orbitals include the bonding interaction 

between the H2SiCHCH2 moiety and the W center.  To discuss these bonding orbitals, we will 

first examine frontier orbitals of the 1-silaallyl group ·H2SiCHCH2 and the usual allyl group, 

·H2CCHCH2 (see Figures 2.6(A) and 2.6(B)).  The SOMO of both ·H2SiCHCH2 and 

·H2CCHCH2 is a non-bonding π orbital (φnπ), which consists of p orbitals of terminal C2 and 

Si (or C3) atoms.  It is noted that the φnπ of ·H2SiCHCH2 is much different from that of 

·H2CCHCH2, as follows:  The φnπ of ·H2CCHCH2 is symmetrical; in other words, the p 
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orbitals of terminal C atoms contribute to the φnπ to the same extent (Figure 2.6(A)).  On the 

other hand, the p orbital of Si more contributes to the φnπ than that of terminal C2 in 

·H2SiCHCH2 (Figure 2.6(B)).  This is because the p orbital of ·SiH3 is at much higher energy  

(-5.39 eV) than that of ·CH3 (-6.41 eV), where orbital energies are calculated with the 

DFT/BS-II method; note that Hartree-Fock orbitals show similar energy difference between 

them [23].  The φnπ orbitals of ·H2SiCHCH2 and ·H2CCHCH2 overlap with the SOMO of 

·Cp(CO)2W (Figure 2.6D) in a bonding way to form the HOMO-2 of 1 and 1C.  Because the 

Si p orbital more contributes to the φnπ than the C p orbital, the W-Si overlap is much larger 

 

                                       HOMO             HOMO-1           HOMO-2          HOMO-5 
                                         (-5.6)                  (-6.2)                    (-6.5)                  (-8.4)  

 (A)  Cp(CO)2W(η3-H2SiCHCH2) 1 
 

 

                                    HOMO               HOMO-1             HOMO-2         HOMO-5 
                                      (-5.3)                    (-6.0)                     (-6.9)                 (-8.7) 

(B)  Cp(CO)2W(η3-H2CCHCH2) 1C 
 

Figure 2.5.  Several important Kohn-Sham orbitals in Cp(CO)2W(η3-H2SiCHCH2) 1 
and Cp(CO)2W(η3-H2CCHCH2) 1C.  Kohn-Sham orbital energies (in eV unit) are given 
in parentheses. 
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                                                      LUMO           SOMO (HOMO)        HOMO-1 
                                                    (0.1) [4.9]            (-5.7) [-9.6]            (-8.4) [-12.0] 

(A)  ·H2CCHCH2 
 

 
                                                           LUMO          SOMO (HOMO)         HOMO-1 
                                                        (-1.1) [3.0]             (-5.3) [-7.5]             (-7.8) [-11.0] 

(B)  ·H2SiCHCH2 
 

 

                                                     LUMO          HOMO(SOMO)          HOMO-2 
                                                  (-1.0) [3.1]          (-6.0) [-8.5]              (-8.8) [-12.3] 

(C)  ·H2SiCCH 
 

 

                                                        LUMO          HOMO (SOMO)         HOMO-1 
                                                    (-2.8) [0.6]            (-5.4) [-7.9]               (-5.9) [-8.0] 

(D)  ·Cp(CO)2W 
 

Figure 2.6.  Several important Kohn-Sham orbitals in the fragments ·H2CCHCH2, 
·H2SiCHCH2, ·H2SiCCH, and ·Cp(CO)2W.  Kohn-Sham and HF orbital energies (in eV unit) 
are given in parentheses and brackets, respectively. 
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than the W-C2 overlap in the HOMO-2 of 1.  On the other hand, the W-C2 overlap is the same 

as the W-C3 overlap in the HOMO-2 of 1C. 

       The HOMO-1 of both ·H2SiCHCH2 and ·H2CCHCH2 is a bonding π orbital (φπ) but 

significantly large difference is observed between them, as follows:  The p orbitals of all three 

C atoms contribute to the φπ, and therefore, the φπ is well delocalized in ·H2CCHCH2 (Figure 

2.6(A)).  On the other hand, the p-orbital of Si contributes much less to the φπ than that of C3 

(Figure 2.6(B)).  As a result, the conjugation between Si and C atoms is very weak in the φπ of 

·H2SiCHCH2.  This is interpreted in terms of orbital energy and orbital overlap; because the 

φnπ is at much higher energy than the φπ and the Si p orbital is at much higher energy than that 

of C, as described above, the Si p orbital contributes much more to the φnπ but much less to 

the φπ than that of C.  Also, the longer Si-C bond distance than the C-C distance leads to 

smaller overlap between the Si p and C p orbitals.  Certainly, the Laplacian of electron density 

shows much smaller conjugation between Si and C1 atoms in 1 than that between C1 and C3 

atoms in 1C, as discussed above.  This φπ orbital of ·H2SiCHCH2 and ·H2CCHCH2 overlaps 

with the acceptor orbital (LUMO) of ·Cp(CO)2W (Figure 2.6(D)) in a bonding way to form 

the HOMO-5 of 1 and 1C.  Because the π orbital of the C=C double bond much more 

contributes to the φπ of ·H2SiCHCH2 than the Si p orbital, the HOMO-5 of 1 is considerably 

different from that of 1C, as shown in Figures 2.5(A) and 2.5(B).  Apparently, the HOMO-5 

of 1 mainly contains the coordinate bond of the C=C double bond with the empty d orbital of 

W.  On the other hand, the φπ of ·H2CCHCH2 interacts with the empty d orbital of W in 1C to 

form the delocalized bonding interaction between the W center and three C atoms.  In 

conclusion, the η3-H2SiCHCH2 interacts with the W center through the coordinate bonds of 

the C=C π orbital and Si p orbital with the LUMO of Cp(CO)2W in 1, while the η3-
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H2CCHCH2 interacts with the W center through the coordinate bonds of delocalized φnπ and 

φπ orbitals with the LUMO of Cp(CO)2W in 1C.  These results are consistent with the 

Laplacian plots of 1 and 1C, as discussed above. 

       The HOMO-1 of 1C consists of the bonding overlap between the π* orbital (φπ*) of η3-

allyl group and the HOMO-1 of ·Cp(CO)2W.  This is typical π-back donation interaction.  On 

the other hand, the π-back donation of 1 is much different from that of 1C, as follows:  The Si 

p orbital little contributes to the HOMO-1 of 1.  This is because the Si p orbital largely 

contributes to the φnπ of ·H2SiCHCH2 but little to the φπ* of ·H2SiCHCH2 (Figure 2.6(B)).  

Thus, the HOMO-1 of 1 is understood in terms of the π-back donation from the occupied d 

orbital of W to the π* orbital of the C=C double bond. 

       These features relate to the geometry of 1 as follows:  The Si-C1 (1.826 Å) and C1-C2 

(1.425 Å) bond distances in 1 are intermediate between the Si-C single and the Si=C double 

bonds and between the C-C single and C=C double bonds, respectively; R(Si-C) = 1.895 Å, 

R(Si=C) = 1.717 Å, R(C-C) = 1.542 Å, and R(C=C) = 1.334 Å, where the DFT/BS-I 

optimized values are presented [24]. 

       From these results, the following conclusions are presented;  (1) The Si p orbital more 

contributes to the φnπ than the C p orbital.  (2) The Si p orbital little contributes to the φπ, 

indicating that the φπ is understood in terms of the π orbital between two C atoms.  (3) As a 

result, the π-conjugation between Si and C atoms is much smaller than that of the η3-allyl 

group.  (4) Complex 1 is understood to be a species between η3-vinylsilyl and η3-1-silaallyl 

complexes.  And, (5) these features arise from the fact that the p orbital of Si is at higher 

energy than that of C and the Si-C distance is longer than the C-C distance. 
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2.3.2 Geometry and Bonding Nature of Cp(CO)2W(CHCH2)(SiH2) 2 

       Cp(CO)2W(CCH)(SiH2) 4 is understood to be a tungsten acetylide silylene complex in 

which charge transfer (CT) occurs from the π orbital of the acetylide moiety to the empty p 

orbital of the silylene and simultaneously the reverse CT occurs from the sp2 lone-pair orbital 

of the silylene to the π* orbital of the acetylide [7].  Though the similar bonding interactions 

are expected in 2, several differences are observed between 2 and 4, as follows:  W-C1, Si-C1, 

and Si-C2 distances in 2 are significantly longer than those of 4 by 0.183 Å, 0.079 Å, and 

0.393 Å, respectively (see Figure 2.1 and Ref. 7 for the optimized geometries of 2 and 4, 

respectively).  The longer W-C1 bond of 2 suggests that the W-vinyl bond in 2 is weaker than 

the W-acetylide bond in 4.  The significantly longer Si-C1 and Si-C2 distances of 2 suggest 

that the interaction between the silylene and vinyl groups is much weaker in 2 than that 

between the silylene and acetylide groups in 4.  On the other hand, the W-Si distance in 2 is 

significantly shorter than that of 4, indicating that the W-silylene interaction is stronger in 2 

than in 4.  Consistent with these geometrical features, the sp2 lone pair orbital of silylene 

expands toward the W center at a small angle of 7.5º with the W-Si bond and at a large angle 

of 50.2º with the Si-C1 bond in 2.  On the other hand, its direction considerably shifts toward 

the C1 atom from the W center in 4; the lone pair orbital makes considerably large angle of 

35.4º with the W-Si bond and considerably small angle of 14.3º with the Si-C1 bond.  It is 

worth investigating the reasons why the geometry of 2 is much different from that of 4, 

because these features deeply relate to the reason why 2 cannot be isolated. 

       The Laplacian plots on the Si-C1-C2 plane clearly show that the electron accumulation 

between silylene and vinyl groups in 2 is smaller than that between silylene and acetylide 

groups in 4 (Figure 2.7).  These results indicate that the interaction between the silylene and 
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vinyl groups in 2 is weaker than that between silylene and acetylide groups in 4.  The 

Laplacian plot on the W-Si-C1 plane (Figure 2.8A and B) shows that the electron 

accumulation between the W center and silylene is larger in 2 than in 4, indicating that the W-

silylene bond is stronger in 2 than in 4.  Also, the electron accumulation between the W center 

and the acetylide group in 4 is larger than that between the W center and the vinyl group in 2 

(Figure 2.8A and B).  This result suggests that the W-acetylide interaction in 4 is stronger than 

the W-vinyl one in 2. 

 

                          Si-C1-C2 plane                                                        Si-C1-C2 plane 

          (A) Cp(CO)2W(CHCH2)(SiH2) 2                         (B) Cp(CO)2W(CCH)(SiH2) 4 
 

Figure 2.7.  Laplacian of electron density on the Si-C1-C2 plane of 
Cp(CO)2W(CHCH2)(SiH2) 2 and Cp(CO)2W(CCH)(SiH2) 4.  Contour values are 0.0, 
±0.025, ±0.05,…… Red and blue lines represent accumulation of electron density and 
depletion of electron density, respectively.  Values (in a.u) in negative region are given in 
parentheses. 

       The HOMO and HOMO-1 of 2 mainly consist of a W d orbital.  The presence of these 

two doubly occupied d orbitals is consistent with the +2 oxidation state of W (d4 system).  
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                    W-Si-C1 plane                                                     W-C1-C2 plane 

(A)  Cp(CO)2W(CHCH2)(SiH2) 2 

 

 
                          W-Si-C1 plane                             W-C1-C2 plane 

(B)  Cp(CO)2W(CHCH2)(SiH2) 4 

 
Figure 2.8.  Laplacian of electron density on the W-Si-C1 and W-C1-C2 planes of 
Cp(CO)2W(CHCH2)(SiH2) 2 and Cp(CO)2W(CCH)(SiH2) 4.  Contour values are 0.0, 
±0.025, ±0.050,….Red and blue lines represent accumulation of electron density and 
depletion of electron density, respectively.  Values (in a.u) in negative region are given in 
parentheses. 
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The HOMO-2 and HOMO-7 include the bonding interactions of the W center with the 

silylene and vinyl groups, as shown in Figure 2.9.  Both are somewhat different from the 

corresponding HOMO-2 and HOMO-6 of 4 (see Ref. 7 for the orbital pictures of 4).  The 

HOMO-2 of 2 mainly consists of the bonding overlap between the empty d orbital of W and 

the sp2 lone pair orbital of silylene.  However, bonding interaction is little observed between 

silylene and vinyl groups in this HOMO-2, while the considerably large bonding overlap 

between silylene and acetylide groups is observed in the HOMO-2 of 4.  This significant 

difference in HOMO-2 between 2 and 4 is consistent with the much smaller accumulation of 

electron density between silylene and vinyl groups in 2 than that between silylene and 

acetylide groups in 4, as described above and in Figure 2.7.  Moreover, the sp2 lone pair 

 
                                              HOMO-2                      HOMO-5                   HOMO-7 
                                                  (-7.0)                             (-8.7)                           (-9.5) 

Cp(CO)2W(CHCH2)(SiH2) 2 
 

Figure 2.9.  Several important Kohn-Sham orbitals in Cp(CO)2W(CHCH2)(SiH2) 2.  In 
parentheses are orbital energies (in eV unit). 
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orbital of silylene expands outside the W-Si-C1 triangle in 2 unlike that of 4.  In the HOMO-7 

of 2, the bonding overlap is observed between Si and C1 atoms, while its position is different 

from both the sp2 lone pair and empty p orbitals of silylene.  These features of the HOMO-2 

and HOMO-7 are interpreted in terms of orbital interactions among the sp2 lone pair and 

empty p orbitals of the silylene group and the sp2 lone pair orbital of the vinyl group as 

follows:  The sp2 lone pair orbital of the silylene overlaps with the sp2 lone pair orbital of the 

vinyl group in an anti-bonding way.  Into this anti-bonding overlap, the empty p orbital of the 

silylene mixes in a bonding way with the sp2 lone pair orbital of the vinyl group, as shown in 

Scheme 2.3(A), because the empty p orbital of the silylene is at higher energy than the anti-

bonding overlap; the sp2 lone pair and empty p orbitals of SiH2 are at -6.2 eV and -3.2 eV, 

respectively, and the sp2 lone pair of ·CHCH2 is at -7.9 eV, where the Kohn-Sham orbital 
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energies are presented [25].  These orbital mixings lead to formation of the HOMO-2.  In the 

bonding counterpart of the HOMO-2, the sp2 lone pair orbital of the vinyl group overlaps with 

the sp2 lone pair orbital of the silylene in a bonding way, into which the empty p orbital of the 

silylene mixes in a bonding way, as shown in Scheme 2.3(B), because the empty p orbital of 

silylene is at higher energy than the sp2 lone pair orbitals of the vinyl and silylene groups.  

These orbital mixings lead to formation of the HOMO-7.  In other words, in 2, the sp2 lone 

pair orbital of the vinyl group participates in the CT interaction with the silylene group, 

whereas the π orbital of the vinyl group little participates in the CT with the silylene.  In 4, on 

the other hand, both π and π* orbitals of the acetylide group participate in CT interaction with 

the silylene group, as discussed previously [7].  The reason of these significant differences 

between 2 and 4 can be understood in terms of the differences in geometry between the vinyl 

and acetylide groups, which will be discussed below. 

     From above discussed geometrical features, Laplacian of electron density, and orbital 

pictures, it is clearly concluded that 2 can be understood as a tungsten vinyl silylene complex 

in which the CT interaction between the vinyl and silylene groups is weak. 

 

2.3.3 Relative Stabilities of Cp(CO)2W(η3-H2SiCHCH2) 1 and 

Cp(CO)2W(CHCH2)(SiH2) 2 and Conversion Reaction of 1 to 2 

       Before starting to discuss the relative stabilities and the activation barrier of the 

conversion reaction of 1 to 2, we wish to examine briefly what computational method 

presents reliable results of energy change.  The CCSD(T) and DFT methods present similar 

activation barrier, as shown in Table 2.2, while the MP4(SDTQ) method presents moderately 

larger activation barrier than the CCSD(T) and DFT methods; see Table 2.2.  Moreover, the 
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barrier moderately fluctuates around MP2 and MP3 levels and somewhat increases upon 

going to MP4(SDTQ) level from MP4(SDQ) level.  The reaction energy much less depends 

on the computational methods, while the MP4(SDTQ) method presents larger reaction energy 

than the CCSD(T) and DFT methods.  In the conversion reaction of 3 to 4, the MP4(SDQ), 

MP4(SDTQ), and CCSD(T) methods presented similar reaction energy, while the DFT 

method presented moderately larger exothermicity than the others [7].  From these results, it 

is concluded that the CCSD(T) method presents reliable results.  Here, we present discussion 

based on the CCSD(T)- and DFT-calculated values. 

Table 2.2.  Activation barriers (Ea)a and reaction energies (∆E)a of the conversion reactions of 
Cp(CO)2W(η3-H2SiCHCH2) 1 to Cp(CO)2W(CHCH2)(SiH2) 2 and of Cp(CO)2W(η3-
H2SiCCH) 3 to Cp(CO)2W(CCH)(SiH2) 4.b 
 

 Conversion reaction of 1 to 2 Conversion reaction of 3 to 4b 
Method Ea

a (kcal/mol) ∆Ea (kcal/mol) Ea
a (kcal/mol) ∆Ea (kcal/mol)

DFT 33.2 20.9 15.3 -4.9 
MP2 45.1 26.3 20.7 0.4 
MP3 30.8 19.9 14.0 -1.4 
MP4(DQ) 35.9 22.6 15.5 -0.1 
MP4(SDQ) 35.1 22.2 14.8 -0.9 
MP4(SDTQ) 40.6 24.1 18.8 -0.6 
CCSD(T) 34.2 21.0 15.8 -0.7 
 
a Ea is energy difference between transition state and reactant, and ∆E is energy difference 
between product and reactant.  The BS-II was employed.  b Ref. 7. 

       Complex 1 converts to 2 with a large endothermicity of 21.0 (20.9) kcal/mol (see Table 

2.2), where the CCSD(T)- and DFT-calculated values are given without and in parentheses, 

respectively, hereafter.  On the other hand, 3 converts to 4 with a moderate exothermicity of 

0.7 (4.9) kcal/mol (Table 2.2).  These results clearly indicate that 1 is much more stable than 2 

but 3 is moderately less stable than 4.  Consistent with these results of relative stabilities, 
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tungsten η3-1-silaallyl/η3-vinylsilyl complex was isolated experimentally but similar tungsten 

η3-1-silapropargyl/η3-alkynylsilyl complex was not, while tungsten acetylide silylene 

complex was isolated experimentally but similar tungsten vinyl silylene complex was not. 

       It is very important to clarify whether 1 easily converts to 2 or not.  This reaction takes 

place via α-Si-C σ-bond activation like the conversion reaction of 3 to 4 [7].  Apparently, the 

geometry changes by the conversion reaction of 1 to 2 are similar to those of 3 to 4 [7], as 

shown in Figure 2.1.  Thus, we mention only important geometrical changes, here.  Upon 

going to the transition state TS1-2 from 1, the Si-C1 distance moderately lengthens to 1.907 Å 

by 0.081 Å and the C1-C2 distance moderately shortens to 1.348 Å by 0.077 Å.  The 

significantly large changes are observed in the orientation of the C1-C2 bond and the W-C2 

distance.  The direction of the sp2 orbital of the CH=CH2 group much more changes toward 

the W center in TS1-2 than that of the sp orbital of C≡CH group in TS3-4; the WC1C2 angle 

more increases by 77.7º upon going to TS1-2 from 1, but it increases by 58.9º upon going to 

TS3-4 from 3.  This direction change induces the considerably large lengthening of the W-C2 

bond in TS1-2.  Also, the W-C1 bond considerably lengthens by 0.274 Å upon going to TS1-2 

from 1, which is in contrast with slight decrease of the W-C1 bond by 0.055 Å upon going to 

TS3-4 from 3. 

       The activation barrier of the conversion reaction of 1 to 2 is calculated to be 34.2 (33.2) 

kcal/mol (see Table 2.2), while that of the conversion reaction of 3 to 4 is moderate, being 

15.8 (15.3) kcal/mol [7].  These results indicate that the tungsten η3-silaallyl/η3-vinylsilyl 

complex 1 is stable unlike the tungsten η3-silapropargyl/η3-alkynylsilyl complex 3.  The 

origin of the large activation barrier of the conversion reaction of 1 to 2 is easily understood 

by inspecting the geometry changes in TS1-2 and the bonding interactions of 1.  The C=C 
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double bond coordinates with the W center in 1, as discussed above, and the coordinate bond 

is much stronger in 1 than in 3, which will be discussed below.  We already found that the W-

C2 bond much more lengthens and the W-C1 bond moderately more lengthens in TS1-2 than 

in TS3-4.  These geometry changes suggest that the coordinate bond of the C=C double bond 

with the W center is almost broken in TS1-2.  This bond breaking induces larger energy loss in 

TS1-2 than in TS3-4.  As a result, the conversion reaction of 1 to 2 needs larger activation 

barrier than that of 3 to 4. 

 

2.3.4 Reasons why Cp(CO)2W(η3-H2SiCHCH2) 1 is Isolated but 

Cp(CO)2W(η3-H2SiCCH) 3 is not and why Cp(CO)2W(CCH)(SiH2) 4 is 

Isolated but Cp(CO)2W(CHCH2)(SiH2) 2 is not 

       In the conversion reaction of 1 to 2, the bonding interaction between Cp(CO)2W and η3-

silaallyl/η3-vinylsily groups and the Si-C bond are broken.  The interaction energy between 

Cp(CO)2W and H2SiCHCH2 moieties is calculated with various methods, as shown in Table 

Table 2.3.  Interaction energies (INT) calculated between H2SiCHCH2 and Cp(CO)2W 
moieties in 1 and between H2SiCCH and Cp(CO)2W moieties in 3. 
 

  INTa (kcal/mol) 
Method 1 3 
DFT 110.3 102.0 
MP2 157.5 145.3 
MP3 116.8 109.4 
MP4(DQ) 131.8 123.3 
MP4(SDQ) 131.4 121.8 
MP4(SDTQ) 148.7 138.3 
CCSD(T) 122.1 112.7 

 
(a) INT = Et (1 or 3) - Et [·Cp(CO)2W] – Et [·H2SiCHCH2 or ·H2SiCCH]. The BS-II was 
employed. 
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2.3.  Though the MP4(SDQ)- and MP4(SDTQ)-calculated values are considerably larger than 

the DFT- and CCSD(T)-calculated values (see Table 2.3), the CCSD(T)-calculated value is 

moderately larger than the DFT-calculated value.  However, their differences between 1 and 3 

are similar in DFT and CCSD(T) methods.  Thus, we believe that the reliable discussion can 

be presented based on DFT- and CCSD(T)-calculated values.  This interaction energy in 1 is 

larger than the interaction energy between Cp(CO)2W and H2SiCCH moieties in 3 by 9.4 

(8.3) kcal/mol (see Table 2.3).  The reason is easily understood, as follows:  The SOMOs of 

·H2SiCHCH2 and ·H2SiCCH are the φnπ orbital, which overlaps with the d orbital (SOMO) of 

W to form the HOMO-2 of both 1 and 3 (see Figure 2.5A and Figure 2.10 for orbital pictures 

of 1 and 3, respectively).  The SOMO (-5.3 eV) of ·H2SiCHCH2 is at moderately higher 

energy than that (-6.0 eV) of ·H2SiCCH, where the Kohn-Sham orbital energies are presented 

(see Figure 2.6B and C).  The SOMO of ·Cp(CO)2W is at energy of -5.4 eV, which is between 

 
                                        HOMO             HOMO-1          HOMO-2         HOMO-6 
                                         (-5.3)                  (-6.1)                   (-7.2)                  (-9.7) 

 
Cp(CO)2W(η3-H2SiCCH) 3 

 
Figure 2.10.  Several important Kohn-Sham orbitals in Cp(CO)2W(η3-H2SiCCH) 3.  In 
parentheses are the Kohn-Sham orbital energies (in eV unit). Ref. 7. 
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∆Ecov = │εB-εA│+ β2/│εB-εA│                (2.1) 

SOMO energies of ·H2SiCHCH2 and ·H2SiCCH (see Figure 2.6D).  The covalent bond energy 

∆Ecov is approximately represented by eq 2.1, where εA and εB are orbital energies of the 

SOMOs and β is resonance integral.  This eq 2.1 indicates that the covalent bond energy 

increases with increase in the energy difference between two SOMOs.  Because the energy 

difference between the SOMOs of ·H2SiCHCH2 and ·Cp(CO)2W is not different very much 

from that between the SOMOs of ·H2SiCCH and ·Cp(CO)2W, it is likely that the W-Si bond 

energy is similar in 1 and 3.  The HOMO-1 of ·H2SiCHCH2 and the HOMO-2 of ·H2SiCCH 

are the φπ orbital, which overlaps with the empty d orbital (LUMO) of ·Cp(CO)2W in a 

bonding way to form HOMO-5 of 1 and HOMO-7 of 3, as discussed above.  Because this is 

CT interaction and the φπ orbital (-7.8 eV) of ·H2SiCHCH2 is at higher energy than that of 

·H2SiCCH (-8.8 eV), the W-(C=C) coordinate bond of 1 is stronger than the W-(C≡C) 

coordinate bond of 3.  The HOMO-1 mainly includes the π back-donation interaction in 1 and 

3.  This is formed by CT from the doubly occupied d orbitals (HOMO-1) of ·Cp(CO)2W to 

the π* orbital of ·H2SiCHCH2 and ·H2SiCCH.  The LUMO (-1.1 eV) of ·H2SiCHCH2 is at 

similar energy to that (-1.0 eV) of ·H2SiCCH (see Figure 2.6B and C).  Thus, the π back-

donation contributes similarly to the coordinate bonds of 1 and 3.  From these results, it is 

concluded that the stronger CT from the π orbital of vinyl to the d orbital of W is responsible 

for the stronger interaction between Cp(CO)2W and H2SiCHCH2 moieties than that between 

Cp(CO)2W and H2SiCCH moieties. 
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       On the other hand, the Si-C bond is considerably stronger in H3SiCCH by 36.5 (35.8) 

kcal/mol than in H3SiCHCH2 (see Table 2.4), where the geometries of H3SiCCH and 

H3SiCHCH2 were taken to be the same as those of 1 and 3 [26].  This is easily interpreted in 

terms of the SOMO energies of ·CHCH2 (sp2 lone pair orbital) and ·CCH (sp lone pair orbital).  

The SOMO (-7.7 eV) of ·CHCH2 is at much higher energy than that (-10.1 eV) of ·CCH, 

where the Kohn-Sham orbital energies are presented [27].  The SOMO of ·SiH3 is at -5.5 eV 

[27].  Because the energy difference in SOMO between ·CHCH2 and ·SiH3 is considerably 

smaller than that between ·CCH and ·SiH3, the Si-C bond is considerably weaker in 

H3SiCHCH2 than that of H3SiCCH; see eq 2.1. 

Table 2.4.  Si-C bond energies (ESi-C) in H3SiCHCH2 and H3SiCCH.a 
 

 ESi-C
b (kcal/mol) 

Method H3SiCHCH2 H3SiCCH 

DFT 50.6 86.4 

MP2 60.6 101.9 

MP3 54.5 90.4 

MP4(DQ) 52.9 89.2 

MP4(SDQ) 52.8 89.6 

MP4(SDTQ) 57.4 95.6 

CCSD(T) 46.8 83.3 

 
a  Geometry is the same as that in 1 and 3 (see Appendix A.2.1 for the geometries). 
b  ESi-C = Et (H3SiCHCH2 or H3SiCCH)- Et (·SiH3)- Et (·CHCH2 or ·CCH). 

       The W-silylene and the W-acetylide interactions in 4 are different very much from the 

usual W-silylene and W-acetylide bonds, because considerably strong silylene-acetylide 

interaction is formed in 4.  Thus, we evaluated the W-silylene, W-vinyl, and silylene-vinyl 

interaction energies in 2 and the W-silylene, W-acetylide, and silylene-acetylide interaction 

energies in 4 in an approximate manner, as shown in Scheme 2.4; for instance, when the vinyl 
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moiety is eliminated from 2, the W-vinyl and the silylene-vinyl interactions are broken.  Thus, 

the energy loss corresponds to the sum of the W-vinyl and the silylene-vinyl bonding 

interactions, as shown in Scheme 2.4(A).  The silylene-vinyl interaction was evaluated as the 
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energy difference between 2 and 2', as shown in Scheme 2.4(C), where the geometry of 2' 

was taken to be the same as that of 2 except for the positions of the CO and CHCH2 groups; 

their positions were exchanged with each other so as not to allow the CHCH2 group interact 

with the SiH2 group.  The energy difference between 2 and 2' corresponds to the silylene-

vinyl interaction.  These values are summarized in Table 2.5. 

Table 2.5.  W-silylene, W-vinyl, and silylene-vinyl bond energies (∆E)a in 
Cp(CO)2W(CHCH2)(SiH2) 2 and W-silylene, W-acetylide, and silylene-acetylide bond 
energies (∆E)a in Cp(CO)2W(CCH)(SiH2) 4. 
 
Method ∆Ea (kcal/mol) in 2 ∆Ea (kcal/mol) in 4 
 W-SiH2 W-CHCH2 SiH2-CHCH2 W-SiH2 W-CCH SiH2-CCH 
DFT 39.9 43.6 47.4 34.0 88.8 74.6 
MP2 61.1 74.5 43.1 50.3 102.3 69.7 
MP3 29.9 48.2 49.0 21.3 67.4 77.0 
MP4(DQ) 41.7 55.3 45.1 33.2 80.4 71.0 
MP4(SDQ) 43.0 56.0 43.6 35.5 80.3 68.4 
MP4(SDTQ) 56.0 70.4 39.4 48.5 97.1 63.5 
CCSD(T) 42.0 50.2 43.0 37.0 77.0 64.9 
 
a  See Scheme 2.4 for the ∆E calculation method.  The BS-II was employed. 

       The W-silylene bond of 2 is stronger than that of 4 by 5.0 (5.9) kcal/mol, which is 

consistent with the above discussion based on Laplacian of electron density.  This is because 

the sp2 lone pair orbital of silylene expands towards the W center in 2 but its direction 

changes towards the C1 atom in 4, as we discussed previously [7]; in other words, the sp2 lone 

pair of the silylene overlaps better with the empty d orbital of W in 2 than in 4.  The W-vinyl 

bond of 2 is considerably weaker than the W-acetylide bond of 4 by 26.8 (45.2) kcal/mol.  

The silylene-acetylide interaction is much stronger than the silylene-vinyl interaction by 21.9 

(27.2) kcal/mol.  These results are also consistent with results of the Laplacian of electron 

density.  The reason will be discussed below in more detail.  As shown in Scheme 2.5, the 
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sum of W-(η3-H2SiCHCH2) and Si-C bond energies in 1 are larger than that of W-vinyl, W-

silylene, and silylene-vinyl interaction energies in 2 by 33.7 (30.0) kcal/mol.  Interestingly, 

this energy difference is similar to the endothermicity of the conversion reaction of 1 to 2, 

suggesting that the bond energies evaluated here are reliable.  On the other hand, the sum of 

W-(η3-H2SiCCH) and Si-C bond energies in 3 are smaller than that of W-acetylide, W-silylene, 

and silylene-acetylide interaction energies in 4 by 9.0 kcal/mol, where the DFT-calculated 

values were adopted.  In the CCSD(T) calculations, the sum of W-(η3-H2SiCCH) and Si-C 

bond energies in 3 is larger than that of W-acetylide, W-silylene, and silylene-acetylide 

interaction energies in 4 by 17.1 kcal/mol.  Though this energy difference is reverse to the 

relative stabilities of 3 and 4, the CCSD(T)-calculated energy difference between 3 and 4 is 

much smaller than that between 1 and 2.  Thus, it is concluded that 3 is less easily isolated 

 
 
CCSD(T)/BS-II and DFT/BS-II-calculated values (in kcal/mol unit) are presented without and in 
parenthesis, respectively. 
 

Scheme 2.5 
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than 1 even if we take the CCSD(T)-calculated energy changes. 

       From these results, we can easily understand the reasons why 1 was isolated but 2 was 

not.  Though the Si-C bond is weak in 1, the W-(η3-H2SiCHCH2) interaction is considerably 

strong.  Moreover, the W-vinyl and the silylene-vinyl interactions are very weak in 2.  As a 

result, 1 was isolated but 2 was not.  On the other hand, the Si-C bond is strong in 3 but the 

W-(η3-H2SiCCH) interaction is weak.  Moreover, the W-acetylide and the silylene-acetylide 

interactions are very strong in 4.  As a result, 4 was isolated, but 3 was not. 

 

2.3.5  Reasons why the W-acetylide bond is Stronger than the W-vinyl bond 

       It is of considerable interest to clarify the reasons why the W-acetylide bond is stronger 

than the W-vinyl bond, because this is one of the important factors to stabilize 4 relative to 3.  

We also evaluated the W-vinyl bond energy in an ideal complex Cp(CO)2W(CHCH2)(SiH2) 5 

(Figure 2.2), in which the vinyl group was placed at the opposite side to silylene to evaluate 

the pure W-vinyl bond energy.  Also, the pure W-acetylide bond energy was calculated from 

the similar ideal complex Cp(CO)2W(CCH)(SiH2) 6 (see Ref. 7 for the optimized geometry of 

6).  The W-vinyl bond of 5 is considerably weaker than the W-acetylide bond of 6 by 31.5 

(35.1) kcal/mol (see Appendix A.2.2), which is consistent with the large difference between 

the W-vinyl and W-acetylide bond energies in 2 and 4.  This reason is interpreted in terms of 

the energy difference of valence orbital between vinyl and acetylide groups;  The sp lone pair 

orbital of the acetylide is at lower energy (-11.1 eV) than the sp2 lone pair orbital (-6.6 eV) of 

the vinyl group, where the Kohn-Sham orbital energies are presented [28].  Because these 

orbitals are at lower energy than the SOMO of ·Cp(CO)2W(SiH2) which is at -5.2 eV [28], the 

energy difference between the valence orbitals of the Cp(CO)2W(SiH2) and acetylide groups 
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is larger than that between the Cp(CO)2W(SiH2) and vinyl groups, which leads to the stronger 

W-acetylide bond than the W-vinyl bond; see eq 2.1. 

       We also evaluated the W-silylene bond energy in 5 and 6.  The pure W-silylene bond 

energy is similar in both 5 and 6 (see Appendix A.2.3), as expected.  On the other hand, the 

W-silylene bond of 2 is stronger than that of 4, as discussed above.  This is because the sp2 

lone pair orbital of the silylene expands toward the W center in 2 but it considerably deviates 

from the W-Si line in 4; it makes angles of 7.5º and 35.4º with the W-Si bond in 2 and 4, 

respectively.  This significantly large difference arises from the difference between the 

silylene-vinyl and silylene-acetylide interactions, which will be discussed below. 

 

2.3.6 Reasons why the Interaction between the Silylene and Vinyl groups 

is Weaker than that between the Silylene and Acetylide groups 

       It is also very important to clarify the reason why the silylene-vinyl interaction is much 

weaker than the silylene-acetylide interaction.  The strong CT between the silylene and 

acetylide moieties is observed in 4, as discussed previously [7].  Unlike 4, on the other hand, 

weak CT is observed between the silylene and vinyl moieties in 2, as discussed above.  First, 

we examined the π and π* orbitals of the vinyl and acetylide groups.  The π and π* orbitals 

are at -7.6 eV and -0.4 eV, respectively, in vinyl group and at -9.1 eV and -1.3 eV, respectively, 

in acetylide group [29].  These results suggest that the π orbital of vinyl forms stronger CT 

with the empty p orbital of silylene but the π* orbital of vinyl forms weaker CT with the sp2 

lone pair orbital of silylene.  Usually, silylene is considered to be electron-accepting.  Thus, 

the former CT is more important than the latter one, which leads to expectation that the 

silylene-vinyl interaction is stronger than the silylene-acetylide one.  This is not consistent 
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with the computational results.  Thus, the π and π* orbital energies of the vinyl group are not 

responsible for the weak interaction between the silylene and vinyl groups and another factor 

must be responsible for it. 

 
 
         (A)  Cp(CO)2W(CHCH2)(SiH2) 2            (B)  Cp(CO)2W(CCH)(SiH2) 4 

 
Scheme 2.6 

       The π orbital of the vinyl group is perpendicular to the C=C bond and does not well 

expand toward the empty p orbital of silylene moiety, as shown in Scheme 2.6(A).  This is 

because the sp2 orbital of the vinyl group must expand toward the W center and therefore, the 

C=C double bond deviates from the best position to form the CT interaction with the silylene 

group; in other words, its π orbital cannot overlap well with the empty p orbital of the silylene 

group and the CT interaction between the silylene and vinyl groups is weak in 2.  On the other 

hand, the sp orbital of the acetylide group is collinear to the C≡C bond and the π and π* 

orbitals of acetylide are cylindrical around the C≡C triple bond, as shown in Scheme 2.6(B).  

Thus, the C≡C triple bond can form strong CT with the silylene moiety in 4.  
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2.4 Conclusions 

       The geometry and bonding nature of interesting new tungsten η3-silaallyl/η3-vinylsilyl 

complex, Cp(CO)2W(η3-H2SiCHCH2) 1, tungsten vinyl silylene complex 

Cp(CO)2W(CHCH2)(SiH2) 2, and conversion reaction of 1 to 2 were theoretically investigated 

with the DFT, MP2 to MP4(SDTQ), and CCSD(T) methods, where 1 was adopted as a model 

of Cp*(CO)2W(η3-Me2SiCHCMe2).  The non-bonding π orbital (φnπ) of the η3-H2SiCHCH2 

moiety of 1 is similar to that of the η3-allyl group except that the Si p orbital more contributes 

to the φnπ than the C p orbital.  On the other hand, the π orbital (φπ) of 1 is considerably 

different from that of the η3-allyl group; the π-conjugation between the Si and C atoms is very 

weak unlike that of the η3-allyl group in which π-conjugation is considerably strong.  Thus, 1 

can be understood to be a species between tungsten η3-vinylsilyl and tungsten η3-silaallyl 

complexes. 

       Because our previous study indicated that similar tungsten η3-silapropargyl/η3-alkynylsilyl 

complex Cp(CO)2W(η3-H2SiCCH) 3 easily converted to tungsten acetylide silylene complex 

Cp(CO)2W(CCH)(SiH2) 4, we theoretically investigated tungsten vinyl silylene complex 

Cp(CO)2W(CHCH2)(SiH2) 2 which is similar to 4.  The sp2 lone pair orbital of silylene group 

expands towards the W center in 2, and therefore, strong W-silylene interaction is formed in 2, 

while a very weak CT interaction is formed between the vinyl and silylene groups in 2.  From 

these results, 2 is understood to be a pure tungsten vinyl silylene complex unlike 4 in which a 

strong CT interaction is formed between the acetylide and silylene groups. 

       Complex 1 is much more stable than 2 by 21.0 (20.9) kcal/mol, while 3 is less stable than 

4 by 0.7 (4.9) kcal/mol.  These differences can be interpreted, as follows:  Though the Si-C 

bond is weak in 1, the W-(η3-H2SiCHCH2) interaction is considerably strong.  Moreover, the 
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W-vinyl and the silylene-vinyl interactions are very weak in 2.  As a result, 1 is much more 

stable than 2.  On the other hand, the Si-C bond is strong in 3 but the W-(η3-H2SiCCH) 

interaction is weak.  Moreover, the W-acetylide and the silylene-acetylide interactions are very 

strong in 4.  As a result, 3 is less stable than 4.  Thus, 1 can be isolated but 2 cannot, while 4 

can be isolated but 3 cannot. 

       Complex 1 converts to 2 with a large activation barrier of 34.2 (33.2) kcal/mol, while 3 

easily converts to 4 with a moderate activation barrier of 15.8 (15.3) kcal/mol.  The larger 

activation barrier of the conversion reaction of 1 to 2 can be interpreted as follows:  The 

coordinate bond of the C=C double bond with the W center is much stronger in 1 than in 3.  

This coordinate bond of the C=C double bond is almost broken in the transition state.  Thus, 

this bond breaking induces large energy loss, which is one of the origins of the large activation 

barrier. 

       It is worth discussing significantly large differences between 1 and 3 and between 2 and 4.  

The φπ orbital of ·H2SiCHCH2 is at higher energy than that of ·H2SiCCH, which leads to 

formation of stronger W-(η3-H2SiCHCH2) interaction of 1 than the similar W-(η3-H2SiCCH) 

interaction of 3.  The energy difference between the sp2 orbital of vinyl and SOMO of 

Cp(CO)2W(SiH2) is much smaller than that between the sp orbital of acetylide and the SOMO 

of Cp(CO)2W(SiH2), and therefore, the W-vinyl bond of 2 is considerably weaker than the W-

acetylide bond of 4 because the covalent bond energy increases with increase in the energy 

difference between two orbitals.  The vinyl group interacts with the W center using its sp2 

orbital, which leads to very unfavorable orientation of the C=C double bond for the interaction 

with silylene.  On the other hand, the acetylide group interacts with the W center using its sp 

orbital and the π and π* orbitals surround the C≡C triple bond in a cylindrical way, which are 
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favorable for the interaction with the silylene.  As a result, the silylene-vinyl interaction in 2 is 

much weaker than the silylene-acetylide interaction of 4.  These results indicate that the 

tungsten η3-silaallyl/η3-vinylsilyl complex 1 can be isolated but the tungsten vinyl silylene 

complex 2 cannot unlike the tungsten acetylide silylene complex Cp(CO)2W(CCH)(SiH2) 4. 

       From these results, we wish to emphasize that the isolation of Cp(CO)2W(η3-R1
2SiCCR2) 

is challenging and also predict that a variety of transition metal η3-silaallyl/η3-vinylsilyl 

complexes can be synthesized by a method similar to that of the Sakaba and Tilley groups. 
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Appendix 

 

 

A.2.1 Geometries of H3SiCHCH2, H3SiCCH, ·SiH3, ·CHCH2, and ·CCH. 
 
 
 
 

 
 

(A)                    H3SiCHCH2                                                H3SiCCH 

 

 
 

(B)                   ·SiH3                          ·CHCH2                         ·CCH 

 

Figure A.2.1.   Geometries of H3SiCHCH2
a, H3SiCCHa, ·SiH3

b, ·CHCH2
b, and 

·CCHc. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 a  Geometries of H2SiCHCH2 and H2SiCCH are taken to be the same as those in 1 

and 3.  Third H on Si was placed on the W-Si bond line of 1 and 3 with usual Si-H 
bond length.  Bond lengths are in angstroms and bond angles are in degrees. 
b Geometry is taken to be the same as that in H3SiCHCH2. 
c Geometry is taken to be the same as that in H3SiCCH. 
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A.2.2 W-acetylide and W-vinyl bond energies in Cp(CO)2W(HCCH2)(SiH2) 5 and 

Cp(CO)2W(CCH)(SiH2) 6. 

 
 Table A.2.1. W-acetylide and W-vinyl bond energies (DE)a (in kcal/mol unit) 

in Cp(CO)2W(HCCH2)(SiH2) 5 and Cp(CO)2W(CCH)(SiH2) 6. 
 

 
 

Method DE (W-CHCH2) DE (W-CCH)  
 DFT 72.2 107.3  
 MP2 97.5 138.8 
 MP3 83.0 119.4  
 MP4(DQ) 90.2 128.6 
 MP4(SDQ) 89.5 126.6  
 MP4(SDTQ) 100.9 138.8 
 CCSD(T) 82.7 
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A.2.3 W-silylene bond energies in Cp(CO)2W(HCCH2)(SiH2) 5 and 

Cp(CO)2W(CCH)(SiH2) 6. 

114.2 
a DE = Et (5 or 6) - Et [·Cp(CO)2W(SiH2)] - Et (·CHCH2 or ·CCH). The BS-II 
was employed. 

Table A.2.2. W-silylene bond energies (DE)a (in kcal/mol unit) in 
Cp(CO)2W(HCCH2)(SiH2) 5 and Cp(CO)2W(CCH)(SiH2) 6. 
 

 

 
 
 
 5 6 Method 
 

DFT -81.8 -82.5  
 MP2 -104.6 -105.0 
 

MP3 -76.1 -76.6  
 MP4(DQ) -87.5 -88.3 
 

MP4(SDQ) -87.9 -88.8  
 MP4(SDTQ) -98.3 -99.2 

CCSD(T) -84.9 -85.7 
a DE = Et (5 or 6) - Et [Cp(CO)2W(CHCH2) or Cp(CO)2W(CCH)] - Et (SiH2).  
The BS-II was employed. 



 



Chapter 3 
 

How to Stabilize η3-Silapropargyl/Alkynylsilyl Complex of 

[CpL2M]+ (L = CO, PMe3, or PF3 and M = W or Mo). 

Theoretical Prediction 

 

 
3.1 Introduction 

       As well known, silicon compounds are much different from carbon analogues even if their 

compositions are similar to each other; for instance, silicon analogue of acetylene is very 

reactive and takes trans-bent structure, as reported recently [1-5, 6b-12].  Because of 

significantly large differences between carbon and silicon compounds, silicon analogues of 

various carbon compounds have drawn a lot of interests [1-16]. 

       Transition metal η3-propargyl/allenyl complex has been one of the research targets in 

recent organometallic chemistry, coordination chemistry, and catalytic chemistry because of 

its interesting geometry and reactivity [17, 18].  In this regard, many important results have 

been reported on their syntheses and characterization [17-20].  However, transition metal η3-

silapropargyl/alkynylsilyl complex, which is one of silicon analogues of the η3-

propargyl/allenyl complex, has not been synthesized yet, to our best knowledge, though it is 

expected to be of considerable interest. 

       Recently, tungsten η3-silapropargyl/alkynylsilyl complex Cp*(CO)2W(η3-Ph2SiCCtBu) A 

(Cp* = C5Me5) was experimentally proposed as an intermediate in the synthesis of tungsten 

acetylide-silylene complex Cp*(CO)2W(CCtBu)(SiPh2) B, as shown in Scheme 3.1 [21-23].  
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However, A has not been isolated yet, though the similar tungsten η3-silaallyl complex 

Cp*(CO)2W(η3-Me2SiCHCMe2), which is silicon analogue of the transition metal η3-allyl 

complex, was isolated recently [24].  We also theoretically investigated the geometries and the 

bonding natures of Cp(CO)2W(η3-H2SiCCH) 1 (Cp = C5H5) and Cp(CO)2W(CCH)(SiH2) 2, 

where 1 and 2 were employed as models of A and B, respectively [22].  In the work, we found 

that 1 was slightly less stable than 2.  This computational result strongly suggests that one can 

succeed to synthesize the transition metal η3-silapropargyl/alkynylsilyl complex with 

appropriate metal center, ligand, and substituents on Si and C atoms. 

 
                                                                                 A                            B 
Scheme 3.1. Formation of Cp*(CO)2W(CCtBu)(SiPh2) B via Cp*(CO)2W(η3-Ph2SiCCtBu) A

       Our theoretical studies on the tungsten η3-silapropargyl/alkynylsilyl complex 

Cp(CO)2W(η3-H2SiCCH) 1 [22] and tungsten η3-silaallyl/vinylsilyl complex Cp(CO)2W(η3-

H2SiCHCH2) [25] demonstrated their interesting bonding natures; for instance, the non-

bonding π-orbitals (φnπ) of η3-H2SiCCH and η3-H2SiCHCH2 groups are similar to those of the 

η3-propargyl and η3-allyl groups, respectively, but their π-orbitals (φπ) are significantly 

different from those of the η3-propargyl and η3-allyl groups; in other words, the electronic 

structure of η3-H2SiCCH group is intermediate between those of η3-silapropargyl and 

alkynylsilyl groups and that of η3-H2SiCHCH2 group is intermediate between those of η3-
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silaallyl and vinylsilyl groups.  These theoretical results indicate that the transition metal η3-

silapropargyl/alkynylsilyl complex provides new interesting category of transition metal 

silicon compounds.  Thus, its synthesis is challenging and its experimental characterization is 

interesting. 

       In this work, we theoretically investigated the η3-silapropargyl/alkynylsilyl complex 

CpL2M(η3-R2
2SiCCR1) (1 for M = W and 3 for M = Mo; L = CO, PMe3, or PF3; Cp = C5H5, 

R1 = H, Me, tBu, or CF3; R2 = H, Me or F) and the acetylide-silylene complex 

CpL2M(CCR1)(SiR2
2) [23] (2 for M = W and 4 for M = Mo) with DFT, MP2 to MP4(SDTQ), 

and CCSD(T) methods.  We also investigated the conversion reactions of 1 and 3 to 2 and 4, 

respectively.  Our main purposes here are to present theoretical prediction how to stabilize the 

transition metal η3-silapropargyl/alkynylsilyl complex and to clarify how and why the 

stabilities, electronic structures, and bonding natures of 1 and 3 depend on the substituents of 

Si and C, ligands, and metal center. 

 

3.2 Computational Details 

       CpL2M(η3-R2
2SiCCR1) and CpL2M(CCR1)(SiR2

2) are neutral and take closed-shell 

singlet spin state [26].  Their geometries were optimized with the density functional theory 

(DFT).  Here, we employed B3PW91 functional [27, 28] for the exchange-correlation term 

because the geometry of Cp(CO)2W(CCtBu)(SiH2) was well optimized with this functional 

compared to B3LYP functional [27, 29] (see Appendix A.3.1).  We ascertained that each 

equilibrium geometry did not exhibit any imaginary frequency and each transition state 

possessed only one imaginary frequency in which geometry changes were consistent with the 
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reaction.  Energy was evaluated with DFT, MP2 to MP4(SDTQ), and CCSD(T) methods, 

where the DFT-optimized geometry was employed. 

       Three kinds of basis set systems, Basis Set System-I (BS-I), Basis Set System-II (BS-II), 

and Basis Set System-III (BS-III), were employed in this work.  In BS-I, core electrons of W 

and Mo were replaced with effective core potentials (ECPs) [30] and their valence electrons 

were represented with (341/321/21) and (341/321/31) basis sets [30], respectively.  cc-pVDZ 

basis sets [31] were used for Si, C, and O, and 6-31G basis set was used for H [32].  This BS-I 

was employed for geometry optimization.  In BS-II, valence electrons of W and Mo were 

represented with (541/541/111/1) and (541/541/211/1) basis sets [30, 33, 34], respectively, 

where their core electrons were replaced with the same ECPs as those of BS-I.  For the other 

atoms, the same basis sets as those of BS-I were employed.  This BS-II was used to evaluate 

energy changes.  In BS-III, valence electrons of W and Mo were represented by 

(311111/22111/411/11) basis sets with Stuttgart-Dresden-Bonn (SDB) ECPs [35, 36].  For the 

other atoms, cc-pVTZ basis sets were used [37], where the f polarization function was 

excluded to save CPU time.  This BS-III was used to check if BS-II presents reliable energy 

change.  Zero-point energy (ZPE), thermal energy, and entropy change were calculated with 

the DFT/BS-I method at 298 K and 1 atm, where the assumptions of rigid rotator and 

harmonic oscillator were employed to evaluate partition functions of rotation and vibration 

movements and the assumption of ideal gas was employed to evaluate partition function of 

translation movement.  Solvation effects (toluene; ε = 2.379) were taken into consideration 

with polarizable continuum model (PCM) [38], where optimized geometries in gas-phase 

were employed. 

       Gaussian 03 program package (revision C.02) [39] was used for all these computations. 
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3.3 Results and Discussion 

         In this article, we wish to investigate first the relative stability of Cp(CO)2M(η3-

H2SiCCH) to Cp(CO)2M(CCH)(SiH2), make comparison between molybdenum and tungsten 

complexes, and then discuss ligand and substituent effects on the relative stabilities of 

CpL2M(η3-R2
2SiCCR1) to CpL2M(CCR1)(SiR2

2). 

 

3.3.1 Geometries and Relative Stabilities of Cp(CO)2M(η3-H2SiCCH) 

and Cp(CO)2M(CCH)(SiH2) (M = W or Mo) 

       Because geometries of Cp(CO)2W(η3-H2SiCCH) 1 and Cp(CO)2W(CCH)(SiH2) 2 were 

previously discussed in our theoretical study [22], we wish to focus on the differences in 

geometry between the tungsten and molybdenum complexes, here.  Several geometrical 

parameters are moderately different between them (see Figure 3.1 and Appendix A.3.2 for 

their geometries):  For instance, the Mo-Cp (center of the Cp ring) distance is moderately 

shorter than the W-Cp distance by 0.039 Å in Cp(CO)2M(η3-H2SiCCH) and by 0.043 Å in 

Cp(CO)2M(CCH)(SiH2), indicating that the Mo-Cp interaction is moderately stronger than the 

W-Cp interaction probably because the donation from Cp to M becomes stronger upon 

switching W to Mo, as shown by the smaller electron population of Cp in 3 than in 4 (see 

Appendix A.3.3).  The Mo-C1 and Mo-C2 distances in Cp(CO)2Mo(η3-H2SiCCH) 3 are 

moderately longer than the W-C1 and W-C2 distances of the tungsten analogue 1 by 0.017 Å 

and 0.051 Å, respectively, though atomic radius of molybdenum is smaller than that of 

tungsten.  The Mo-Si distance of Cp(CO)2Mo(CCH)(SiH2) 4 is moderately shorter than the 

W-Si distance of the tungsten analogue 2 by 0.026 Å, while the Mo-C1 and Si-C2 distances, 
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of 4 are moderately longer than the W-C1 and Si-C2 distances of 2 by 0.020 Å and 0.032 Å 

 
        (A)  H on C2 and H on Si                              (F)   CF3 on C2 and H on Si 

 
        (B)  H on C2 and F on Si                             (G)   CF3 on C2 and F on Si 

 
        (C)  H on C2 and Me on Si                         (H)   Me on C2 and Me on Si 

 
        (D)  Me on C2 and H on Si                           (I)   Me on C2 and F on Si 

 
(E)   tBu on C2 and H on Si 

 
Figure 3.1.  DFT(B3PW91)/BS-I optimized geometries of Cp(CO)2Mo(η3-R2

2SiCCR1) and 
Cp(CO)2Mo(CCR1)(SiR2

2), where R1 = H, Me, tBu, or CF3 and R2 = H, F, or Me.  Bond 
lengths are in angstroms and bond angles are in degree.  See Appendix A.3.2 for geometries 
of tungsten complexes. 
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respectively.  These geometrical differences suggest that the Mo-(η3-H2SiCCH) bond of 3 and 

Mo-C1 and Si-C2 bonding interactions of 4 are moderately weaker than the corresponding 

interactions of the tungsten analogues, respectively.  The Wiberg bond indices are consistent 

with above results;  The Mo-C1 and Mo-C2 bond indices of 3 are moderately smaller than the 

W-C1 and W-C2 bond indices of 1 by 0.041 and 0.052, respectively, and the Mo-C1 and Si-

C2 bond indices of 4 are moderately smaller than the W-C1 and Si-C2 bond indices of 2 by 

0.081 and 0.049, respectively; see Appendix A.3.4 for details of Wiberg bond index.  These 

differences relate to the relative stabilities of the η3-silapropargyl/alkynylsilyl and acetylide-

silylene forms [23], as will be discussed below. 

Table 3.1:  Relative stability (∆E)a) (in kcal/mol unit) of Cp(CO)2M(η3-H2SiCCH) to 
Cp(CO)2M(CCH)(SiH2) (M = W or Mo) calculated with various computational methods. 
 

Method M = W b) M = Mo 
DFT -4.9 (-4.0)c) -1.9 (-0.9)c) 
MP2 +0.4 +4.1 
MP3 -1.4 +2.5 
MP4(DQ) -0.1 +3.5 
MP4(SDQ) -0.9 +2.7 
MP4(SDTQ) -0.6 +2.9 
CCSD(T) -0.7 +2.9 

 
a The ∆E value is energy difference between Cp(CO)2M(CCH)(SiH2) and Cp(CO)2M(η3-
H2SiCCH).  The BS-II was employed.    b  Ref. 22.    c In parenthesis is the ∆E value 
between Cp*(CO)2M(η3-H2SiCCH) and Cp*(CO)2M(CCH)(SiH2). 

       Relative stability of the η3-silapropargyl/alkynylsilyl form (1 for M = W and 3 for M = 

Mo) to the acetylide-silylene form (2 for M = W and 4 for M = Mo) is represented by the 

energy difference (∆E) between these two forms, as shown in Table 3.1, where a positive ∆E 

value means that the η3-silapropargyl/alkynylsilyl form is more stable than the acetylide-

silylene form.  It is noted that the relative stability of the η3-silapropargyl/alkynylsilyl form is 

larger in the Mo complex than in the W complex; for instance, the ∆E value increases 
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from -4.9 kcal/mol to -1.9 kcal/mol at the DFT level and from -0.7 kcal/mol to 2.9 kcal/mol at 

the CCSD(T) level upon going from the W complex to the Mo complex.  Effect of Cp* on the 

relative stability of 1 to 2 was investigated because Cp* was used in the experiment; see 

Appendix A.3.5 for the geometries of the Cp* complexes [21].  The difference of ∆E value 

between Cp and Cp* complexes is not large (about 1 kcal/mol); the ∆E value is -4.9 (-4.0) 

kcal/mol in the W complexes and -1.9 (-0.9) kcal/mol in the Mo complexes, as shown in 

Table 3.1, where in parenthesis and out of parenthesis are ∆E values for Cp* and Cp, 

respectively.  Thus, we employed Cp instead of Cp* to save CPU time. 

       It is necessary to examine whether or not the DFT method presents reliable results about 

the relative stability of the η3-silapropargyl/alkynylsilyl form to the acetylide-silylene form, 

because only the DFT method can be applied to large complexes bearing tBu, CF3, PMe3, and 

PF3.  The MP4(SDQ), MP4(SDTQ), and CCSD(T) methods present similar ∆E values in both 

W and Mo complexes, as shown in Table 3.1, suggesting that these methods present reliable 

results here.  On the other hand, the DFT method presents more negative ∆E value than the 

other methods in the W complex.  In the Mo complex, the DFT method presents negative ∆E 

value but the other methods present positive value.  In other words, the DFT method 

underestimates the stability of the η3-silapropargyl/alkynylsilyl form.  However, the change of 

∆E value due to switching W to Mo is similar by a shift across such different levels as DFT, 

MP4(SDTQ), and CCSD(T); for instance, the ∆E value increases by 3.0, 3.5, and 3.6 kcal/mol 

in the DFT, MP4(SDTQ), and CCSD(T) methods, respectively, upon switching W to Mo.  

Thus, it is suggested that though the DFT method underestimates the stability of the η3-

silapropargyl/alkynylsilyl form, the DFT method is useful to discuss how and why the 
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stabilities of the η3-silapropargyl/alkynylsilyl and acetylide-silylene forms depend on the 

central metal, ligands, and substituents. 

       We also examined basis set effects by comparing the ∆E value among the DFT/BS-I, 

DFT/BS-II, and DFT/BS-III methods.  Though the ∆E value is slightly different among these 

calculations, the difference is not large and the trend is the same in all the calculations with 

BS-I, BS-II and BS-III, indicating that BS-II is useful to discuss the central metal, ligand, and 

substituent effects; see Appendix A.3.6 for the DFT/BS-I and DFT/BS-III computational 

results. 

 

3.3.2 Substituent Effects on Geometries and Relative Stabilities of 

Cp(CO)2M(η3-R2
2SiCCR1) and Cp(CO)2M(CCR1)(SiR2

2) (M = W or Mo, R1 

= H, Me, tBu, or CF3, and R2 = H, Me, or F) 

       Significantly large changes are observed in geometry when σ-electron-withdrawing/π-

electron-donating F is introduced on Si, as shown in Figure 3.1:  In Cp(CO)2Mo(η3-F2SiCCH) 

3-F, the Mo-Si distance becomes moderately shorter than that of 3, indicating that the Mo-Si 

bonding interaction becomes stronger in 3-F than in 3.  In Cp(CO)2Mo(CCH)(SiF2) 4-F, the 

Si-C2 distance is considerably longer and the Mo-Si distance is somewhat shorter than those 

of 4.  Also, the direction of SiF2 considerably shifts toward the Mo center in 4-F compared to 

that of 4 in which the lone pair orbital of SiH2 expands toward the C1 atom.  These 

geometrical differences between 4 and 4-F suggest that the acetylide-silylene interaction is 

considerably weaker in 4-F than in 4, while the Mo-SiR2
2 and Mo-CCR1 interactions become 

stronger by the introduction of F on Si.  The Wiberg bond index supports these suggestions: 

The Mo-Si bond index of 3-F is moderately larger than that of 3 by 0.049, while the Mo-Si 

 119



bond index is somewhat larger by 0.182 and the Si-C2 bond index is considerably smaller by 

0.383 in 4-F than those of 4.  The Mo-Cp distance slightly lengthens upon going to 3-F from 

3 by 0.009 Å but somewhat shortens upon going to 4-F from 4 by 0.033 Å, indicating that the 

Mo-Cp interaction little changes in 3-F but becomes somewhat stronger in 4-F by F on Si.  

This is because the donation of Cp to Mo becomes stronger in 4-F but slightly in 3-F.  The 

population changes are consistent with this discussion (see Appendix A.3.3 for population 

and explanation).  The similar geometry changes by the introduction of F on Si are observed 

in the tungsten analogues (see Appendix A.3.2).  The introduction of F on Si somewhat 

increases the stability of the η3-silapropargyl/alkynylsilyl form by 2.9 kcal/mol and 2.0 

kcal/mol in both of W and Mo complexes, respectively, as shown in Table 3.2, which is 

consistent with the changes in geometry and Wiberg bond index; remember the considerably 

longer Si-C2 distance and considerably smaller Si-C2 bond index in 4-F than in 4. 

Table 3.2:  Relative stability (∆E)a) (in kcal/mol unit) of CpL2M(η3-R2
2SiCCR1) to 

CpL2M(CCR1)(SiR2
2) (M = W or Mo,  L = CO, PMe3, or PF3). 

 
R1 on C2 R2 on Si L  M = W  M = Mo 
tBu H CO  -5.2  -2.3 
H H CO 

PMe3 
PF3 

 -4.9 
-14.3 
-5.6 

 -1.9 
-6.7 
-2.4 

H Me CO  -4.2  -0.7 
CF3 H CO  -4.1  -0.7 
Me F CO  -4.0  -1.8 
Me H CO  -3.5  -0.4 
Me Me CO  -2.5  +0.4 
H F CO  -2.0  +0.1 
CF3 F CO  +1.1  +2.6 

 
(a) The ∆E value is energy difference between CpL2M(CCR1)(SiR2

2) and CpL2M(η3-
R2

2SiCCR1).  The DFT(B3PW91)/BS-II method was employed.  Its positive value 
represents that CpL2M(η3-R2

2SiCCR1) is more stable than CpL2M(CCR1)(SiR2
2). 
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       However, introduction of Me on Si induces moderate changes in geometries of 3 and 4.  

The Mo-Si distance becomes moderately longer but the Mo-C2 distance becomes moderately 

shorter in 3-Mea and the Mo-Si distance becomes moderately longer in 4-Mea.  The Wiberg 

bond indices also support these geometry changes; see Appendix A.3.7.  The Mo-Cp distance 

becomes somewhat longer in 3-Mea by 0.017 Å but little in 4-Mea.  These results are 

consistent with population changes; see Appendix A.3.3 for population changes and 

discussion.  Though these geometry changes are not clearly related to the relative stability of 

the η3-silapropargyl/alkynylsilyl form, the Me on Si slightly increases the stability of the η3-

silapropargyl/alkynylsilyl form by 0.7 kcal/mol and 1.2 kcal/mol in the W and Mo complexes, 

respectively. 

       Introduction of electron-donating Me on C2 moderately increases the Mo-C2 distance in 

3-Meb and the Mo-C1 distance in 4-Meb, but little changes the Si-C1 distance in 3-Meb and 

the Mo-Cp distances in 3-Meb and 4-Meb; see Figure 3.1.  The similar geometry changes are 

induced by introduction of bulky tBu on C2 except for the Mo-Cp distance which slightly 

shortens in 3-tBu and moderately lengthens in 4-tBu; see 3-tBu and 4-tBu in Figure 3.1; see 

Appendix A.3.3 for populations and explanation.  Introduction of electron-withdrawing CF3 

on C2 moderately decreases the Mo-C2 and Mo-Cp distances in 3-CF3 and the Mo-C1 and 

Mo-Cp distances in 4-CF3.  These changes are reverse to those induced by Me and tBu, as 

expected.  The Wiberg bond indices are consistent with the geometry changes by the 

introduction of Me, tBu, and CF3 on C2; see Appendix A.3.7.  The introduction of Me on C2 

moderately and CF3 on C2 even more moderately increase the stability of the η3-

silapropargyl/alkynylsilyl form by 1.4 (1.5) kcal/mol and 0.8 (1.2) kcal/mol, respectively, but 

the introduction of the bulky tBu on C2 slightly decreases the stability of the η3-
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silapropargyl/alkynylsilyl form by 0.3 (0.4) kcal/mol though both Me and tBu on C2 induces 

similar geometry changes, where values of W and Mo complexes are presented without and 

with parenthesis, respectively. 

       The largest stability of the η3-silapropargyl/alkynylsilyl form is observed in the 

combination of Mo center, CF3 on C2, and F on Si (see Table 3.2) [40].  On the other hand, 

the largest stability of the acetylide-silylene form is observed in the combination of W center, 

tBu on C2, and either H or Me on Si. 

       We evaluated equilibrium constant (Kp) between the η3-silapropargyl/alkynylsilyl and 

acetylide-silylene forms to incorporate the entropy and thermal energy in the discussion.  

Both of the Kp and ∆E values present the same trend about the relative stability; see Appendix 

A.3.8.  Thus, we wish to discuss the relative stability based on the ∆E value, hereafter. 

 

3.3.3 Why Does the σ-Electron-Withdrawing/π-Electron-Donating F on 

Si Increase the Stability of the η3-Silapropargyl/Alkynylsilyl form but the 

Electron-Donating Me on Si Little Influence it? 

       Prior to starting discussion on the reason, we wish to summarize the bonding natures of 

the η3-silapropargyl/alkynylsilyl and acetylide-silylene forms, which were discussed in our 

previous work [22].  Several important molecular orbitals of the η3-silapropargyl/alkynylsilyl 

group are shown in Figure 3.2 (A).  The SOMO is non-bonding π orbital (φnπ) which is 

somewhat localized on Si.  The HOMO-1 is π-bonding orbital (φπ1) perpendicular to the SiCC 

plane.  The HOMO-2 is in-plane π-bonding orbital (φπ2).  Both are largely localized on the 

CC moiety.  The LUMO is anti-bonding π* orbital (φπ*).  In Cp(CO)2M, the SOMO ( ) 

mainly consists of d orbital of M which forms bonding interaction with Cp and CO ligands 

φM
SOMO

 122



(Figure 3.2 (B)).  The HOMO-1 and HOMO-2 are non-bonding d orbital of M.  The LUMO 

(φ ) mainly consists of d orbital of M.  The φnπ mainly participates in covalent interaction M
LUMO

 
                                        LUMO              SOMO                 HOMO-1             HOMO-2 
                                          (φπ*)                   (φnπ)                       (φπ

1)                     (φπ
2) 

(A)  ·R2
2SiCCR1 

 

 
                                                LUMO              SOMO             HOMO-1           HOMO-2 
                                                 (φ )              (φ ) M

LUMO
M
SOMO

(B)  Cp(CO)2M· 
 

 
                                                                   LUMO             HOMO 
                                                             (empty p; φSi

p)      (lone pair orbital; φSi
lp) 

(C)  SiR2
2 

 

 
                                 LUMO+1         LUMO         HOMO      HOMO-1       SOMO 
                                  (φAC

π*)             (φAC
π*)           (φAC

π1)       (φAC
π2)           (φAC

sp) 
(D)  ·CCR1 

 

Figure 3.2.  Several important Kohn-Sham orbitals in the fragments, ·R2
2SiCCR1, Cp(CO)2M·,

SiR2
2 and ·CCR1. 
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with the φ  of Cp(CO)2M· and the φπ2 mainly participates in charge-transfer (CT) 

interaction with the φ  of Cp(CO)2M·.  In the acetylide-silylene form, the M-silylene 

M
SOMO

M
LUMO

Table 3.3.  Orbital energiesa (in eV unit) of several important orbitals of fragments 
·R2

2SiCCR1, ·CCR1, SiR2
2, and ·CpL2M. 

 

  ·R2
2SiCCR1 ·CCR1 

R1 R2 φπ* 
 

φnπ 
(SOMO) 

φπ 
 

φAC
π* φAC

π 
 

φAC
sp 

 (SOMO)  
H H -0.9 (3.5) -6.0 (-9.1) -8.8 (-12.3) -0.9 (3.5) -8.9 (-12.0) -10.3 (-14.0)

Me H -0.4 (3.8) -5.7 (-8.7) -8.2 (-11.4) -0.2 (4.0) -8.2 (-11.1) -9.3 (-14.9) 
tBu H -0.5 (3.7) -5.6 (-8.7) -8.1 (-11.3) -0.4 (3.8) -8.0 (-10.9) -9.0 (-13.3) 
CF3 H -1.9 (2.5) -6.6 (-9.7) -9.5 (-13.5) -2.2 (1.9) -9.7 (-12.9) -10.9 (-16.4)
H Me -0.5 (3.7) -5.1 (-8.2) -8.3 (-12.0) -1.0 (3.3) -8.9 (-11.8) -10.2 (-14.0)
H F -1.6 (2.5) -6.8 (-10.6) -9.4 (-12.9) -0.8 (3.5) -8.9 (-11.8) -10.3 (-13.8)

CF3 F -2.7 (1.6) -7.3 (-11.2) -10.0 (-14.1) -2.2 (1.9) -9.7 (-12.9) -10.9 (-16.4)
SiR2

2 

R2 φSi
lp φSi

p 
H -5.9 (-8.4) -3.2 (0.3) 
Me -5.1 (-7.6) -2.2 (1.3) 
F -8.1 (-11.2) -2.4 (0.1) 

Cp(L)2M· 
 φM

LUMO
 φM

SOMO  HOMO-1 HOMO-2 
M = W 
L=CO -2.8 (0.6) -5.3 (-7.9) -5.7 (-8.2) -5.8 (-8.0) 
L=PMe3 -1.3 (1.5) -3.2 (-5.2) -3.6 (-5.9) -3.9 (-6.1) 
L=PF3 -3.2 (0.2) -5.9 (-8.8) -6.1 (-9.0) -6.4 (-9.1) 
M = Mo 
L=CO -2.5 (0.6) -5.5 (-8.2) -5.8 (-8.8) -6.0 (-8.5) 
L=PMe3 -1.1 (1.6) -3.6 (-6.0) -3.8 (-6.5) -3.9 (-6.7) 
L=PF3 -2.9 (0.2) -6.1 (-9.0) -6.3 (-9.4) -6.6 (-9.6) 
 
a  BS-II calculation.  DFT and HF energies are presented without and in parenthesis, 
respectively. 
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interaction is not strong very much because the silylene moiety tends to form 

silacyclopropenyl group by changing its direction toward the acetylide moiety [22].  Though 

the silacyclopropenyl group is not completely formed [22, 23], two kinds of CT interactions 

are strongly formed between acetylide and silylene moieties; one is the CT from the lone pair 

(φSi
lp) of silylene to the π* (φAC

π*) of acetylide and the other is the CT from the π (φAC
π) of 

acetylide to the empty p (φSi
p) of silylene (Figure 3.2 (C) and (D)) [22, 23]. 

       The introduction of F on Si weakens both CT interactions, as follows: The F substituent 

lowers the φSi
lp energy of silylene by 2.2 eV through its σ-electron-withdrawing nature, as 

shown in Table 3.3, to weaken the CT from silylene to acetylide, where DFT(B3PW91)/BS-

II-calculated orbital energies are presented.  Also, the F substituent raises the φSi
p energy of 

silylene by 0.8 eV through its π-electron-donating nature (see Table 3.3), which weakens the 

CT from acetylide to silylene.  As a result, the acetylide-silylene interaction is considerably 

weakened by the introduction of F on Si. 

        The introduction of F on Si, on the other hand, strengthens the M-(η3-R2
2SiCCR1) 

bonding interaction, which is interpreted in terms of the valence orbital energy of the η3-

R2
2SiCCR1 group.  As shown in Table 3.3, the φnπ energy of ·R2

2SiCCR1 becomes lower by 

0.8 eV by the introduction of F on Si.  The M-(η3-R2
2SiCCR1) bond energy was successfully 

discussed with eqs 3.1 and 3.2 [25, 41], where εA and εB are orbital energies of SOMOs of 

two fragments and β is resonance integral.  The eq 3.1 is derived on the basis of simple 

2 2
cov A BE (ε ε ) 4βΔ = − +                              (3.1) 

 
2

approx
cov A B

A B

βE ε ε
ε ε

Δ = − +
−                        (3.2) 
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Hückel MO method and the eq 3.1 is simplified to eq 3.2 when the │εA – εB│ value is much 

larger than the │β│ value.  These eqs indicate that the A-B bond energy becomes larger as 

the SOMO energy difference increases when the β value does not change.  Note that the β 

value is also an important factor to determine the bond strength.  The β value between 

Cp(CO)2M· and ·R2
2SiCCR1 depends on the overlap between the valence orbital of 

Cp(CO)2M· and that of ·R2
2SiCCR1.  Because the valence orbital of ·R2

2SiCCR1 is mainly 

determined by the SiCC flame, it is likely that the β value does not depend very much on the 

substituents R1 and R2.  This suggests that the energy difference between the  and φnπ 

must be examined as an important factor to discuss how much the bond energy depends on R1 

and R2.  The φ  energy of Cp(CO)2M· is higher than the φnπ energy of ·R2

φM
SOMO

M
SOMO 2SiCCR1 (see 

Table 3.3).  Thus, the M-(η3-R2
2SiCCR1) bond energy becomes larger as the φnπ energy of 

·R2
2SiCCR1 becomes lower.  The σ-electron-withdrawing F on Si lowers the φnπ energy of 

·R2
2SiCCR1 and increases the energy gap between φnπ and , which leads to strengthening 

of the M-(η3-R2
2SiCCR1) bonding interaction.  From these results, it should be concluded that 

the F on Si stabilizes the η3-silapropargyl/alkynylsilyl form and destabilizes the acetylide-

silylene form. 

φM
SOMO

       Though both Me and F on Si increase the stability of the η3-silapropargyl/alkynylsilyl 

form, the effect of the Me is considerably smaller than that by the F.  The Me on Si raises the 

φnπ energy of ·R2
2SiCCR1 by 0.4 eV, which leads to decrease of the energy difference 

between SOMOs of Cp(CO)2M· and ·R2
2SiCCR1.  Thus, the M-(η3-R2

2SiCCR1) bonding 

interaction becomes weak by introduction of Me on Si.  Also, the Me on Si raises the φSi
lp and 

φSi
p energies of SiMe2 by 0.8 eV and 1.0 eV, respectively, relative to those of SiH2 (Table 

3.3), which strengthens the CT from silylene to acetylide but weakens the CT from acetylide 
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to silylene.  It is likely that the CT from acetylide to silylene is more important than the CT 

from silylene to acetylide because singlet silylene is electron-withdrawing.  This suggests that 

the acetylide-silylene interaction becomes weak by the Me on Si.  Thus, the Me on Si 

weakens both of the M-(η3-R2
2SiCCR1) and acetylide-silylene interactions.  As a result, the 

Me on Si does not influence very much the relative stability of the η3-

silapropargyl/alkynylsilyl form to the acetylide-silylene form. 

 

3.3.4 Comparison Between W and Mo Centers 

       We wish to explain the reason why the Mo center favors the η3-silapropargyl/alkynylsilyl 

form but the W center favors the acetylide-silylene form.  The φ  and doubly occupied d 

orbitals of Cp(CO)2Mo· exsist at lower energies but the φ  (-2.5 eV) exsists at higher 

energy than those of the W analogue (-2.8 eV), as shown in Table 3.3.  Because the φAC
sp 

energy of ·CCR1 is lower than the φ  energy of Cp(CO)2M· (Table 3.3), the SOMO energy 

difference is larger in the W complex (5.0 eV) than in the Mo complex (4.8 eV).  Because, the 

φnπ energy of ·R2
2SiCCR1 is lower than the φ  energy of Cp(CO)2M· (Table 3.3), the 

SOMO energy difference between ·R2
2SiCCR1 and Cp(CO)2M· is larger in the W complex 

(0.7 eV) than in the Mo complex (0.5 eV).  Moreover, the second term of eq 3.1 more 

contributes to the M-L bond energy in the third row transition metal complex than in the 

second row transition metal complex; because the β value becomes larger upon going from 

the second row transition metal to the third row one.  As a result, the W-C1 and W-(η3-

R2
2SiCCR1) bonding interactions are stronger than the Mo-C1 and Mo-(η3-R2

M
SOMO

M
LUMO

M
SOMO

M
SOMO

2SiCCR1) 

bonding interactions, respectively.  In the η3-silapropargyl/alkynylsilyl form, not only the 

covalent M-(η3-R2
2SiCCR1) interaction but also the charge-transfer (CT) from the φπ2 of 
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·R2
2SiCCR1 to the φ  of Cp(CO)2M· participates in energy stabilization.  Because the φπ2 

of ·R2
2SiCCR1 is largely localized in the CC moiety (see Figure 3.2 (A)), the M-(CC) 

interaction is formed by this CT.  Because the φ  energy of Cp(CO)2W· (-2.8 eV) is lower 

than that of Cp(CO)2Mo· (-2.5 eV), this CT interaction is stronger in the W complex than in 

the Mo complex.  Thus, both of the M-CCR1 and M-(η3-R2
2SiCCR1) bonding interactions are 

stronger in the W complex than in the Mo complex.  The above simple discussion does not 

present the clear explanation, and therefore, we must inspect the bonding interaction in more 

detail. 

M
LUMO

M
LUMO

       It is noted that the φAC
sp energy of ·CCR1 is much lower than the φnπ energy of 

·R2
2SiCCR1 by 4.3 eV (Table 3.3); in other words, the SOMO energy difference between 

·CCR1 and Cp(CO)2M· is much larger than that between ·R2
2SiCCR1 and Cp(CO)2M·.  Thus, 

the M-CCR1 bond energy increases upon going from Mo to W because the φ  energy of 

Cp(CO)2W· (-5.3 eV) is higher than that of Cp(CO)2Mo· (-5.5 eV), and its increment is 

almost proportional to the SOMO energy difference between Cp(CO)2M· and ·CCR1, as 

presented by eq 3.2.  On the other hand, the M-(η3-R2
2SiCCR1) bond energy increases upon 

going from Mo to W to a lesser extent than the increment of the SOMO energy difference 

between Cp(CO)2M· and ·R2
2SiCCR1.  In this case, the second term of eq 3.1 more 

contributes to the M-(η3-R2
2SiCCR1) bond energy than the M-CCR1 bond energy.  In other 

words, the M-CCR1 bond energy increases upon going from Mo to W to a greater extent than 

does the M-(η3-R2
2SiCCR1) bond energy.  This means that the Mo center is more favorable 

for stabilization of the η3-silapropargyl/alkynylsilyl form than the W center. 

M
SOMO
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3.3.5 Why Do Me, tBu, and CF3 on C Influence the Relative Stability of 

the η3-Silapropargyl/Alkynylsilyl Form to the Acetylide-Silylene Form? 

       The frontier orbital energies of ·CCR1 and ·R2
2SiCCR1 become higher by introduction of 

Me on C2 (see Table 3.3), which leads to decrease of the energy difference between their 

valence orbitals and the φ  of Cp(CO)2M·.  On the other hand, the frontier orbital energies 

of ·CCR1 and ·R2
2SiCCR1 become lower by introduction of CF3 on C2, which leads to 

increase of the energy difference between their valence orbitals and the φ  of Cp(CO)2M·.  

Thus, Me on C2 weakens both M-CCR1 and M-(η3-R2
2SiCCR1) bonds but CF3 on C2 

strengthens both of them.  As a result, Me and CF3 do not change the relative stability of the 

η3-silapropargyl/alkynylsilyl form very much.  We could not find clear reason why the Me on 

C2 moderately and the CF3 on C2 even more moderately increase the stability of the η3-

silapropargyl/alkynylsilyl form [42]. 

M
SOMO

M
SOMO

       Though the electronic effects are similar between Me and tBu (Table 3.3), they induce the 

reverse effect on the stability of the η3-silapropargyl/alkynylsilyl form (Table 3.2), as 

discussed above, indicating that not the electronic factor but the steric factor plays important 

role here.  It is likely that the bulky substituent on C2 tends to take a more distant position 

from the Cp.  Thus, the bulky substituent such as tBu prefers the acetylide-silylene form to the 

η3-silapropargyl/alkynylsilyl form, because the tBu on C2 is more distant from the Cp in the 

acetylide-silylene form than in the η3-silapropargyl/alkynylsilyl form. 
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3.3.6 Ligand Effects on Geometries and Relative Stabilities of CpL2M(η3-

H2SiCCH) and CpL2M(CCH)(SiH2) (M = W or Mo and L = CO, PMe3, or 

PF3) 

       Use of electron-donating PMe3 in place of CO moderately decreases the Mo-Si, Mo-C1, 

and Mo-C2 distances and even more moderately the Mo-Cp distance in 3-PMe3 and 

moderately decreases the Mo-C1 and Si-C2 distances in 4-PMe3 (Figure 3.3).  These results 

suggest that the M-(η3-R2
2SiCCR1) bond becomes stronger in 3-PMe3 than in 3 and the Mo-

CCR1 bond and the acetylide-silylene interaction become stronger in 4-PMe3 than in 4.  

Electron-withdrawing PF3 induces opposite geometry changes to those of PMe3 except for the 

Mo-C1 distance in 3-PF3, as follows:  Use of PF3 in place of CO moderately increases the 

Mo-Si distance but moderately decreases the Mo-C1 and Mo-Cp distances in 3-PF3, while it 

moderately increases the Mo-C1 and Si-C2 distances and moderately decreases the Mo-Cp 

distance in 4-PF3; see Appendix A.3.3 for the discussion of the M-Cp distance.  These results 

suggest that the M-(η3-R2
2SiCCR1) bond becomes moderately weaker in 3-PF3 than in 3 and 

the Mo-CCR1 bond and the acetylide-silylene interaction become moderately weaker in 4-PF3 

than in 4.  These suggestions are also supported by the Wiberg bond index; see Appendix 

A.3.7. 

       PMe3 considerably decreases the stability of the η3-silapropargyl/alkynylsilyl form by 9.4 

and 4.8 kcal/mol in the W and Mo complexes, respectively, as shown in Table 3.2, and PF3 

slightly decreases it in both W and Mo complexes, in contrast to the opposite geometry 

changes to those of PMe3. 

       PMe3 considerably destabilizes the φ  energy of CpL2M· (M = W or Mo; L = CO, 

PMe3, or PF3) by about 2.0 eV compared to CO (Table 3.3).  On the other hand, PF3 

M
SOMO
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                                < PMoP = 86                              < PMoP = 88 

(A)  PMe3 ligand systems 
 

 
                                      < PMoP = 83                         < PMoP = 85 

(B)  PF3 ligand systems 
 

Figure 3.3. DFT(B3PW91)/BS-I optimized geometries of CpL2Mo(η3-H2SiCCH) and 
CpL2Mo(CCH)(SiH2), where L = PMe3 or PF3.  See Appendix A.3.9 for geometries of the 
tungsten analogues.  Bond lengths are in angstroms and bond angles are in degree. 

moderately stabilizes the φ  energy by 0.6 eV.  Though PMe3 and PF3 induce opposite 

electronic effects to each other, both of them increase the stability of the acetylide-silylene 

form.  This result suggests that not electronic factor but steric factor plays important role here, 

as follows:  Because PF3 and PMe3 are larger than CO, the coordination structure around 

metal center becomes more congested by coordination of PMe3 and PF3.  Also, the 

coordination structure of the η3-silapropargyl/alkynylsilyl complex is more congested than 

that of the acetylide-silylene complex; for instance, the SiMC2 angle is about 75˚ in the η3-

M
SOMO
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silapropargyl/alkynylsilyl form but the SiMC1 angle is about 50˚ in the acetylide-silylene 

form.  Thus, PF3 and PMe3 prefer the less congested acetylide-silylene form. 

        From these results, it is concluded that among these three ligands, CO should be used to 

stabilize the η3-silapropargyl/alkynylsilyl form and PMe3 should be used to stabilize the 

acetylide-silylene form. 

 

3.3.7 Conversion Reaction of Cp(CO)2Mo(η3-H2SiCCH) to 

Cp(CO)2Mo(CCH)(SiH2) 

       We wish to mention the conversion reaction of Cp(CO)2Mo(η3-H2SiCCH) 3 to 

Cp(CO)2Mo(CCH)(SiH2) 4 because the experimental conditions to isolate 3 depend on the 

activation barrier of this conversion reaction.  This reaction occurs through the transition state 

TS3-4, as shown in Figure 3.4.  In TS3-4, the Si-C1 and Mo-C2 bonds of 3 are going to be 

broken like those of the tungsten analogue [22].  The geometry changes in the imaginary 

frequency, which are displayed by arrows in Figure 3.4, are consistent with this conversion 

reaction. 

       The CCSD(T) and DFT methods present similar activation barrier (Ea) but the 

MP4(SDTQ) method presents larger barrier than the CCSD(T) and DFT methods; see 

Appendix A.3.10.  The barrier moderately fluctuates around MP2 and MP3, and somewhat 

increases upon going to MP4(SDTQ) from MP4(SDQ).   Thus, it is concluded that the DFT- 

and CCSD(T)- calculated activation barriers are reliable for both W and Mo complexes.  The 

activation barrier of the conversion reaction of 3 to 4 is 13.2 (14.1) kcal/mol, where values 

without parenthesis and with parenthesis are DFT- and CCSD(T)-calculated Ea values, 

respectively.  This activation barrier is moderately smaller than that of the tungsten complex, 
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which is 15.3 (15.8) kcal/mol [22].  This difference is interpreted in terms of the M-(η3-

R2
2SiCCR1) bond, as follows:  In the transition state, the Si-C1 bond is being broken and the 

C2 is moving away from the Mo center, as shown in Figure 3.4.  The origin of the activation 

barrier is the weakening of the Si-C1 bond and the Mo-(C1-C2) coordinate bond.  Because 

the Si-C1 bond weakening occurs in both W and Mo complexes, the difference in Ea between 

W and Mo complexes arises from the weakening of the M-(C1-C2) coordinate bond.  Because 

the φπ of ·R2
2SiCCR1 is largely localized on the C1C2 moiety (Figure 3.2), as discussed 

above, the C1C2 moiety forms the CT with the φ  of Cp(CO)2M·.  The Mo-(C1-C2) 

coordinate bond is moderately weaker than the W-(C1-C2) bond because the φ  energy of 

Cp(CO)2Mo· (-2.5 eV) is higher than that of the W analogue (-2.8 eV).  As a result, the Mo-

C2 bond breaking induces smaller energy loss than the W-C2 bond breaking in the transition 

state. 

M
LUMO

M
LUMO

 
TS3-4 

(235.6i cm-1) [260.6i cm-1]a) 
 
Figure 3.4.  DFT(B3PW91)/BS-I optimized geometry of transition state in conversion 
reaction of Cp(CO)2Mo(η3-H2SiCCH) 3 to Cp(CO)2Mo(CCH)(SiH2) 4.  Bond lengths are in 
angstrom and bond angles are in degree.  In parentheses are parameters for tungsten 
analogue. 
a  Imaginary frequencies for molybdenum and tungsten analogues are given in parenthesis 
and bracket, respectively.  Arrows represent important movement of atoms in imaginary 
frequency. 
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       These moderate activation barriers suggest that the isolation of the η3-

silapropargyl/alkynylsilyl form should be tried at low temperature in both of Mo and W 

complexes. 

 

3.4 Conclusions 

       The relative stability of the η3-silapropargyl/alkynylsilyl complex CpL2M(η3-R2
2SiCCR1) 

(1 for M = W and 3 for M = Mo; L = CO, PMe3, or PF3; Cp = C5H5, R1 = H, Me, tBu, or CF3, 

R2 = H, Me or F) to the acetylide-silylene complex CpL2M(CCR1)(SiR2
2) (2 for M = W and 4 

for M = Mo) was theoretically investigated.  Computational results are summarized in 

Scheme 3.2.  From these computational results, we wish to predict that the combination of 

electron-withdrawing CF3 on C, σ-electron-withdrawing/π-electron-donating F on Si, Mo 

center, and CO is the best to stabilize the η3-silapropargyl/alkynylsilyl form and the 

combination of bulky tBu on C, either H or Me on Si, W center, and PMe3 is the best to 

stabilize the acetylide-silylene form. 

       The conversion reaction of Cp(CO)2Mo(η3-H2SiCCH) 3 to Cp(CO)2Mo(CCH)(SiH2) 4 

occurs with moderate activation barrier, suggesting that the isolation of the η3-

silapropargyl/alkynylsilyl form should be tried at low temperature. 

 
 

Scheme 3.2. How to stabilize CpL2M(η3-R2
2SiCCR1) 
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       From this theoretical study, we wish to predict that the synthesis of the η3-

silapropargyl/alkynylsilyl complex will be succeeded in a near future by employing Mo as the 

metal center with Cp and CO ligands and introducing σ-electron-withdrawing/π-electron-

donating group on Si and σ-electron-withdrawing group on C [43]. 
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Appendix 

 

 

A.3.1 Optimized Parameters of Cp(CO)2W(CCtBu)(SiH2) 2-tBu. 
 
 
 Table A.3.1.   Selected Optimized Parametersa) of Cp(CO)2W(CCtBu)(SiH2) 2-tBu. 

 
 B3LYP B3PW91b) Exptc)  

W-Si 2.576 2.564 2.567 
W-C1 2.065 2.047 

 
2.050  

Si-C1 1.967 1.957 1.937 
Si-C2 2.072 2.038 

 
2.009  

C1-C2 1.281 1.286 1.270 
∠WSiC1 52.0 51.7 

 
51.9  

∠C1SiC2 36.9 37.5 37.5 
 
a The BS-I was employed. Bond lengths are in angstroms and bond angles are in 
degrees. 
b Ref. 22. 

 
 
 
 
 
 c Ref. 21. 
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A.3.2 Optimized geometries of Cp(CO)2W(η3-R2
2SiCCR1) and Cp(CO)2W(CCR1)(SiR2

2). 

 

 
             (A)  H on C2 and H on Sia)                         (F)   CF3 on C2 and H on Si 

 
            (B)  H on C2 and F on Si                            (G)  CF3 on C2 and F on Si 

 
           (C)  H on C2 and Me on Si                         (H)  Me on C2 and Me on Si 

 
          (D)  Me on C2 and H on Si                       (I)  Me on C2 and F on Si 

 
          (E)  tBu on C2 and H on Si 
 
Figure A.3.1 DFT/BS-I optimized geometries of Cp(CO)2W(η3-R2

2SiCCR1) and 
Cp(CO)2W(CCR1)(SiR2

2), where R1= H, Me, tBu, or CF3 and R2= H, F, or Me. 
Bond lengths are in angstrom and bond angles are in degree.  a)  Reference 22. 
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A.3.3 Population changes of Cp and M in Cp(CO)2M(η3-R2
2SiCCR1) and 

Cp(CO)2M(CCR1)(SiR2
2). 

 

Table A.3.2 Populationa) changes of Cp and M in Cp(CO)2M(η3-R2
2SiCCR1) (1 for 

M = W and 3 for M = Mo) and Cp(CO)2M(CCR1)(SiR2
2) (2 for M = W and 4 for M = 

Mo). 

R1 on C2 R2 on Si Mo Cp  W Cp 

η3-Silapropargyl/alkynylsilyl form (1 and 3) 

H H 42.404 35.042  74.081 35.115 

  (42.742)b) (35.091)  (74.444) (35.202) 

  [42.953]b) [34.981]  [74.691] [35.062] 

H F 42.489 35.023  74.200 35.094 

Me H 42.399 35.056  74.072 35.124 
tBu H 42.381 35.050  74.063 35.117 

CF3 H 42.393 35.004  74.069 35.078 

H Me 42.391 35.086  74.072 35.140 

Acetylide-silylene form (2 and 4) 

H H 42.415 35.086  74.091 35.151 
  (42.677)b) (35.153)  (74.424) (35.228) 

  [42.958]b) [35.023]  [74.697] [35.101] 

H F 42.588 35.056  74.116 35.117 

Me H 42.466 35.093  74.121 35.158 
tBu H 42.457 35.095  74.129 35.159 

CF3 H 42.372 35.061  74.057 35.127 

H Me 42.404 35.117  74.083 35.175 
a DFT(B3PW91)/BS-II NBO calculation. 
b Values for PMe3 and PF3 are presented in parenthesis and in bracket, respectively. 
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 (A)  The effect of F introduced to Si 

The F on Si considerably lowers the lone pair orbital energy of SiR2
2, which weakens 

the charge-transfer (CT) from SiF2 to M to strengthen the charge-transfer (CT) from Cp to M.  

Thus, the M-Cp distance becomes shorter in the acetylide-silylene form.  In the η3-

silapropargyl/alkynylsilyl form, the situation is different, as follows:  The F on Si moderately 

lowers the HOMO (non-bonding π) of the η3-silapropargyl/alkynylsilyl group because the F 

lowers the HOMO energy by σ-electron-withdrawing nature but raises it by π-electron-

donating nature.  Because the HOMO energy of the η3-silapropargyl/alkynylsilyl group 

becomes moderately lower by the F on Si, the CT from the η3-silapropargyl/alkynylsilyl 

group to Mo becomes moderately weaker, which moderately increases the CT from Cp to Mo 

in 3-F compared to 3.  It is also likely that the larger size of F than H sterically induces the 

lengthening of the Mo-Cp distance.  Probably because the steric effect is larger than the 

electronic one, the Mo-Cp distance becomes moderately longer by the F on Si in 3-F than in 

3.  The same discussion can be presented for the W analogues. 

(B) The effect of Me introduced to Si 

The Me on Si raises the orbital energy of the η3-silapropargyl/alkynylsilyl group to 

suppress the CT from Cp to Mo.  Thus, the Me on Si increases the Mo-Cp distance in 3-Mea.  

In 4-Mea, the Mo-Cp interaction is little influenced by the Me on Si because SiMe2 mainly 

interacts with CCH in 4-Mea unlike SiF2 in 4-F in which SiF2 mainly interacts with the Mo 

center. 

(C) The effects of Me, tBu, and CF3 introduced to C2 
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 The CF3 on C2 weakens the CT from η3-R2
2SiCCR1 to Mo in 3-CF3 and the CT from 

CCR1 to Mo in 4-CF3.  Thus, the Mo-Cp interaction becomes stronger and the Mo-Cp 

distance becomes shorter in both 3-CF3 and 4-CF3 than those of 3 and 4. 

The tBu on C2 moderately lengthens the Mo-Cp distance in 4-tBu, as discussed in the 

text.  This is because the tBu strengthens the donation of CCR1 to weaken the CT from Cp to 

Mo.  However, the tBu slightly shortens the Mo-Cp distance in 3-tBu.  Also, the Me on C2 

moderately decreases the Mo-Cp distance in both 3-Meb and 4-Meb.  The reasons for these 

results can not be found at this moment.  Because the Mo-Cp distance does not deeply relate 

to the relative stability of the η3-silapropargyl/alkynylsilyl form, we wish to stop the 

discussion. 

(D) The effects of PMe3 and PF3   

In both of the PMe3 and PF3 complexes, the Mo-Cp distance becomes shorter than that 

in the CO complex.  The electron population of Cp is larger in the PMe3 complex than in the 

CO complex, and smaller in the PF3 complex than in the CO complex, as expected from 

strongly electron-donating nature of PMe3 and weakly electron-donating nature of PF3 (see 

Appendix A.3.3).   Thus, the change in the Mo-Cp distance is not consistent with the 

population change here.  One plausible reason is that the PMe3 and PF3 can not take the best 

position to form an octahedral-like geometry due to the steric bulk and therefore their 

coordinate bonds with the metal become weaker than that of the CO, leading to the 

strengthening of the Mo-Cp interaction.  However, this is speculation and we wish to stop the 

discussion here, too.   
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A.3.4 Wiberg bond indices in CpL2M(η3-R2
2SiCCR1) and CpL2M(CCR1)(SiR2

2). 
 

Table A.3.3 Wiberg bond indicesa) of several important bonds in CpL2M(η3-
R2

2SiCCR1) and CpL2M(CCR1)(SiR2
2) (M = W or Mo,  L = CO, PMe3, or PF3). 

 
R1 on C2 R2 on Si L M-Si M-C1 M-C2 Si-C1 Si-C2 

η3-Silapropargyl/alkynylsilyl form (1 and 3) 

H H CO 
 

PMe3 
 

PF3 

0.519 
(0.543)b) 

0.615 
(0.662) 
0.509 

(0.535) 

0.297 
(0.338) 
0.359 

(0.463) 
0.311 

(0.352) 

0.389 
(0.441) 
0.447 

((0.659) 
0.389 

(0.435) 

0.926 
(0.930) 
0.919 

(0.852) 
0.918 

(0.918) 

- 
 
- 
 
- 

H F CO 0.568 
(0.601) 

0.304 
(0.346) 

0.362 
(0.417) 

0.741 
(0.741) 

- 

Me H CO 
 

0.528 
(0.550) 

0.284 
(0.328) 

0.337 
(0.392) 

0.914 
(0.922) 

- 

tBu H CO 0.514 
(0.535) 

0.288 
(0.335) 

0.340 
(0.398) 

0.922 
(0.930) 

- 

CF3 H CO 0.492 
(0.520) 

0.331 
(0.375) 

0.418 
(0.463) 

0.943 
(0.942) 

- 

H Me CO 0.458 
(0.483) 

0.311 
(0.353) 

0.410 
(0.463) 

0.873 
(0.879) 

- 

Acetylide-silylene form (2 and 4) 

H H CO 
 

PMe3 
 

PF3 

0.455 
(0.454) 
0.493 

(0.501) 
0.475 

(0.481) 

0.891 
(0.972) 
1.053 

(1.127) 
0.849 

(0.933) 

- 
 
- 
 
- 
 

0.452 
(0.441) 
0.453 

(0.441) 
0.453 

(0.439) 

0.561 
(0.610) 
0.617 

(0.649) 
0.505 

(0.558) 
H F CO 0.637 

(0.664) 
0.636 

(0.690) 
- 0.418 

(0.400) 
0.178 

(0.199) 
Me H CO 0.520 

(0.511) 
0.755 

(0.858) 
- 0.461 

(0.444) 
0.401 

(0.481) 
tBu H CO 0.512 

(0.502) 
0.766 

(0.869) 
- 0.457 

(0.441) 
0.416 

(0.494) 
CF3 H CO 0.402 

(0.408) 
0.999 

(1.068) 
- 0.443 

(0.434) 
0.597 

(0.627) 
H Me CO 0.407 

(0.407) 
0.916 

(0.994) 
- 0.437 

(0.427) 
0.524 

(0.570) 
a DFT(B3PW91)/BS-II NBO calculation. 
b Values in the W complexes are presented in parenthesis. 
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A.3.5 Optimized geometries of Cp*(CO)2M(η3-H2SiCCH) and Cp(CO)2M(CCH)(SiH2). 

 
 
 

 
                            1-Cp*                                    2-Cp* 
 

 
                           3-Cp*                                     4-Cp* 
Figure A.3.2 DFT/BS-I optimized geometries of Cp*(CO)2M(η3-
H2SiCCH) and Cp(CO)2M(CCH)(SiH2), where M = W or Mo. 
 
Bond lengths are in angstrom and bond angles are in degree. 
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A.3.6 Relative stability of CpL2M(η3-R2
2SiCCR1) to CpL2M(CCR1)(SiR2

2). 
 
 
 Table A.3.4 Relative stability (∆E)a) (in kcal/mol unit) of CpL2M(η3-R2

2SiCCR1) to CpL2M(CCR1)(SiR2
2) (M = W or Mo). 

 
   M = W  M = Mo 

R1 on C2 R2 on Si L BS-I BS-II BS-III  BS-I BS-II BS-III 

tBu H CO -5.9 -5.2 -4.8  -2.7 -2.3 -3.1 

H H CO 

PMe3 

PF3 

-5.5 (-4.8)b) 

-15.0 

-5.9 

-4.9 (-4.0)

-14.3 

-5.6 

-4.2 (-3.3) 

-15.3 

-5.1 

 -1.8 (-1.0)

-6.6 

-2.6 

-1.9 (-0.9) 

-6.7 

-2.4 

-2.1 (-0.9) 

-7.8 

-3.5 

H Me CO -4.8 -4.2 -3.2  -1.0 -0.7 -1.1 

CF3 H CO -4.8 -4.1 -4.5  -1.0 -0.7 -2.4 

Me F CO -4.7 -4.0 -3.3  -2.2 -1.8 -2.2 

Me H CO -4.1 -3.5 -2.7  -0.8 -0.4 -0.9 

Me Me CO -3.2 -2.5 -1.4  0.0 +0.4 +0.2 

H F CO -2.7 -2.0 -1.4  -0.3 +0.1 -0.4 

CF3 F CO +0.2 +1.1 +0.7  +2.1 +2.6 +1.3 
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a  The ∆E value is energy difference between CpL2M(CCR1)(SiR2
2) and CpL2M(R2

2SiCCR1).  The DFT(B3PW91) method 
was employed. 
b  In parenthesis is the ∆E value between Cp*(CO)2M(CCR1)(SiR2

2) and Cp*(CO)2M(R2
2SiCCR1). 

 
 
 
 

 



 

A.3.7 Wiberg Bond Index Change in Cp(CO)2W(η3-H2SiCCH) 3 and 

Cp(CO)2W(CCH)(SiH2) 4 by introduction of substituents on Si and C. 

 

     Bond  Wiberg Bond Index Change 

3 → 3-Mea   Mo-C2   -0.052 

     Si-C1   -0.012 

4 → 4-Mea   Mo-C1   -0.136 

 

3 → 3-tBu   Mo-C2   -0.049 

     Si-C1   -0.004 

4 → 4-tBu   Mo-C1   -0.125 

 

3 → 3-CF3   Mo-C2   +0.074 

4 → 4-CF3   Mo-C1   +0.108 

 

 3 → 3-Meb   Mo-Si   -0.061 

     Mo-C2   +0.021 

 4 → 4-Meb   Mo-Si   -0.048 

 

3 → 3-PMe3   Mo-Si   +0.096 

    Mo-C1   +0.062 

    Mo-C2   +0.058 

4 → 4-PMe3   Mo-C1   +0.162 

    Si-C2   +0.056 

 

 3 → 3-PF3   Mo-Si   -0.010 

     Mo-C1   +0.014 

 4 → 4-PF3   Mo-C1   -0.042 

     Si-C2   -0.056 

 
The positive and negative signs represent the increase and decrease of bond index, 

respectively. 
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A.3.8 Free energy change (∆G0) and Equilibrium constant (Kp) in conversion reaction of 
Cp(CO)2M(η3-R2

2SiCCR1) to Cp(CO)2M(CCR1)(SiR2
2). 

 
Table A.3.5 Free energy change (∆G0) and value of Equilibrium constant (Kp) in 
conversion reaction of Cp(CO)2M(η3-R2

2SiCCR1) to Cp(CO)2M(CCR1)(SiR2
2), (M = 

W or Mo). 
 

 
R1 

on C2 
R2 

on Si 
∆G0

gas
a) 

kcal/mol 
∆G0

sol
b) 

kcal/mol 
∆G0c) 

kcal/mol 
Kp 
 

M = W 
t H - 1.2 - 2Bu  7.2 6.0 .4×104 
H H - 0 - 2
H M - 0.4 - 8

C H - 0.2 - 7
M F - 0.9 - 7
M H - 0.8 - 3
M M -3.2 0.2 - 1
H F - 0 - 3

C F - 0.7 0 8
M

  5.2 .6 4.6 .3×103 
 e 4.4 4.0 .8×102 

F3  4.1 3.9 .0×102 
e  4.9 4.0 .8×102 
e  4.3 3.5 .8×102 
e e 3.0 .9×102 
  2.6 .7 1.9 .0×101 

F3  0.6 .1 .2×10-1 
 = Mo 

t H - 1 - 4Bu  3.2 .0 2.2 .0×101 
H H - 0 -1.3 9.3 

M F - 1 -1.8 2.1 
H M - 0 -0.7 3.2 

C H - 0.3 -0.7 3.0 
M H - 0 -0.7 3.2 
H F - 0 + 7

M M 4 - - 1
C F 0.8 0 + 6

  1.9 .6 
e  3.0 .2 
 e 0.9 .2 

F3  1.0 
e  1.3 .7 
  0.5 .6 0.1 .0×10-1 
e e .3×10-2 0.1 6.0×10-2 .1 

F3  .8 1.7 .0×10-2 
 
(a) DFT(B3PW91)/BS-II. 
(b) PCM-DFT(B3PW91)/BS-II. 
(c) ∆G0 = ∆G0

gas + ∆G0
sol. 
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Cp(CO)2M(η3-R2
2SiCCR1)  

Kp
  Cp(CO)2M(CCR1)(SiR2

2)           (3.1) 

       We evaluated equilibrium constant (Kp) between the η3-silapropargyl/alkynylsilyl and 

acetylide-silylene forms to incorporate the entropy and thermal energy in the discussion.  

First, Gibbs free energy change ∆G0
gas was calculated in gas phase and then the free energy 

change ∆G0
sol by solvation (toluene) was added to ∆G0

gas, to afford total free energy change 

∆G0, as shown in Appendix A.3.8, where ∆G0 is the difference in free energy change from the 

right-hand side to the left-hand side of eq 3.1; in other words, the negative ∆G0 value 

represents that the acetylide-silylene form is more stable than the η3-silapropargyl/alkynylsilyl 

form and Kp is larger than 1.0.  The equilibrium constant (Kp) was evaluated with these ∆G0 

values.  Both of the Kp and ∆E values present the same trend about the relative stability; see 

Table 3.2 for ∆E values.  Apparently, the Kp values of the molybdenum complexes are much 

smaller than that of the tungsten complexes.  In both tungsten and molybdenum complexes, 

the Kp value is the largest for the combination of tBu on C2 and H on Si and the smallest for 

the combination of CF3 on C2 and F on Si.  This means that the acetylide-silylene form can be 

isolated easily in the tungsten complex when the bulky tBu is introduced on C2.  On the other 

hand, the η3-silapropargyl/alkynylsilyl form can be isolated in the molybdenum complex, 

when the CF3 and F are introduced on C2 and Si, respectively.  These conclusions are the 

same as those presented by the potential energy changes.  Thus, we wish to discuss the 

relative stability based on the ∆E value, hereafter. 
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A.3.9 Optimized geometries of CpL2W(η3-H2SiCCH) and CpL2W(CCH)(SiH2). 

 
 
 
 
 

 
                           < PMoP = 88                            < PMoP = 87 

(A)  PMe3 ligand systems 
 

 
                            < PMoP = 83                             < PMoP = 85 

(B)  PMe3 ligand systems 
 

Figure A.3.3 DFT/BS-I optimized geometries of CpL2W(η3-H2SiCCH) 
and CpL2W(CCH)(SiH2), where L = PMe3 or PF3. 
Bond lengths are in angstrom and bond angles are in degree. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 153



 

 154

A.3.10 Activation barriers calculated with various computational methods in the conversion 

reaction of Cp(CO)2M(η3-H2SiCCH) to Cp(CO)2M(CCH)(SiH2) (M= W or Mo). 

 
 

Table A.3.6 Activation barriers (Ea)a calculated with various computational 

methods in the conversion reaction of Cp(CO)2M(η3-H2SiCCH) to 

Cp(CO)2M(CCH)(SiH2). 

 
 

M = W b) M = Mo Method  
DFT 15.3 13.2  
MP2 20.7 19.4  
MP3 14.0 11.4  
MP4(DQ) 15.5 14.1  
MP4(SDQ) 14.8 13.6  
MP4(SDTQ) 18.8 18.2  
CCSD(T) 15.8 14.1  

  
a  Ea is energy difference between transition state and Cp(CO)2M(η3-
R2

2SiCCR1).  The BS-II was employed.   b  Ref. 22. 
 
 
 
 
 
 
 
 
 
 
 
 
 



Chapter 4 

 

Theoretical Study of New Ethynediyl-Bridged 

Bis(Silylene) Dinuclear Tungsten Complex: 

Novel Bonding Nature and Electronic Structure 

 

 
4.1 Introduction 

 Ethynediyl (C2
2-)-bridged dinuclear transition metal complexes have received much 

interest because of their characteristic geometries, bonding natures, electronic structures, 

and physicochemical properties [1-18].  Also, they are building block for the synthesis of 

bare carbon chain stabilized by the transition metal complexes [2, 3, 18].  In this regard, 

various ethynediyl-bridged dinuclear transition metal complexes have been synthesized 

and investigated in many experimental [1-17] and theoretical works [16b, 17, 18]. 

 Three possible bonding modes have been proposed, as shown in Schemes 4.1(A) to 

(C); namely acetylenic M-C≡C-M, cumulenic M=C=C=M, and dimetalla-1,3-butadiyne 

M≡C-C≡M [2, 17, 18].  Among these three valence bond descriptions, most of the 

synthesized complexes contain an acetylenic M-C≡C-M structure [3, 6b, 9, 14, 15, 16, 18].  

The cumulenic structure was found in a few titanium [2] and tantalum [2, 5] complexes 

and the dimetalla-1,3-butadiyne structure was reported only in a tungsten complex 

(tBuO)3W≡C-C≡W(OtBu)3 [4, 17]. 

 Recently, a dinuclear tungsten complex 

Cp*(CO)2(SiPh2)W-CC-W(SiPh2)(CO)2Cp* R1 (Cp* = C5Me5) was synthesized by 

Sakaba and his coworkers [19].  Its mononuclear complex Cp*(CO)2W(SiPh2)(CCtBu) R2
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      (A)  Acetylenic form                      (B)  Cumulenic form               (C)  Dimetalla butadiyne form        (D)  Disilabutadiyne form 

 
Four Possible Bonding Modes of Cp*(CO)2(SiPh2)W-CC-W(SiPh2)(CO)2Cp* R1 

 
Scheme 4.1 
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was also synthesized, recently [20].  Our theoretical study of the model mononuclear 

complex Cp(CO)2W(SiH2)(CCH) disclosed its novel bonding nature [21], as follows: It is 

a tungsten acetylide silylene complex which involves two kinds of charge transfer (CT) 

interactions between the silylene and acetylide moieties; one is the CT from the lone pair 

orbital of the silylene to the π* orbital of the acetylide and the other is the CT from the π 

orbital of the acetylide to the empty p orbital of the silylene.  However, the geometries of 

the CC and SiH2 moieties of R1 are considerably different from those of R2.  Thus, it is 

worthy investigating the bonding nature of R1, as follows:  (i) which bonding mode of the 

acetylenic form W-C≡C-W, the cumulenic form W=C=C=W, and the 

dimetalla-1,3-butadiyne form W≡C-C≡W is involved in R1, (ii) whether or not the 

Si-C-C-Si moiety of R1 is characterized to be a disilabutadiene (R2Si=C-C=SiR2) (see 

Scheme 4.1 (D)), (iii) whether or not the bonding interaction is formed between the Si and 

C atoms.  It is also noted that transition metal silylene complexes are interesting research 

targets in the coordination chemistry, organometallic chemistry, synthetic chemistry, and 

theoretical chemistry because of their interesting bonding natures, electronic structures, 

and important roles as intermediates in various metal-catalyzed transformation reactions of 

organosilicon compounds [20-40].  In this regard, transition metal silylene complexes 

have been investigated in many experimental [20, 22-35] and theoretical works [21, 

36-40] to understand their structural features, bonding natures, electronic structures, and 

reaction behavior. 

In this work, we theoretically investigated Cp(CO)2(SiH2)W-CC-W(SiH2)(CO)2Cp 

1 (Cp = C5H5) with the DFT method, where 1 was employed as a model of R1.  For clear 

understanding of the bonding nature of 1, we also investigated a model ethynediyl-bridged 

bis(silylene) dinuclear tungsten complex Cp(CO)2(SiH2)W-C≡C-W(SiH2)(CO)2Cp 2, in 

which the CC and SiH2 groups take positions opposite to each other; in other words, no 
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interaction exists between them (see Scheme 4.2).  A typical dicarbido dinuclear tungsten 

complex (MeO)3W≡C-C≡W(OMe)3 3 and a mononuclear tungsten carbyne complex 

Cp(CO)2W≡CH 4 were also investigated here (see Scheme 4.2) for making comparison of 

1 with 3 and 4.  Complex 2 is not unusual because a similar ethynediyl-bridged dinuclear 

tungsten complex Cp(CO)3W-C≡C-W(CO)3Cp was experimentally isolated [9]; note that 

the silylene resembles CO because the silylene has the lone pair and empty p orbitals like 

the CO.  Complexes 3 and 4 are models of experimentally isolated 

(tBuO)3W≡C-C≡W(OtBu)3 [4] and CpL2W≡CR [L = CO, P(OMe)3 and R = Ph and Me] 

[41], respectively.  Here, our main purpose is to present correct understanding of the 

bonding nature and electronic structure of 1. 

W CO

C
C

W CO

H2Si

SiH2

OC CO
W C C W

OMe OMe

OMe OMe

OMeMeO W

CHOC

OC

 

                              2                                              3                                                           4 

Scheme 4.2 

 

4.2 Computational Details 

Geometry of Cp(CO)2(SiH2)W-CC-W(SiH2)(CO)2Cp 1 was optimized with the 

density functional theory (DFT), where the B3PW91 functional [42, 43] was employed for 

the exchange-correlation term because this functional presented better agreement of the 

optimized geometry of the model mononuclear complex Cp(CO)2W(CCH)(SiH2) 5 [21] 

with the experimental one Cp*(CO)2W(CCtBu)(SiPh2) R2 [20] than does the 
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B3LYP-functional [42, 44].  We ascertained that none of the equilibrium geometries 

exhibited any imaginary frequency. 

Two kinds of basis set systems, BS-I and BS-II, were mainly used in this work.  In 

BS-I, core electrons of W were replaced with effective core potentials (ECPs) [45] and 

their valence electrons were represented by (341/321/21) basis sets [45].  Usual cc-pVDZ 

[46] basis sets were employed for Si, C, and O and usual 6-31G [47] basis set was used for 

H.  This BS-I system was used for geometry optimization.  In BS-II, the core electrons of 

W were replaced with Stuttgart-Dresden-Bonn (SDB) ECPs and their valence electrons 

were represented by (311111/22111/411/11) basis sets [48, 49].  For the other atoms, the 

cc-pVTZ basis sets [50] were employed, where the f polarization function was excluded to 

save the computational time.  This BS-II system was used to evaluate Wiberg bond index 

[51] and population changes.  Another basis set system BS-III was employed to check the 

reliability of the Mulliken population analysis with the BS-II system because a very 

diffuse function tends to present unreasonable Mulliken population in several cases.  In 

BS-III, the valence electrons of W were represented by (541/541/111/1) basis set [45, 52, 

53], where its core electrons were replaced with the same ECPs as those of BS-I.  For the 

other atoms, the same basis sets as those of the BS-I were employed.  The 

BS-III-calculated Mulliken populations are similar to the BS-II-calculated values; see 

Appendix A.4.1.  We present BS-II-calculated populations in the discussion. 

Gaussian 03 program package (revision C.02) [54] was used for all these computations.  

Population analysis was carried out with the method proposed by Weinhold et al [55].  

Molecular orbitals were drawn with MOLEKEL program package (version 4.3) [56]. 

 

4.3 Results and Discussion 
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4.3.1 Optimized Geometries of Cp(CO)2(SiH2)W-CC-W(SiH2)(CO)2Cp 

1, Ethynediyl-Bridged Bis(Silylene) Dinuclear Tungsten Complex 

Cp(CO)2(SiH2)W-C≡C-W(SiH2)(CO)2Cp 2, Dicarbido-Bridged 

Dinuclear Tungsten Complex (MeO)3W≡C-C≡W(OMe)3 3, and Tungsten 

Carbyne Complex Cp(CO)2W(CH) 4 

 The optimized geometry of 1 (see Figure 4.1) agrees well with the experimental one, 

as shown in Table 4.1.  The W-Si distances (2.489 Å) in 1 are moderately longer than the 

usual W-silylene distance (~2.45 Å) [35] but somewhat shorter than that (2.616 Å) of 

 
W1C1C2W2 = 89º,  Si1C1C2Si2 = 89º                                    WC1C2C2W2 = 24º 
                      (A) 1                                                                        (B) 2 

 
            W1C1C2W2 = 0º 
                   (C) 3                                    (D) 4                               (E)     5b) 
 
Figure 4.1.  Optimizeda) geometries of (A) Cp(CO)2(SiH2)W-CC-W(SiH2)(CO)2Cp 1, 
(B) Cp(CO)2(SiH2)W-C≡C-W(SiH2)(CO)2Cp 2, (C) (MeO)3W≡C-C≡W(OMe3) 3, (D) 
Cp(CO)2W(CH) 4, and (E) Cp(CO)2W(CCH)(SiH2) 5.  In parentheses are the Wiberg 
bond indicesc) and without parentheses are the bond lengths (in Å). 
a)  DFT(B3PW91)/BS-I method was employed.    b) Ref. 21 (a).     c) DFT(B3PW91)/BS-
II NBO calculation. 
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Cp(CO)2W(CCH)(SiH2) 5 [21]; see Figure 4.1 and Table 4.1.  The angle α between the 

lone pair of the SiH2 group and the W-Si bond is 11º in 1, which is much smaller than that 

(35º) of 5; see Scheme 4.3 for the definition of the angle α.  This small angle represents 

that the lone pair of the SiH2 does not deviate very much from the W-Si axis.  Also, the 

W-Si bond index (0.460) is moderately larger in 1 than that (0.441) of 5; see Figure 4.1 for 

the Wiberg bond indices.  In 2, the SiH2 moiety takes the position trans to the CC moiety 

(see Figure 4.1).  The W-Si distance of 2 is somewhat shorter than that of 1 by 0.11 Å and 

the W-Si bond index (1.049) is about two times as large as that of 1.  All these results 

indicate that the W-Si bonding interaction is somewhat stronger in 1 than in 5 but 

considerably weaker than in 2 and that the silylene interacts with both of the W and the 

Table 4.1. Selected optimized parametersa) of Cp(CO)2(SiH2)W-CC-W(SiH2)(CO)2Cp 1, 

Cp(CO)2(SiH2)W-C≡C-W(SiH2)(CO)2Cp 2, (MeO)3W≡C-C≡W(MeO)3 3, 

Cp(CO)2W(CH) 4, and Cp(CO)2W(CCH)(SiH2) 5. 

 
 1 2 3 4 5c) 

Calcd. Expt.b)      
M1-Si1 
M2-Si2 

2.492 
2.485 

2.477 
2.480 

2.387 - 
- 

- 
- 

2.616 
2.387 - 

M1-C1 
M2-C2 

2.034 
2.043 

2.068 
2.089 

2.104 1.781 
1.781 

1.804 
- 

2.014 
2.105 - 

Si1-C1 
Si2-C2 

1.890 
1.881 

1.898 
1.876 

- 
- 

- 
- 

- 
- 

1.968 
- 

Si1-C2 
Si2-C1 

2.908 
2.827 

- 
- 

- 
- 

- 
- 

- 
- 

1.957 
- 

C1-C2 1.337 1.343 1.242 1.378 - 1.299 

M1-Si1-C1 53.0 
54.0 

54.5 
55.2 

- 
- 

- 
- 

- 
M2-Si2-C2 - 

49.7 
- 

M1-C1-C2 159.0 
152.0 

165.1 
151.0 

179.0 
M2-C2-C1 179.2 

180.0 
179.8 

- 
- 

152.1 
- 

 
Bond lengths are in angstrom and bond angles are in degree. 
a)  DFT (B3PW91)/BS-I method was employed.  b) Ref. 19.  c) Ref. 21(a). 
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CC moiety in 1.  The weaker W-Si bond of 1 than in 2 suggests the presence of the 

bonding interaction between the SiH2 and CC moieties in 1, as will be discussed below; 

note that such interaction is absent in 2. 

The W-C (2.039 Å) distance in 1 is in the range of the usual W-C single bond 

distance (~2.05 Å) [57, 58], somewhat shorter than that (2.104 Å) of 2, and moderately 

longer than that (2.014 Å) of 5.  However, it is considerably longer than the W-C double 

bond distance (~1.9 Å) [59] and much longer than the W-C triple bond distances of 3 

(1.781 Å) and 4 (1.804 Å).  Also, the W-C bond index is somewhat larger in 1 (0.957) 

than in 2 (0.695), similar to that of 5 (0.964), and much smaller than in 3 (2.190) and 4 

(2.171).  All these results rule out the possibility that 1 involves a W-C multiple bond.  

The WCC angle is 156˚ in 1, while it is about 180˚ in 2 including a typical W-ethynediyl 

bond.  Also, the WCCW dihedral angle is 89˚ in 1, while it is 24˚ in 2.  These results 

suggest that the W-C bond of 1 is much different from that of the pure ethynediyl 

complex.

 
                                 2                                                                   5 

Angles are in degree 
 

Scheme 4.3 



 

 

 

                  6a)                                                   6-anb)                                      6-an-pc)                                             6-1d) 

      SiC1C2Si = 180º                            SiC1C2Si = 180º                        SiC1C2Si = 90º                              SiC1C2Si = 89º 

 
Figure 4.2.  Geometries of H2Si=CH-CH=SiH2 6 and [H2SiCCSiH2]2- 6-an, 6-an-p, and 6-1.  Bond lengths are in angstrom 
and bond angles are in degree.  In parentheses are the Wiberg bond indices.e) 
a) H2SiCHCHSiH2 was optimized with the DFT(B3PW91)/BS-I method.    b) Geometry was taken to be the same as that of 6. 
c) Geometry was taken to be the same as that of 6-an except the SiCCSi dihedral angle was changed to 90º.    d) Geometry was 
taken to be the same as that in 1.    e)  DFT(B3PW91)/BS-II NBO calculation. 
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The C1-C2 distance (1.337 Å) of 1 is considerably longer than that of 2 by 0.095 

Å, somewhat longer than that of 5 by 0.038 Å, and somewhat shorter than that of 3 by 

0.041 Å.  Consistent with these bond distances, the C1-C2 bond index (1.680) is 

considerably smaller in 1 than in 5 (2.101) and much smaller than in 2 (2.649), but 

moderately larger than in 3 (1.417).  This C1-C2 distance of 1 is similar to that (1.210 Å) 

of the C-C double bond and considerably shorter than that (1.428 Å) of a disilabutadiene 

H2Si=CH-CH=SiH2 6, which is a silicon analogue of 1,3-butadiene H2C=CH-CH=CH2 

(see Figure 4.2) [60].  Its bond index is between those of the C-C single (1.043) and C=C 

double (2.052) bonds and much larger than that (1.103) of 6 (see Figure 4.2) [60].  From 

all these results, it is concluded that the C1-C2 bond of 1 is much weaker than that of the 

pure ethynediyl complex 2, but the π-conjugation in the CC moiety is much stronger than 

in disilabutadiene 6. 

The Si1-C1 and Si2-C2 distances (1.885 Å) are considerably shorter in 1 than the 

Si-C1 distance (1.968 Å) of 5, but the Si1-C2 and Si2-C1 distances (2.850 Å) are much 

longer in 1 than the Si-C2 distance (1.957 Å) of 5; see Figure 4.1.  The Si1-C1 and Si2-C2 

bond indices are 0.705 and 0.675, respectively, in 1, which are somewhat larger than the 

Si-C1 and Si-C2 bond indices (0.447 and 0.609) of 5.  On the other hand, the Si1-C2 and 

Si2-C1 bond indices (0.065 and 0.075, respectively) are very small in 1, as expected from 

the geometry of 1.  These Si1-C1 and Si2-C2 distances of 1 are similar to the Si-C single 

bond (1.895 Å) but considerably longer than the Si-C distance (1.750 Å) of 6 (see Figure 

4.2) [61].  Their bond indices are somewhat smaller than that (0.884) of the Si-C single 

bond but considerably smaller than that (1.144) of 6 [61].  It is worthy comparing the bond 

distances and bond indices between the H2SiCCSiH2 moiety of 1 and a deprotonated 

disilabutadiene (H2SiCCSiH2)2- 6-an (see Figure 4.2), where the geometry of 6-an was 

taken to be the same as the corresponding moiety of 6 because the geometry optimization 
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of 6-an leads to the linear Si-C-C-Si geometry, as shown in Appendix A.4.2.  The Si1-C1 

and C1-C2 bond indices of 6-an are much larger than those of 6.  Thus, the Si1-C1 and 

Si2-C2 bonds of 1 are much weaker and the C1-C2 bond is somewhat weaker than those 

of 6-an.  All these results indicate that the Si1-C1 and Si2-C2 bonding interactions 

correspond to the Si-C single bond and the C1-C2 bond is similar to the double bond in 1.  

It should be noted that the SiCCSi moiety is not planar in 1 but the SiCCSi dihedral angle 

is 89˚, while it is 180˚ in 6, indicating the SiCCSi moiety of 1 is not characterized to be a 

disilabutadiene.  Because the Si-C-C-Si dihedral angle is about 90˚ in 1, we calculated 

[H2SiCCSiH2]2- 6-an-p in which the geometry was taken to be the same as that of 6-an 

except that the Si-C-C-Si dihedral angle was changed to 90˚ and also another 

[H2SiCCSiH2]2- 6-1 where the geometry was taken to be the same as that in 1; see Figure 

4.2.  Apparently, the C1-C2 bond index is much larger in 6-an-p and 6-1 than in 1 and the 

Si-C bond index is somewhat larger in 6-an-p and 6-1 than in 1.  These results suggest 

that the [H2SiCCSiH2]2- moiety of 1 is much different from 6-an-p and 6-1 and that 

various CT interactions are formed between the SiH2, CC, and W moieties in 1 to induce 

significantly large change in the H2SiCCSiH2 moiety of 1, which will be discussed below 

in detail. 

 

4.3.2 Population and MO Analyses 

W atomic and its d orbital populations in 1 are similar to those of 5 but somewhat 

smaller than in 2 by 0.159e and 0.079e, respectively; see Table 4.2.  The population of the 

SiH2 moiety is moderately smaller in 1 than in 5 by 0.028e but much smaller than in 2 by 

0.254e, indicating that the SiH2 moiety of 1 is much different from those of the pure 

silylene complex 2.  The population of the CC moiety is considerably larger in 1 than in 2, 

5, and H2C≡CH2 by 0.397e, 0.208e, and 0.490e, respectively, and considerably smaller 

 165



 

than in 6 by 0.604e.  These results indicate that the CC moiety of 1 is different from those 

of the pure ethynediyl complex 2, the acetylide complex 5, and disilabutadiene 6.  It is 

noted that the population of the CC moiety (12.957e) of 1 is moderately larger than that of 

6-1 (12.929e) but much smaller than that of 6-an (13.849e).  The population (15.322e) of  

the SiH2 moiety of 1 is considerably smaller than in 6 (15.448e), 6-1 (16.551e), and 6-an 

(16.076e).  From these results, it is concluded that the H2Si-C-C-SiH2 moiety of 1 is not a 

disilabutadiene dianion. 

Also, these results suggest that the CT interactions in 1 are different from those of 

5 which was discussed previously [21].  To get clear pictures about the CT interactions, 

we inspected the MOs of 1; see Figure 4.3.  Also, we analyzed the MOs by representing 

them with a linear combination of the MOs of fragments, using eq 4.1 [62, 63], where 1 is 

considered to consist of five moieties, as shown in Scheme 4.4; 

Table 4.2. NBOa) populations of several important atoms and groups in 

Cp(CO)2(SiH2)W-CC-W(SiH2)(CO)2Cp 1, Cp(CO)2(SiH2)W-C≡C-W(SiH2)(CO)2Cp 

2, and Cp(CO)2W(CCH)(SiH2) 5. 

 
 1 2 5 
W 74.214 74.373 74.240 
d 5.879 5.958 5.874 
Si 13.022 13.207 13.070 
SiH2 15.322 15.564 15.350 
C 6.493 6.265 6.186 
C 6.464 6.296 6.563 
CC 12.957 12.560 12.749 

 
a)  DFT(B3PW91)/BS-II NBO calculation. 

(E)φe(D)φd(C)φc(B)φb(A)φa(ABCDE)ψ n
n

inm
m

iml
l

ilk
k

ikj
j

iji ∑+∑+∑+∑+∑=        (4.1) 

The ψi(ABCDE) represents the i-th MO of the total system ABCDE, the φj(A) is the j-th 

MO of fragment A [Cp(CO)2W]A
+, the φk(B) is the k-th MO of fragment B (SiH2)B, the  
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                                                                   HOMOa (-5.7)                            HOMOb (-5.8) 

 
           HOMO-1a (-5.9)            HOMO-1b (-6.0)          HOMO-2a (-7.0)           HOMO-2b (-7.1) 

       HOMO-3a (-8.2)           HOMO-3b (-8.3)              HOMO-4 (-9.1)             HOMO-6 (-10.1) 
 

Figure 4.3.  Several important Kohn-Sham MOs in Cp(CO)2(SiH2)W-CC-W(CO)2Cp 1.  In 
parentheses are the orbital energies (in eV). 
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φl(C) is the l-th MO of fragment C (CC)C
2-, the φm(D) is the m-th MO of fragment D 

(SiH2)D, and the φn(E) is the n-th MO of fragment E [Cp(CO)2W]E
+.  The aij, bik, cil, dim, 

and ein are the expansion coefficients of the φj(A), φk(B), φl(C), φm(D), and φn(E), 

respectively.  Important MOs of the [Cp(CO)2W]+ are LUMO+2, LUMO+1, LUMO, 

HOMO, and HOMO-1, which mainly consist of the d orbitals of the W center.  They are 

named )W(φ 2+LUMO  etc. hereafter; see Figure 4.4(A) for these MOs.  In the SiH2, HOMO 

and LUMO play important roles in 1.  The LUMO mainly consists of the empty p orbital 

and the HOMO is the lone pair orbital; see Figure 4.4(B).  These LUMO and HOMO are 

named φSi
p and φSi

lp, respectively.  In the (CC)2-, π*, π, and lone pair orbitals play 

important roles in 1.  The degenerate LUMOs are two π* orbitals which are perpendicular 

to each other.  They are named φCC
π1* and φCC

π2*, respectively; see Figure 4.4(C).  The 

HOMO and HOMO-2 are two lone pair orbitals, which are named φCC
lp1 and φCC

lp2

 
 

Scheme 4.4 



 

respectively.  The degenerate HOMO-1s are two π orbitals, which are named φCC
π1 and 

φCC
π2, respectively. 

                               LUMO+2        LUMO+1       LUMO           HOMO          HOMO-1 
                                                     )W(φ

2+LUMO
)W(φ

1+LUMO
)W(φ

LUMO
)W(φ

HOMO
)W(φ

1-HOMO

(A)  [Cp(CO)2W]+ 
 

 
                                                                      LUMO          HOMO 
                                                                        (φSi

P)              (φSi
lp) 

(B)  SiH2 
 

 

                               LUMOa)                  HOMO              HOMO-1a)           HOMO-3 
                                 (φCC

π*)                   (φCC
lp1)                   (φCC

π)                   (φCC
lp2) 

(C)  [CC]2- 
 

Figure 4.4. Several important Kohn-Sham MOs in [Cp(CO)2W]+, SiH2, and (CC)2-. 
a) LUMO and HOMO-1 are doubly degenerate.  The other orbital perpendicular to this 
picture exists beside this orbital. 

As shown in Figure 4.3, the degenerate HOMOs of 1 mainly consist of the 

occupied d orbital of the W2 (dW
occ), which overlaps with the φCC

π* in a bonding way.  

This is the π-back-donation from the W2 to the CC moiety.  Also, another back-donation 

interaction between the dW
occ of the W1 and the φSi

p is involved in this HOMO.  These 

results are supported by the analysis of MOs with the eq 4.1; see Scheme 4.5(A) for the 

expansion coefficients of the dW
occ, φCC

π*, and φSi
p.  The degenerate HOMO-1s mainly
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                         docc

a): 10          12                 2                10           docc: 30                       HOMO 
                         dunoc

b): 4            dunoc: 17 

(A)  HOMO 

docc: 29      5           3               5                6                  3            docc: 2          6             3                     HOMO-4 
dunoc: 4           dunoc: 22 

(B)  HOMO-2 

 
                                                    28               5                dunoc: 8                  HOMO-6 

(C)  HOMO-3 
 

a) Occupied d orbital of W.        b) Unoccupied d orbital of W 

Scheme 4.5: Weights (in %) of fragment MOs 
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consist of the dW
occ.  The degenerate HOMO-2s involve several kinds of CT interactions 

which are formed between the W, CC, and SiH2, as follows:  The dW
occ of W1 largely 

participates in this HOMO-2, into which the unoccupied φCC
π* and φSi

p mix in a bonding 

way but the φSi
lp mixes in an anti-bonding way.  Also, the dW

unoc of the W2 largely 

participates in this HOMO-2, into which the occupied φSi
lp, φCC

lp, and φCC
π moderately 

mix in a bonding way.  These orbital interactions are supported by their expansion 

coefficients; see Scheme 4.5(B).  However, the presences of the φCC
π and φCC

π* are not 

clearly observed in this HOMO-2 (Figure 4.3).  This result is interpreted in terms of the π 

orbital polarization of the CC moiety, as follows:  As shown in Scheme 4.6(A), the mixing 

of the φCC
π* into the φCC

π considerably increases the p orbital of C1 but considerably 

decreases the p orbital of C2.  This polarized π1 bonding orbital is observed in the 

HOMO-2.  In the π2 space perpendicular to the π1, the reverse polarization occurs to 

increase the p orbital of C2 and decrease the p orbital of C1.  These polarizations lead to 

the equivalent atomic populations of C1 and C2 and also the weakening of the π bonding 

nature.  Also, the φSi
p is not clearly observed in the HOMO-2.  This is because the bonding 

 
(A) 

 

W

Si

H H

W

Si

H H  
(B) 

 
Scheme 4.6 
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mixing of the φSi
p and the anti-bonding mixing of the φSi

lp with the dW
occ of the W1 lead to 

the distorted bonding orbital, as shown in Scheme 4.6(B).  The degenerate HOMO-3s 

mainly involve the φCC
π, which overlaps with the φSi

p and the dW
unoc in a bonding way; see 

Scheme 4.5(C) for their expansion coefficients.  The HOMO-4 and HOMO-6 involve the 

bonding interaction between the φCC
lp and the dW

unoc.  Though the CT from the φCC
π to the 

φSi
p is found, the CT from the φSi

lp to the φCC
π* is not clearly observed in the MOs of 1 

unlike in 5.  This is because the φSi
lp expands toward the W center in 1 but toward the CC 

moiety in 5. 

 

4.3.3 Mulliken Population in Fragment MOs 

We evaluated the electron population of the fragment MOs by eq 4.2; 

]SeaSdaScaSbaa[(A)ρ jnin
n

ijjmim
m

ijjlil
l

ijjkik
k

ij
occ

i

2
ijj ∑+∑+∑+∑+∑=                (4.2) 

where the ρj(A) represents how much electron population the φj(A) possesses in the total 

system ABCDE and the Sjk is the overlap integral between the φj(A) and the φk(B).  The 

sum of the populations of all MOs of the fragment A is the same as the sum of the 

Mulliken atomic populations in the fragment A. 

As shown in Table 4.3, the population (1.863e) of the )W(φ 1-HOMO  is close to 2.0e 

in 1 and that (1.489e) of the )W(φHOMO  is similar to that (1.454e) of 2 but considerably 

smaller than that of 5 (1.778e).  Because 2 has an acetylenic structure (W-C≡C-W), 2 is a 

d4 complex.  The population of the )W(φHOMO  in 1 is similar to that of 2, indicating that 1 

is understood to be a d4 complex (+II oxidation state), too.  The considerably smaller 

population of the )W(φHOMO  in 1 and 2 than in 5 arises from the larger CT from the 

)W(φHOMO  to the φSi
p [64], which will be discussed below. 
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The population (0.575e) of the φSi
p is moderately larger in 1 than in 2 (0.540e) but 

somewhat smaller than in 5 (0.665e), while that (0.941e) of the φSi
lp is considerably larger 

in 1 than in 5 (0.793e) but considerably smaller than in 2 (1.256e); see Table 4.3.  The 

population (0.453e) of the φCC
π* is somewhat larger in 1 than in 5 (0.397e) but 

considerably larger than in 2 (0.097e), though the φSi
lp does not overlap well with the 

φCC
π*.  The population (1.492e) of the φCC

π in 1 is similar to that (1.469e) of 5 but 

considerably smaller than that (1.812e) of 2.  The population (1.277e) of the φCC
lp1 in 1 is 

Table 4.3.  Mulliken Populationsa) of Fragment MOs in 

Cp(CO)2(SiH2)W-CC-W(SiH2)(CO)2Cp 1, 

Cp(CO)2(SiH2)W-C≡C-W(SiH2)(CO)2Cp] 2, and Cp(CO)2W(CCH)(SiH2) 5. 

 

 1 2 5 

[Cp(CO)2W]+    
)W(φ 2+LUMO
 

)W(φ 1+LUMO
 

)W(φLUMO
 

)W(φHOMO
 

)W(φ 1-HOMO
 

0.013 

0.376 

1.157 

1.489 

1.863 

0.015 

0.638 

0.794 

1.454 

1.910 

0.011 

0.411 

0.835 

1.778 

1.844 

SiH2    

φSi
P 0.575 0.540 0.665 

φSi
lp 0.941 1.256 0.793 

[C2]2- or [CCH]-    

φCC
π* 0.453 0.097 0.397 

φCC
lp1 1.277 1.276 1.264 

φCC
π 1.492 1.812 1.469 

φCC
lp2 1.472 1.635 - 

 
a)  DFT(B3PW91)/BS-II calculation.  See Appendix A.4.1 for BS-III calculation. 
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similar to that (1.276e) of 2 but moderately larger than that (1.264e) of 5 and that (1.472e) 

of the φCC
lp2 is somewhat smaller in 1 than that (1.635e) of 2. 

From the above results, the CT interactions involved in 1 are summerized, as 

follows:  (1) The CT from the CC moiety to the empty d orbital of the W is moderately 

weaker in 1 than in 5 but somewhat stronger than in 2.  (2) The CT from the φCC
π to the 

φSi
p occurs to a similar extent to that of 5 but this CT cannot occur in 2, leading to the 

considerably large population of the φCC
π in 2 than in 1.  (3) The CT from the φSi

lp to the 

φCC
π* is considerably weaker in 1 than in 5 because of the poor overlap between them, 

which is consistent with the larger population of the φSi
lp in 1 than in 5.  (4) Nevertheless, 

the population of the φCC
π* is large, indicating the CT from the dW

occ to the φCC
π* is 

stronger in 1 than in 5. 

 

4.3.4 Summary of Bonding Nature of 1 

The above-discussed CT interactions are schematically shown in Scheme 4.7.  As 

discussed above, the C-C bond in 1 is weaker than the C-C triple bond but its strength 

corresponds to the C-C double bond.  One reason is the CT from the dW
occ to the φCC

π*, 

which is consistent with the smaller population of the  and the larger population 

of the φCC
π* in 1 than in 5; see above.  Also, the CTs are formed between the φSi

lp and 

dW
unoc and between the dW

occ and the φSi
p in 1.  Because the SiH2 points its direction 

toward the W, these CTs are strong in 1, and hence, the W-Si bond of 1 is somewhat 

stronger than that of 5.  Because the CT from the φSi
lp to the φCC

π* is considerably weak 

due to poor overlap between them, only the CT from the φCC
π to the φSi

p contributes to the 

Si-C bonding interaction in 1.  The Si1-C1 bond index of 1 is somewhat larger than the Si-

C1 bond index of 5 but the Si1-C2 bond index is much smaller than the Si-C2 bond index 

of 5.  This is because the pπ orbital of C1 overlaps with the φSi
p in 1 but that of C2 cannot 

)W(φHOMO
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overlap with the φSi
p in 1; see Figure 1 for orientation of the SiH2.  The CTs from the φCC

π 

of the CC moiety to the φSi
p of the two SiH2 moieties considerably weaken the C-C bond 

of 1.  The mixing of the φCC
π with the φCC

π* leads to the polarization of the π orbital.  

These are other reasons of the much weaker C-C bond in 1 than in 5. 

The above results lead to the conclusions, as follows:  (1) The H2SiCCSiH2 moiety 

is not understood to be a metal-substituted disilabutadiene.  (2) The CC moiety is 

understood as an ethynediyl dianion and the SiH2 moiety as a silylene.  (3) The bonding 

nature should be understood in terms of the various CT interactions between the W, SiH2, 

and CC moieties. 

 

 
 

Scheme 4.7 

4.4 Conclusions 

Bonding nature and electronic structure of Cp(CO)2(SiH2)W-CC-W(SiH2)(CO)2Cp 

1 were theoretically investigated with the DFT method, where 1 was employed as a model 
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of recently synthesized dinuclear tungsten complex 

Cp*(CO)2(SiPh2)W-CC-W(SiPh2)(CO)2Cp* R1. 

Computational results clearly indicate that 1 is understood not to be a 

disilabutadiene-bridged dinuclear tungsten complex and a cumulenic (W=C=C=W) 

complex but to be an ethynediyl-bridged bis(silylene) dinuclear tungsten complex which 

contains various charge transfer (CT) interactions between the tungsten center, silylene, 

and ethynediyl, as shown in Scheme 4.7; the CT occurs from the lone pairs (φCC
lp) of the 

CC to the empty d orbital (dW
unoc) of the W.  Also, the CT occurs from the occupied d 

orbital (dW
occ) of the W to the π* orbital (φCC

π*) of the CC.  Other CT occurs from the lone 

pair orbital (φSi
lp) of the SiH2 to the dW

unoc, while the CT from the φSi
lp to the φCC

π* does 

not occur in 1 unlike that in the mononuclear tungsten acetylide silylene complex 

Cp(CO)2W(CCH)(SiH2) 5.  This is because the φSi
lp expands toward the W center rather 

than the CC moiety in 1 but expands toward the CC moiety in 5.  The CT occurs from the 

dW
occ to the empty p orbital (φSi

p) of the SiH2.  Also, the CT occurs from the φCC
π to the 

φSi
p.  These CT interactions lead to the considerably strong Si-C bonding interactions.  As 

a result, the Si-C bond strength is rather similar to the Si-C single bond, though it is much 

weaker than that of a disilabutadiene.  The C-C distance is much longer than the typical 

C≡C triple bond distance and similar to the typical C=C distance.  This result is easily 

interpreted in terms of the back-donation from the dW
occ to the φCC

π* and the CT from the 

φCC
π to the φSi

p.  The mixing of the φCC
π into the φCC

π* induces the π orbital polarization of 

the CC moiety in one plane and the reverse π orbital polarization in the perpendicular 

plane.  These polarizations lead to the presence of two equivalent C atoms and the 

considerable weakening of the CC bond.  Thus, 1 is understood to be a new category of 

ethynediyl-bridged bis(silylene) dinuclear tungsten complex including interesting CT 

interactions and polarizations. 
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Appendix 

 

 

A.4.1   DFT/BS-III-calculated Mulliken population of Fragment MOs. 

 
Table A.4.1. Mulliken Populationa) of Fragment MOs in 

Cp(CO)2(SiH2)W-CC-W(SiH2)(CO)2Cp 1, Cp(CO)2(SiH2)W-C≡C-W(SiH2)(CO)2Cp] 

2, and Cp(CO)2W(CCH)(SiH2) 5. 
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a)  DFT(B3PW91)/BS-III calculation. 
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A.4.2 Optimized geometry of a deprotonated disilabutadiene [H2SiCCSiH2]2- 

 

 

Figure A.4.1.  Optimized geometrya) of [H2SiCCSiH2]2- 6-an.  Bond lengths are in 

angstrom and bond angles are in degree. 
a) DFT/BS-I optimization was carried out. 

 

 



 



Chapter 5 
 

Tungsten Dihydride Silyl Complex:  New Insight into 

Their Bonding Nature and Fluxional Behavior 

 

 

 
5.1 Introduction 

 Transition metal hydride silyl complexes have attracted considerable interest during 

the last two decades because of their importance as possible intermediates in hydrosilation 

[1-4], varieties in geometry, and interesting bonding features [1-4].  In this regard, many 

experimental studies have been reported on their syntheses and characterization [1-30].  

For instance, Schubert and his coworkers extensively studied the groups 6-8 metal hydride 

silyl complexes experimentally [1].  Their complexes prefer the structure bearing Si-H 

interaction relative to the alternative structure bearing separate hydride and silyl ligands.  

Such hydride silyl complexes bearing the Si-H interaction are often found in mid-transition 

metal (groups 6-8) [1, 3, 5, 16, 22, 27, 29] and early (group 4-5) transition metal 

complexes [10, 11, 18-19].  For instance, the Si-H interaction was reported for group 4 

metallocene complex such as Cp2Ti(PMe3)(η2-H-SiMe3) [11b].  However, Zr and Hf 

analogues do not include such Si-H interaction, suggesting that the structure is sensitive to 

the central metal [11a].  Another interesting metallocene hydride disilyl complex 

Cp2Ta(SiMe2H)(H)(SiMe2H) bearing the strong Si-H interaction was reported in the 

literature [10a].  Nikonov group also recently studied its analogues 
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Cp2Nb(SiClMe2)(H)(SiClMe2) [18a,b,k] and Cp2Nb(H)2(SiR3) [18c] bearing the Si-H 

interaction. 

 Because of their interesting bonding nature, geometry, and important roles in 

catalytic reactions, the transition metal hydride silyl complexes have drawn considerable 

theoretical interest [18, 31-35].  For instance, the formation of transition metal hydride silyl 

complexes and their reactions with alkene and alkyne were investigated by Sakaki and his 

coworkers [31].  The formation of ruthenium hydride silyl complexes was investigated by 

the Morokuma group [32].  The Si-H interaction of several transition metal hydride silyl 

complexes was theoretically studied by Hall [33], Lin [34], and Jacobsen groups [35]. 

 
[M] = MLn 

                    Silyl dihydride               η2-Silane              η3-Silicate 
 

Scheme 5.1 

 Among transition metal hydride silyl complexes, dihydride silyl complexes of the 

LnM(H)2SiR3 type have drawn special interest due to their unusual bonding natures and the 

fluxionalities of their geometries.  The bonding natures of such complexes vary among the 

dihydride silyl form, non-classical η2-silane form [18l, 30], and non-classical η3-silicate 

form [18m] depending on the strength of the Si-H interligand interaction, as shown in 

Scheme 5.1; note that the non-classical η3-silicate form is the rarest among these three 

bonding modes.  Actually, various complexes of the LnM(H)2SiR3 type have been 

synthesized and characterized for late transition metals such as Fe [18m], Ru [9b, 14, 

18d,g, 24, 34d], Os [6b, 9d, 21, 28], Rh [6f, 18l, 23, 26b, 30, 32b], and Ir [6a,c,d, 7, 12, 

20].  Though this type of complex has been quite rare for the group 6 transition metals, 
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Cp*(CO)2W(H)2(SiPh2Cl) [27b], Cp*(CO)2W(H)2(SiHPhR) [27c], and 

Cp*(CO)2W(H)2(SiHCl2) [27d] (Cp* = C5Me5) were synthesized and characterized, 

recently.  Experimental evidence for these tungsten complexes showed the presence of the 

Si-H interaction [27b,d] as well as the fluxional behavior involving the site exchange of 

hydride and silyl ligands [27c]  These results suggest that group 6 metals add new features 

in the chemistry of transition metal dihydride silyl complexes.  In this regard, careful 

examination especially detailed theoretical study is necessary to elucidate their interesting 

structural features, bonding nature, electronic structure, and mechanism of the unusually 

high fluxionality.  However, no theoretical study on the mechanism of fluxionality of the 

transition metal dihydride silyl complex has yet been reported, to the best of our 

knowledge. 

 In this work, we wish to report the theoretical analyses of the geometry, bonding 

nature, electronic structure, and fluxional behavior of 

Cp(CO)2W(H)2[SiH(OMe){C(SiH3)3}] 1 (Cp = C5H5) which is a model of the recently 

synthesized tungsten dihydride silyl complex Cp*(CO)2W(H)2[SiH(OMe){C(SiMe3)3}] R1 

(Cp* = C5Me5).  Though the reductive elimination is expected to occur in the dihydride 

silyl complex, R1 was successfully synthesized through the reaction of tungsten hydrido 

silylene complex Cp*(CO)2(H)W=Si(H)[C(SiMe3)3] with methanol (MeOH) as shown in 

Scheme 5.2 [36].  We also theoretically investigated a tungsten dihydride alkyl complex 

 
Scheme 5.2.  Formation of Cp*(CO)2W(H)2[HSi(OMe){C(SiMe3)3}] R1. 
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Cp(CO)2W(H)2[CH(OMe){C(CH3)3}] 1C and a tungsten silyl complex 

Cp(CO)3W[SiH(OMe)(C(SiH3)3)] 2, to clearly characterize 1 by making comparison of 1 

with these complexes.  1C is the carbon analogue of 1.  2 is a typical silyl complex; note 

that 2 is not unusual because the similar tungsten silyl complex Cp(CO)3W(SiMe2SiMe3) 

was reported experimentally [37a].  Our purposes here are to present a correct 

understanding of the bonding nature and the electronic structure of 1, show novel fluxional 

behavior of transition metal dihydride silyl complexes. 

 

5.2 Computational Details 

The geometry of Cp(CO)2W(H)2[SiH(OMe){C(SiH3)3}] 1 was optimized with the 

DFT method, where the B3PW91 functional [38, 39] was employed for the exchange-

correlation term.  We ascertained that none of the equilibrium geometries have an 

imaginary frequency and each transition state geometry possessed only one imaginary 

frequency which induced geometry changes consistent with the reaction.  Energy was 

evaluated with the DFT, MP2 to MP4(SDTQ), and CCSD(T) methods, where the DFT-

optimized geometry was employed. 

Three kinds of basis set systems, BS-I, BS-II, and BS-III, were mainly employed 

in this work.  In BS-I, core electrons of W were replaced with effective core potentials 

(ECPs) [40] and its valence electrons were represented with a (341/321/21) basis set [40].  

Usual 6-31G(d) [41] basis sets were used for the other atoms.  This BS-I system was used 

for the geometry optimization.  In BS-II, valence electrons of W were represented with a 

(541/541/111/1) basis set [40, 42, 43] and its core electrons were replaced with the same 

ECPs as those of BS-I.  For the other atoms, the same basis sets as those of BS-I were 

employed.  This BS-II was used to evaluate energy changes with the MP2 to MP4(SDTQ) 

and CCSD(T) methods.  In BS-III, core electrons of W were replaced with ECPs of the 
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Stuttgart-Dresden-Bonn (SDB) group and its valence electrons were represented with a 

(311111/22111/411/11) basis set [44, 45].  Usual 6-311G(d) basis sets [46, 47] were 

employed for the other atoms.  This BS-III of triple-zeta quality was used to evaluate 

energy, bond index, and population changes with the DFT method.  To investigate the 

basis set effects on the geometry of 1, we optimized 1 with four kinds of basis set system, 

BS-I, BS-IV, BS-V, and BS-VI.  In BS-IV and BS-V, valence and core electrons of W 

were represented with the same basis set and ECPs as those of BS-I, respectively.  For the 

other atoms, Huzinaga-Dunning basis sets [48] were used in BS-IV, but usual cc-pVDZ 

basis sets [49] were used in BS-V.  In BS-VI, valence electrons of W were represented 

with a (5311/5311/111/1) basis set of triple-zeta quality [40, 42, 43] and its core electrons 

were replaced with the same ECPs as those of BS-I.  Usual 6-311G(d) basis sets were 

employed for the other atoms.  The optimized geometry with the BS-I system is little 

different from those optimized with these better basis set systems, BS-IV, BS-V, and BS-

VI, as shown in Appendix A.5.1.  Solvation effects (toluene; ε = 2.379) were taken into 

consideration with a polarizable continuum model (PCM) [50], where optimized 

geometries in the gas-phase were employed.  The DFT/BS-III-calculated energy changes 

are given without parenthesis throughout this manuscript.  In parentheses are the DFT/BS-

III-calculated energy changes with solvation effect.  The DFT/BS-II, MP4(SDTQ)/BS-II, 

and CCSD(T)/BS-II-calculated energy changes are given in brackets in this order. 

Gaussian 03 program package (revision C.02) [51] was used for all these 

computations.  Population analysis was carried out with the method proposed by 

Weinhold et al [52]  Molecular orbitals were drawn with MOLEKEL program package 

(version 4.3) [53]. 

 

5.3 Results and Discussion 
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(A) Front view 

 
(B) Side view 

 
                1                                                 1SiH                                      1C                                                  2 
 
Figure 5.1.  DFT(B3PW91)/BS-I optimized geometries of Cp(CO)2W(H)2[SiH(OMe){C(SiH3)3}] 1, Cp(CO)2W(H)[SiH2(OMe){C(SiH3)3}] 
1SiH, Cp(CO)2W(H)2[CH(OMe){C(CH3)3}] 1C, and Cp(CO)3W[SiH(OMe){C(SiH3)3}] 2.  Bond lengths are in angstroms and bond angles 
are in degree. 

 



 

In this chapter, we wish to discuss first the optimized geometry, bonding 

nature, and electronic structure of Cp(CO)2W(H)2[SiH(OMe){C(SiH3)3}] 1 and then 

the fluxional behavior of 1. 

 

5.3.1 Optimized Geometries of 

Cp(CO)2W(H)2[SiH(OMe){C(SiH3)3}] 1, Its Carbon Analogue 

Cp(CO)2W(H)2[CH(OMe){C(CH3)3}] 1C, and Typical Tungsten(II) 

Silyl Complex Cp(CO)3W[SiH(OMe){C(SiH3)3}] 2 

The optimized geometry of 1 agrees well with the experimental one; see 

Figure 5.1 and Table 5.1.  Because significant differences were not found between the 

optimized geometries of 1 and Cp*(CO)2W(H)2[SiH(OMe){C(SiH3)3}] 1-Cp*, Cp 

was employed for further calculations to save the computational time; see Appendix 

A.4.1 for the geometry of 1-Cp*. 

Table 5.1:  Important optimized parametersa) of Cp(CO)2(H)2W[SiH(OMe){C(SiH3)3}] 1, 
Cp(CO)2(H)2W[CH(OMe){C(CH3)3}] 1C, Cp(CO)3W[SiH(OMe){C(SiH3)3}] 2, and 
Cp(CO)2W(F)3 3. 

 
 1 1C 2 3 
 calc. expt.    

W-Eb) 2.606 2.620 2.324 2.640 1.912 
W-H1 1.750 - 1.717 - - 
W-H2 1.757 - 1.725 - - 
Si-O 1.681 1.652 - - - 
Si-C 1.891 1.831 - 1.908 - 
Si-H1 (or C-H1) 1.913 - 2.358 - - 
Si-H2 (or C-H2) 1.860 - 2.444 - - 
Si-H3 1.492  - 1.495 - 
WSiO (WCO) 112 110.7 115 112 - 
WSiC (WCC) 120 126.2 122 124 - 

 
a)  The DFT/BS-I method was employed for geometry optimization.  Bond lengths are in 
angstrom and bond angles are in degree. 
b)  E=Si in complexes 1, and 2, E=C in 1C, and E = F in 3.
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As shown in Figure 5.1, the W-Si distances in 1 and 

Cp(CO)2W[SiH(OMe){C(SiH3)3}] 2 are in the range of the usual W-silyl bond 

distance (2.354-2.708 Å) but closed to the longer end of the W-silyl distance [54].  

The W-Si Wiberg bond index (0.393) is somewhat smaller in 1 than in 2 (0.482), 

suggesting that the W-Si bond in 1 is somewhat weaker than in 2 but certainly exists; 

see Appendix A.5.2 for the Wiberg bond indices.  The W-H1 and W-H2 distances of 

1 are in the range of usual W-H(hydride) bond distance [27c, 37b, 55].  The carbon 

analogue of 1, Cp(CO)2W(H)2[CH(OMe){C(CH3)3}] 1C (see Figure 5.1), is 

understood to be a tungsten(IV) dihydride alkyl complex because the C-H inter-ligand 

interaction is not formed between the hydride and alkyl ligands in general: actually, 

the C-H1 and C-H2 distances are very long (2.406 Å and 2.432 Å, respectively) and 

their bond indices are very small (0.048 and 0.056, respectively).  This means that 

strong W-H bonds are involved in 1C.  However, the W-H1 and W-H2 distances of 1 

are not different very much from those of 1C.  Though the Wiberg bond indices of the 

W-H1 and W-H2 bonds are moderately smaller in 1 than in 1C, they are still 

considerably large in 1; they are 0.501 and 0.474, respectively, in 1 and 0.629 and 

0.557, respectively, in 1C.  Long H1-H2 distance (2.213 Å) and very small bond 

index (0.002) between the H1 and H2 in 1 indicate that the η2-H2 coordination form is 

completely ruled out.  These results suggest that the H1 and H2 are characterized to 

be a hydride in 1, which is also consistent with the proton NMR chemical shifts of R1 

[36].  In 1, the Si-H1 and Si-H2 distances are 1.913 Å and 1.860 Å, respectively, 

which are about 0.4 Å longer (25% longer) than the usual Si-H covalent bond.  Also, 

the Si-H1 and Si-H2 bond indices are 0.241 and 0.281, respectively, in 1.  These 

values are about 35% of the Si-H bond index in the usual silane [56] and about 30% 

of that of the usual silicate but much larger than that of the C-H bond index of 1C.  
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These results suggest that the Si---H1 and Si---H2 bonding interactions are somewhat 

weaker in 1 than in a normal silane and a normal silicate but certainly exist in 1.  To 

examine the possibility of a tungsten(II) hydride silane complex, we optimized a 

model complex Cp(CO)2W(H)[SiH2(OMe){C(SiH3)3}] 1SiH in which the Si-H2 

distance was taken to be the same as that (1.495 Å) of a normal silane 

[SiH2(OMe){C(SiH3)3}].  The geometry of 1SiH is considerably different from that of 

1; see Figure 5.1.  Moreover, 1SiH is much less stable than 1 by 28.2 kcal/mol.  Full 

geometry optimization of 1SiH smoothly leads to the geometry of 1; see Appendix 

A.5.3.  This result indicates that the tungsten hydride silane complex is very unstable. 

All these features demonstrate that 1 is not a tungsten(II) hydride silane 

complex but it contains one W-silyl and two W-H(hydride) bonds with two weak Si---

H bonding interactions. 

 

5.3.2 Population and MO Analyses 

Table 5.2.  NBO populationa) of several important atoms and groups in 
Cp(CO)2W(H)2[SiH(OMe){C(SiH3)3}] 1, Cp(CO)2W(H)2(CH(OMe){C(CH3)3}) 
1C, Cp(CO)2W(H)[SiH2(OMe){C(SiH3)3}] 1SiH, 
Cp(CO)3W[SiH(OMe){C(SiH3)3}] 2, and Cp(CO)2W(F)3 3. 
 

Atoms/Groups 1 1C 1SiH 2 3 

W 

d 

74.474 

6.077 

74.348 

5.907 

74.320 

5.946 

74.421 

6.017 

73.004 

4.604 

H1 0.968 0.968 1.010 - - 

H2 0.977 0.842 1.147c) - - 

Si or C +1.491d) -0.012d) +1.635d) +1.487d) - 

SiHR1R2 or CHR1R2 b) +0.221d) -0.153d) +0.388d) +0.161d) - 

 
a)  DFT(B3PW91)/BS-III calculation. 
b)  R1=OMe and R2=C(SiH3)3 in 1 and 2 and R1=OMe and R2=C(CH3)3 in 1C. 
c)  Si-H2 distance was taken to be 1.495 Å. 
d)  NBO charge is given. 
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As shown in Table 5.2, W atomic population and its d orbital population are 

somewhat larger in 1 than in 1C but considerably larger than in a typical tungsten(IV) 

complex Cp(CO)2W(F)3 3 [57], suggesting that 1 is not a pure tungsten(IV) complex 

because the W center takes a +IV oxidation state in 1C and 3.  The H1 atomic 

population in 1 is similar to that in 1C and the H2 atomic population is moderately 

                             HOMO          HOMO-1             HOMO-7       HOMO-15       HOMO-16 

(A)  Cp(CO)2W(H)2[SiH(OMe){C(SiH3)3}] 1 

 

 
                                                      HOMO                HOMO-1                    HOMO-2 

(B)  Cp(CO)2W(H)2(CH(OMe)(C(CH3)3)) 1C 
 

Figure 5.2.  Several important Kohn-Sham MOs of Cp(CO)2W(H)2[SiH(OMe){C(SiH3)3}] 
1 and Cp(CO)2W(H)2[CH(OMe){(CH3)3}] 1C. 

 196



 

larger in 1 than in 1C, indicating that the H1 and H2 atomic populations are almost 

the same as a hydride.  The positive charge of Si is slightly larger in 1 (+1.491) than 

in 2 (+1.487) but considerably smaller than in 1SiH (+1.635).  The positive charge of 

the [SiH(OMe){C(SiH3)3}] group is moderately larger in 1 (+0.221) than in 2 

(+0.161) but considerably smaller than in 1SiH (+0.388).  These results indicate that 

the electronic structure of the [SiH(OMe){C(SiH3)3}] group in 1 moderately deviates 

from that of a pure silyl group and considerably deviates from that of a pure silane 

group.  The considerably large positive charge of the Si center and the presence of 

two weak Si---H bonding interactions suggest that the Si center takes a hypervalency 

in 1 and the H1 and H2 are hydrides interacting with both W and Si centers, which 

will be discussed below in detail.  Mulliken population analysis also presents similar 

results; see Appendix A.5.4. 

To understand well the bonding nature of 1, we inspected Kohn-Sham MOs of 

1.  In 1, the HOMO and HOMO-1 mainly consist of the W d orbitals, as shown in 

Figure 5.2A, indicating that the W center takes a d4 electron configuration (+II 

oxidation state) in 1.  The W-H1 and W-H2 bonding interactions are observed in the 

HOMO-7 of 1 and a moderately small W-Si bonding interaction is observed in the 

HOMO-16 of 1.  In contrast to 1, the W-Si bonding interaction was clearly observed 

in the HOMO-2 of 2; see Appendix A.5.5.  The Si-H1 and Si-H2 bonding interactions 

are observed in the HOMO-15 and HOMO-16 of 1, respectively.  In 1C, on the other 

hand, only one d orbital of W is clearly observed in the occupied level; see the 

HOMO-1 in Figure 5.2B.  The HOMO involves the W-alkyl bonding interaction and 

the HOMO-2 involves two W-H(hydride) bonding interactions.  No bonding 

interaction between the alkyl and hydride is observed in any MOs of 1C, as expected.  

These results are consistent with our understanding that the alkyl group cannot form a 
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hypervalent interaction with the H atom, and therefore, the W center takes a d2 

electron configuration (+IV oxidation state) in 1C.  In Cp(CO)2W(F)3 3, only one 

doubly occupied d orbital of W is observed too, as shown in the HOMO of 3 (see 

Appendix A.4.5), indicating that 3 is a typical tungsten(IV) complex. 

Thus, it is not easy to present a reasonable understanding of the electronic 

structure and the bonding nature of 1, as follows:  The geometrical features and the 

Wiberg bond indices indicate the presences of W-silyl and two W-H(hydride) bonds, 

which is consistent with the +IV oxidation state of the W center (d2 system).  On the 

other hand, the Kohn-Sham MOs indicate that the W center possesses two doubly 

occupied d orbitals (d4 system) in 1.  All these results request us to investigate 1 in 

much more detail. 

 

5.3.3 Mulliken Population in Fragment MOs 

 To inspect the bonding nature of 1 more clearly, the Kohn-Sham MOs were 

analyzed by representing them with a linear combination of MOs of fragments [58, 

59], as shown in eq 1; 

(B)φb(A)φa(AB)ψ k
k

ikj
j

iji ∑+∑=                           (1) 

]Sbaa[(A)ρ jkikij
occ

i

2
ijj ∑+∑=                                      (2) 

where ψi(AB) represents the i-th MO of system AB, φj(A) is the j-th MO of such 

fragment A as [Cp(CO)2W]+, φk(B) is the k-th MO of such fragment B as 

[(H)2SiH(OMe){C(SiH3)3}]-, and aij and bik are the expansion coefficients of φj(A) 

and φk(B), respectively.  The ρj(A) in eq 2 represents how much electron population 

the φj(A) possesses in the total system AB, and Sjk is the overlap integral between the 
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φj(A) and the φk(B).  The sum of populations of all MOs of the fragment A is the 

same as the sum of Mulliken atomic populations in the fragment A. 

                            LUMO+2         LUMO+1       LUMO           HUMO           HOMO-1 
                          φ   φ    φ     φ     φ  )W(2+LUMO )W(1+LUMO )W(LUMO )W(HOMO )W(1-HOMO

 
Figure 5.3.  Several important Kohn-Sham orbitals of [Cp(CO)2W]+. 

 LUMO+2, LUMO+1, LUMO, HOMO, and HOMO-1 of the [Cp(CO)2W]+ 

mainly consist of d orbitals of the W center (see Figure 5.3), where they are named 

)W(φ 2+LUMO  etc. hereafter.  In 1C, the electron population (1.268e) of the  

is considerably smaller than 2.0e and that (0.337e) of 3 is very small, as shown in 

Table 5.3.  The electron population of the 

)W(φHOMO

)W(φ 1-HOMO  is close to 2.0e in both 1C and 

3.  These results are consistent with our understandings that the W center takes a d2 

electron configuration (+IV oxidation state) in 3 and 1C, as follows:  In 3, highly 

electronegative fluoride ligands stabilize the high oxidation state of W, and in 1C, the 

W center cannot take a d4 electron configuration due to the absence of the C---H 

interligand interactions between the H(hydride) and alkyl ligands.  The considerably 

larger population of the  in 1C than in 3 arises from the large charge-

transfer (CT) from the alkyl group to the W center in 1C.  In 1SiH, the populations of 

the  and 

)W(φHOMO

))W(φHOMO W(1-HOMO

)W(1-HOMO

φ  are 1.903e and 1.931e, respectively, which are 

closed to 2.0e.  In 2, the population of the  (1.709) is moderately close to 

2.0e, while that of the φ  (1.802e) is close to 2.0e.  These results suggest 

that the W center takes a +II oxidation state in the hydride silane complex 1SiH and 

)W(φHOMO
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the silyl complex 2.  In 1, populations of the  (1.882e) and )W(φHOMO )W(φ 1-HOMO  

(1.853e) are close to 2.0e.  This population of the  is considerably larger 

than that of the typical d2 complexes 1C and 3, moderately larger than and similar to 

that of the typical d4 complexes 2 and 1SiH, respectively.  These results are consistent 

with the MO pictures discussed above.  All these results indicate that the W center 

takes a d4 electron configuration (+II oxidation state) in 1. 

)W(φHOMO

Table 5.3.  Mulliken Populationa) of Fragment MOs in 

Cp(CO)2W(H)2[SiH(OMe){C(SiH3)3}] 1 Cp(CO)2W(H)2[CH(OMe){C(CH3)3}] 

1C, Cp(CO)2W(H)[SiH2(OMe){C(SiH3)3}] 1SiH, 

Cp(CO)3W[SiH(OMe){C(SiH3)3}] 2, and Cp(CO)2W(F)3 3. 

MOs in [Cp(CO)2W]+ 1 1C 1SiH 2 3 

)W(φ 2+LUMO
b) 0.022 0.020 0.015 0.017 0.102 

)W(φ 1+LUMO  0.682 0.837 0.514 0.563 0.172 

)W(φLUMO  0.836 1.082 0.949 1.036 0.291 

)W(φHOMO  1.882 1.268 1.903 1.709 0.337 

(W)φ 1-HOMO  1.853 1.948 1.931 1.802 1.966 

)W(φTotal  5.275 5.155 5.312 5.127 2.868 

a)  DFT(B3PW91)/BS-III calculation.     b) See Figure 4.3. 

At the end of this section, we wish to mention that the populations of 

)W(φ 1+LUMO  and  in 1 are much smaller than 2.0e but considerably larger 

than zero, as shown in Table 5.3.  The similar populations of these MOs are observed 

in 1C, 1SiH, and 2, except for 3.  These populations indicate that considerably large 

CT occurs from the silicate-like [(H)2{SiH(OMe)(C(SiH3)3)}]-, dihydride alkyl 

(H-)2{CH(OMe)(C(CH3)3)}-, hydride silane (H-){SiH2(OMe)(C(SiH3)3)}, and silyl 

[SiH(OMe){C(SiH3)3}]- to the [Cp(CO)2W]+ in 1, 1C, 1SiH, and 2, respectively. 

)W(φLUMO
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                 4-eqa)                                        4-tbpa)                                      4-1b) 
                  (0)                                             (0.3)                                     (35.9) 
 
Figure 5.4.  Geometriesa) of silicate [SiH3(OMe)(C(SiH3)3)]- 4.  Bond lengths are in 
angstroms and bond angles are in degree.  DFT/BS-III-calculated relative energy is 
presented in parenthesis. 
a)  DFT(B3PW91)/BS-I optimization. 
b)  The geometry was taken to be the same as that in 1. 

5.3.4 Understanding of Bonding Nature of 1 

 The next issue is to investigate how we can understand the electronic 

structure of the (H)2[SiH(OMe){C(SiH3)3}] moiety of 1.  Because the W center takes 

a +II oxidation state in 1, as discussed above, the (H)2[SiH(OMe){C(SiH3)3}] moiety 

possesses one negative charge in a formal sense.  The five-coordinate silicon 

compound bearing one negative charge is a silicate anion.  Hence, we optimized the 

geometry of the silicate anion [SiH3(OMe){C(SiH3)3}]- 4.  As shown in Figure 5.4, 

4-eq is the most stable structure, which adopts a trigonal-bipyramidal structure, as 

expected.  The H1 and OMe are on the pseudo-C3 axis and the C(SiH3)3, H2, and H3 

are in the equatorial plane.  This geometry is consistent with those of the usual penta-

coordinated silicate anions [60, 61].  We optimized another trigonal-bipyramidal 

structure 4-tbp in which the H and C(SiH3)3 are on the pseudo-C3 axis and the OMe is 
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in the equatorial plane.  This structure is slightly less stable than 4-eq by only 0.3 [0.7, 

1.3, 1.2] kcal/mol.  Though the energy difference is very small, 4-tbp is calculated to 

be less stable than 4-eq by all computational methods employed here; see Appendix 

A.5.6.  However, the geometry of (H)2[SiH(OMe){C(SiH3)3}] 4-1, which is taken to 

be the same as that in 1, is considerably less stable than 4-eq by 35.9 [37.6, 40.6, 

39.7] kcal/mol, as presented in Figure 5.4; see also Appendix A.5.6.  One of the 

reasons for the large instability of 4-1 is much elongated Si-H1 and Si-H2 bonds in 4-

1, compared to those of 4-eq.  However, the Si-H1 and Si-H2 bond indices (about 0.7) 

in 4-1 are not much smaller than those (about 0.9) of 4-eq; see Appendix A.5.7.  The 

Si atomic population is somewhat smaller by 0.232e and the H1 and H2 atomic 

populations are somewhat larger by 0.101e and 0.156e, respectively, in 4-1 than those 

in 4-eq, indicating that the Si center is more positively and the H1 and H2 atoms are 

more negatively charged in 4-1; see Table 5.4.  Also, it is noted that the geometry of 

4-1 is understood to be a distorted trigonal-bipyramidal like 4-eq.  Significant 

difference in the Si-H1 and Si-H2 distances between 4-1 and the typical silicate 4-eq 

is interpreted in terms of the W-H1 and W-H2 interactions in 1, as follows:  The H1 

Table 5.4.  Natural populationa) of several important atoms and groups in 

[SiH3(OMe)(C(SiH3)3)]- 4. 
 

Atom/group 4-eqb) 4-tbpb) 4-1c) 

Si 13.038 12.906 12.806 

H1 1.260 1.295 1.361 

H2 1.176 1.224 1.332 

H3 1.186 1.224 1.215 

OMe 17.634 17.621 17.644 

C(SiH3)3 57.705 57.730 58.857 

 
a)  B3PW91/BS-III NBO calculation.      b)  DFT/BS-I optimization. 
c)  Geometry was taken to be the same as that in 1. 
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and H2 atoms, which are more negatively charged in 4-1, can form a three-center two-

electron interaction with the positively charged W and Si centers.  Because of the 

formation of the W-H1 and W-H2 interactions, the Si-H bond becomes weaker in 4-1 

than in 4-eq, leading to the considerable elongation of the Si-H1 and Si-H2 distances.  

The formulation of the W-H1 and W-H2 bonding interactions overcome the Si-H1 

and Si-H2 bond weakening, leading to net stabilization of 1.  Also, the formation of 

the W-H1 and W-H2 bonds leads to the weakening of the W-Si bond.  As a result, the 

W-Si distance is closed to the longer end of the usual W-silyl bond distance, as 

discussed above. 

 In conclusion, the electronic structure and the bonding nature of 1 are 

understood, as follows: (1) The W center takes a +II oxidation state (d4 electron 

configuration).  (2) The (H)2[SiH(OMe){C(SiH3)3}] moiety is a distorted silicate 

anion.  This is neither the sum of hydride and silane nor the sum of two hydrides and 

one silyl group.  (3)  The H1 and H2 ligands form a non-classical interaction with 

both the W and Si centers, which leads to the formation of a considerably distorted 

geometry for the (H)2[SiH(OMe){C(SiH3)3}] moiety from that of 4-eq.  And, (4) the 

Si center also interacts with the W center, indicating that the Si center takes a six-

coordinate structure and the W center adopts an eight-coordinate structure.  Both are 

non-classical, interestingly. 

 

5.3.5 Fluxional Behavior of 1 

Because two H ligands were experimentally observed to be equivalent in the 

NMR time scale despite of the presence of the chiral [SiH(OMe){C(SiH3)3}] group, 

one can expect the fluxional behavior of 1 in which two H ligands easily exchange 

their positions with each other.  We theoretically found two kinds of fluxional 
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behavior in 1, (1) position change of [SiH(OMe){C(SiH3)3}] and (2) position 

exchange between two hydrides (H1 and H2).  Both are new fluxional behavior. 

5.3.5.1 Position Change of the [SiH(OMe){C(SiH3)3}] 

(A) Front View 

(B) Side View 

 
                          XWSia) = 110˚                       XWSi = 120˚                           XWSi = 143˚ 
                            1a                                    TS1a-1b (45.5i cm-1)b)                            1b 
                            {0}c)                                            {2.9}                                         {1.5} 
                            [0]d)                                             [2.7]                                         [1.5] 
 
Figure 5.5.  Geometry changes upon going from Cp(CO)2W(H)2[SiH(OMe){C(SiH3)3}] 1a 
to Cp(CO)2W(H)2[SiH(OMe){C(SiH3)3}] 1b.  Bond lengths are in angstrom and bond 
angles are in degree.  Relative energies (in kcal/mol unit) in gas and solution phases are 
presented in braces. 
a) X is the center of Cp ring.   b) The imaginary frequency (in cm-1 unit) is given in 
parenthesis.  Arrows in TS1a-1b represent important movements of atoms in imaginary 
frequency.   c) DFT/BS-III-calculated energy change.   d)  Solvent effect (toluene) was 
evaluated with the PCM method. 
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Besides 1a, we found another isomer 1b in which the [SiH(OMe){C(SiH3)3}] 

takes a down-position with respect to the WH1H2 plane (see Figure 5.5), while the 

[SiH(OMe){C(SiH3)3}] takes an up-position with respect to the WH1H2 plane in 1a.  

Interestingly, the geometry of 1b is similar to that of Cp*(CO)2W(H)2(SiPh2Cl) 

reported recently [27b].  This isomer 1b is slightly less stable than 1a by 1.5 (1.5) 

[0.1, 0.1, 0.2] kcal/mol; see also Appendix A.5.8.  The (H)2[SiH(OMe){C(SiH3)3}] 

moiety taking the geometry in 1b is somewhat more unstable than that in 1a by 6.6 

[6.8, 7.0, 6.7] kcal/mol; see also Appendix A.5.6. 

 
                             HOMO        HOMO-1        HOMO-13      HOMO-15      HOMO-16 

(A) 1b 
 

 
                               HOMO           HOMO-1        HOMO-13      HOMO-15    HOMO-16 

(B) TS1a-1b 
 

Figure 5.6.  Several important Kohn-Sham MOs of 1b and TS1a-1b in position change of 
[SiH(OMe){C(SiH3)3}] of Cp(CO)2W(H)2[SiH(OMe){C(SiH3)3}] 1. 
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         Though the Si-H1 and W-H1 distances are little different in 1a and 1b, the Si-

H2 distance is moderately longer and the W-H2 distance is slightly shorter in 1b than 

in 1a.  Also, the Si-H2 bond index is slightly smaller by 0.025 and the W-H2 bond 

index is moderately larger by 0.061 in 1b than in 1a; see Appendix A.5.9.  The Si-H1 

and Si-H2 bond indices are 0.239 and 0.256, respectively, in 1b, indicating that two 

weak Si---H non-classical interactions are certainly involved in 1b like in 1a.  The 

HOMO and HOMO-1 of 1b mainly consist of W d orbitals, as shown in Figure 

5.6(A), indicating that the W center takes a d4 electron configuration in 1b like in 1a.  

The W-H1 and W-H2 bonding interactions were observed in the HOMO-13 and the 

W-Si, Si-H1, and Si-H2 bonding interactions were observed in the HOMO-15 and 

HOMO-16.  The W atomic and d orbital populations (74.500e and 6.091e, 

respectively) are moderately larger in 1b than those of 1a (74.474e and 6.077e, 

respectively).  The electron population (1.710e) of the )W(φHOMO  is somewhat 

Table 5.5.  Mulliken Populationa) in MOs of [Cp(CO)2W]+ in the position change of 

[SiH(OMe){C(SiH3)}] and H1-H2 exchange reaction of 

Cp(CO)2W(H)2[SiH(OMe){C(SiH3)}] 1. 

 H1-H2 Exchange Reaction Position Change of 

[SiH(OMe){C(SiH3)}]  Route-I Route-II 

MOs in 

[Cp(CO)2W]+ 

1b TS1a-1b  TS1a-1a 1c TS1c-1d 

)W(φ 2+LUMO
b) 

)W(φ 1+LUMO  

)W(φLUMO  

)W(φHOMO  

(W)φ 1-HOMO  

)W(φTotal  

0.018 

0.749 

0.826 

1.710 

1.954 

0.020 

0.668 

0.770 

1.921 

1.891 

5.270 

 0.008 0.014 

5.257 

0.465 1.004 

1.227 

1.285 

1.946 

5.476 

0.007 

0.860 

1.235 1.293 

1.899 

1.863 

5.470 

1.546 

1.803 

5.509 

a)  DFT(B3PW91)/BS-III calculation.         b)  See Figure 5.3. 
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smaller than in 1a, while that (1.954e) of the )W(φ 1-HOMO

)W(

 is close to 2.0e in 1b, too; 

see Table 5.5.  This population of the φ  in 1b is considerably larger than 

that of the d2 complexes 1C and 3 (see Table 5.3) and similar to that of the typical d4 

complex 2.  The above results indicate that the electronic structure and bonding nature 

of 1b are similar to those of 1a. 

HOMO

The isomerization from 1a to 1b easily occurs via a transition state TS1a-1b, as 

shown in Figure 5.5, with a very small activation barrier of 2.9 (2.7) [2.8, 3.9, 3.5] 

kcal/mol; see also Appendix A.5.8.  Intrinsic reaction coordinate (IRC) calculation 

clearly shows that this transition state is properly connected with 1a and 1b; see 

Appendix A.5.10.  The W-H1 and W-H2 distances do not change very much upon 

going from 1a to TS1a-1b.  However, the W-Si distance is considerably longer and the 

Si-H1 and Si-H2 distances are considerably shorter in TS1a-1b than in 1a.  The Wiberg 

bond indices are also consistent with these geometry changes; the Si-H1 bond index 

becomes moderately larger by 0.110 and the W-Si bond index becomes moderately 

smaller by 0.099 in TS1a-1b than in 1a; see Appendix A.5.9.  These results suggest that 

the Si---H1 interaction becomes stronger but the W-Si bond becomes weaker in 

TS1a-1b than in 1a.  The HOMO and HOMO-1 of TS1a-1b mainly consist of W d 

orbitals, as shown in Figure 5.6(B), indicating that the W center takes a d4 electron 

configuration in TS1a-1b like that in 1a.  The W-H1 and W-H2 bonding interactions 

were observed in the HOMO-13 and the W-Si, Si-H1, and Si-H2 bonding interactions 

were observed in the HOMO-15 and HOMO-16 of TS1a-1b.  The W atomic and d 

orbital populations (74.414e and 6.024e, respectively) are moderately smaller in 

TS1a-1b than those of 1a (74.474e and 6.077e, respectively).  The electron population 

of the )W(φ 1-HOMO (1.891e) is similar to that in 1a and that of the )W(φHOMO  (1.921e) 

is considerably larger than in 1a; see Table 5.5.  Because the Si---H1 interaction 
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becomes moderately stronger in TS1a-1b than in 1a and the population of the 

)W(φHOMO  is larger in TS1a-1b than in 1a, it is likely that the silicate character of the 

(H)2[SiH(OMe){C(SiH3)3}] moiety becomes somewhat stronger in TS1a-1b than in 1a 

and 1b.  This is consistent with the fact that the positive charge of the Si center is 

slightly larger in TS1a-1b (+1.505) than in 1a (+1.491) and the W-Si distance is 

considerably longer in TS1a-1b than in 1a. 

The very small activation barrier of this isomerization is understood, as 

follows:  The W-Si interaction becomes weak in TS1a-1b, which is one of the origins 

of the activation barrier.  This destabilization energy is compensated well by the 

strengthening of the Si-H1 and Si-H2 bonding interactions that reflects in the increase 

of the silicate anion character. 

5.3.5.2 Exchange Processes of H1 and H2 

 Because the above-discussed position change of the [SiH(OMe){C(SiH3)3}] 

moiety does not lead to the equalization of the diastereotopic H1 and H2 ligands, we 

need to consider the position changes of the H1 and H2 ligands. 

Route-I.  In this exchange process, the H1 ligand moves toward the right-hand 

side (see front view of Figure 5.7) and the H2 ligand moves toward the left-hand side.  

The geometrical features of the transition state TS1a-1a are summarized, as follows: (1) 

The H1, H2, and Si atoms are aligned on one line, in which the H1 atom is at a 

position opposite to the Si atom with respect to the H2 atom, (2) The Si-H2 (1.587 Å) 

distance is considerably shorter than in 1a, which is close to that of the silane, (3) the 

W-Si distance (2.838 Å) is considerably longer than in 1a, (4) the W-H2 distance 

(1.820 Å) is moderately longer than in 1a, and (5) the H1-H2 distance (1.715 Å) is 

still considerably longer than that (0.75 Å) of dihydrogen molecule [62].  The Wiberg 

bond indices are consistent with these geometry changes; the Si-H2 bond index is 
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0.539, which is somewhat smaller than that of the usual silane [56].  On the other 

hand, the W-Si and W-H2 bond indices considerably decrease to 0.226 and 0.297, 

respectively, in TS1a-1a compared to those (0.393 and 0.474, respectively) of 1a; see 

Appendix A.5.9.  These results suggest that the W-Si and W-H2 bonds become 

considerably weaker than those of 1a.  Very small bond indices between the H1 and 

H2 and between the Si and H1 (0.036 and 0.002, respectively) clearly indicate the 

(A) Front view 

 
(B) Side view 

 
                             1a                                   TS1a-1a (407.2i cm-1)a)                           1a 

                             {0}b)                                          {25.1}                                          {0} 

                             [0]c)                                           [25.4]                                           [0] 

Figure 5.7.  Geometry changes in H1-H2 exchange (Route-I) of 
Cp(CO)2W(H)2[SiH(OMe){C(SiH3)3}] 1.  Bond lengths are in angstroms and bond angles 
are in degree.  Relative energies (in kcal/mol unit) in gas and solution phases are presented 
in braces. 
a)  The imaginary frequency is given in parenthesis.  Arrows in TS1a-1a represent important 
movements of atoms in imaginary frequency. 
b)  DFT/BS-III-calculated energy change. 
c)  Solvent effect (Toluene) was evaluated with the PCM method. 
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                                          HOMO          HOMO-1         HOMO-2 

(A) TS1a-1a in Route-I  
 

 

                                         HOMO            HOMO-1          HOMO-3 
(B) 1c in Route-II 

 

 
                                            HOMO          HOMO-1          HOMO-3 

(C) TS1c-1d in Route-II 
 

Figure 5.8.  Several important Kohn-Sham MOs of transition states TS1a-1a of 
Roue-I and 1c and TS1c-1d of Route-II in H1-H2 exchange process of 
Cp(CO)2W(H)2[SiH(OMe){C(SiH3)3}] 1. 
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absence of the H1---H2 and Si---H1 non-classical interactions in TS1a-1a.  Thus, 

TS1a-1a is understood to be a hydride silane complex.  The HOMO and HOMO-1 of 

TS1a-1a mainly consist of the W d orbitals, as shown in Figure 5.8(A), and the HOMO-

2 involves the W-H1 and W-H2 bonding interactions.  Populations of the )W(φHOMO  

and )W(φ 1-HOMO  (1.899e and 1.863e, respectively) in TS1a-1a (see Table 5.5) are 

similar to those of 1SiH (Table 5.3).  These results suggest that the W center takes a 

d4 electron configuration (+II oxidation state) in TS1a-1a, which is consistent with the 

above-described suggestion that TS1a-1a is a hydride silane complex.  The activation 

barrier of 25.1 (25.4) [25.6, 27.8, 27.4] kcal/mol is considerably large; see also 

Appendix A.5.8.  This large activation barrier is not consistent with the experimental 

result that the H1-H2 position change rapidly occurs at room temperature. 

Route-II.  Considering the large activation barrier of Route-I, we need to look 

for another reaction course for the H1-H2 position exchange.  Because H1 and H2 

exchange their positions simultaneously in Route-I, we then investigated stepwise 

position exchange of H1 and H2.  In the first step, the [SiH(OMe){C(SiH3)3}] group 

moves toward the left-hand side and the H1 concomitantly moves toward the right-

hand side, to afford 1c through a transition state TS1a-1c with a small activation barrier 

of 3.5 (3.7) kcal/mol, as shown in Figure 5.9.  In the TS1a-1c, the W-Si distance is 

becoming shorter and the Si-H1 and Si-H2 distances are becoming longer; in other 

words, the Si-H1 and Si-H2 bonding interactions are going to be broken.  In 1c, the 

W-Si distance is moderately shorter and the Si-H1 and Si-H2 distances are 

considerably longer than in 1a.  The Wiberg bond indices are consistent with these 

geometry changes; the W-Si bond index (0.540) of 1c is somewhat larger than that 

(0.393) of 1a and the Si-H1 and Si-H2 bond indices (0.102 and 0.097, respectively) of 
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(A)  Front view 

 
(B)  Side view 

                   1a                     TS1a-1c (102.2i)a)                     1c                      TS1c-1d (164.8i)                      1d                  TS1d-1a (102.2i)                        1a 
                   {0}b)                          {3.5}                              {3.0}                           {7.6}                             {3.0}                         {3.5}                                {0} 
                   [0]c)                           [3.7]                               [3.2]                           [7.2]                             [3.2]                          [3.7]                                 [0] 
 
Figure 5.9.  Geometry changes in H1-H2 exchange (Route-II) of Cp(CO)2W(H)2[SiH(OMe){C(SiH3)3}] 1.  Bond lengths are in angstroms and bond 
angles are in degree.  Relative energies (in kcal/mol unit) in gas and solution phases are presented in braces. 
a)  Imaginary frequencies (in cm-1 unit) in transition state are presented in parenthesis.  Arrows in TS1a-1c, TS1c-1d, and TS1d-1a represent important 
movements of atoms in imaginary frequency.     b) DFT/BS-III-calculated energy change.      c)  Solvent effect (toluene) was evaluated with the PCM 
method. 

 



 

1c are considerably smaller than those of 1a (0.241 and 0.281, respectively); see 

Appendix A.5.9.  It is also noted that the H1-H2 distance (1.933 Å) is very long and 

the H1-H2 bond index is very small (0.044).  These geometrical features and the bond 

indices suggest that 1c is a dihydride silyl complex in which the W center takes a +IV 

oxidation state (d2 system) in a formal sense.  MOs in 1c indicate that the W center 

possesses one d orbital in the occupied level, which is the HOMO; see Figure 5.8(B) 

for the MOs of 1c.  The HOMO-1 and HOMO-3 involve a W-Si and two W-

H(hydride) bonding interactions, respectively.  The electron population (1.946e) of 

the )W(φ 1-HOMO

)

 is close to 2.0e, as shown in Table 5.5 and that (1.285e) of the 

W(HOMOφ  is considerably smaller than in 1a, which is similar to that of the d2 

complex 1C.  Hence, 1c is a dihydride silyl complex, in which the W center takes a 

+IV oxidation state (d2 system).  This understanding is consistent with the geometrical 

features of 1c discussed above.  Then, 1c converts to 1d through a transition state 

TS1c-1d with a small activation barrier of 4.6 (4.0) kcal/mol.  In TS1c-1d, the H1-H2 

axis rotates with respect to the W-H1 and W-H2 bonds.  Complex 1d is the same as 

1c, in which the positions of H1 and H2 are exchanged with each other.  Hence, the 

TS1c-1d is the transition state leading to the H1-H2 exchange.  The W-Si distance 

becomes somewhat longer and the W-H1 distance becomes moderately longer but the 

W-H2 distance becomes moderately shorter in TS1c-1d than those of 1c.  Also, the W-

Si and W-H1 bond indices (0.432 and 0.470, respectively) of TS1c-1d are moderately 

smaller than those of 1c (0.540 and 0.587, respectively) and the W-H2 bond index 

(0.571) of TS1c-1d is slightly larger than that of 1c (0.553); see Appendix A.5.9.  

Though the H1-H2 distance becomes considerably shorter in TS1c-1d than in 1c, the 

H1-H2 distance (1.789 Å) in TS1c-1d is still much longer than that (0.75 Å) of a 

dihydrogen molecule [62].  A very small bond index of 0.072 between the H1 and H2 
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also rejects the possibility of the presence of a H1---H2 interaction in TS1c-1d.  The 

very long Si-H1 distance (2.873 Å) and the very small bond index (0.013) between 

the Si and H1 in TS1c-1d indicate the absence of the Si---H1 non-classical interaction.  

On the other hand, the Si-H2 distance (2.062 Å) is considerably shorter in TS1c-1d than 

in 1c (2.449 Å) and the Si-H2 bond index is much larger (0.205) in TS1c-1d than in 1c 

(0.097).  These results suggest that the Si-H2 non-classical interaction certainly exists 

in TS1c-1d, though it is not formed in 1c.  In other words, the 

(H)2[SiH(OMe){C(SiH3)3}] moiety is not a silicate.  Also, the much longer Si-H2 

distance and the much smaller Si-H2 bond index than those of a normal silane [56] 

rule out the understanding that the (H)2[SiH(OMe){C(SiH3)3}] moiety of TS1c-1d is a 

hydride silane.  These features are consistent with the electron distribution in TS1c-1d, 

which will be described below.  Finally, 1d converts to 1a through a transition state 

TS1d-1a with a very small activation barrier of 0.5 (0.5) kcal/mol.  This transition state 

TS1d-1a is the same as TS1a-1c.  The activation barrier to complete the H1-H2 exchange 

is the energy difference between TS1c-1d and 1a because 1c is less stable than 1a and 

TS1c-1d is at the highest energy in this H1-H2 exchange.  This barrier is moderate, 7.6 

(7.2) [7.2, 6.0, 8.4] kcal/mol, indicating that the H1-H2 exchange easily occurs at 

room temperature; see Appendix A.5.8.  The moderate activation barrier arises from 

the presence of a non-classical Si---H2 bonding interaction in TS1c-1d. 

As shown in Figure 5.8(C), MOs in TS1c-1d indicate that the W center 

possesses one d orbital in the occupied level, which is the HOMO.  The HOMO-1 and 

HOMO-3 involve the W-Si and two W-H(hydride) bonding interactions, respectively.  

The electron population (1.803e) of the )W(φ 1-HOMO  is close to 2.0e (see Table 5.5), 

while that (1.546e) of the )W(φHOMO  is considerably smaller than those of 1a and 

1SiH but considerably larger than those of 1c and 1C.  These results suggest that the  
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(A)  Front view 

(B)  Side view 

                   1a                 TS1a-1e (130i)a)                     1e                     TS1e-1f (200.6i)                  1f                     TS1f-1a (128.6i)                      1a 
                   {0}b)                   {2.7}                             {2.6}                            {9.1}                       {2.6}                          {2.7}                               {0} 
                   [0]c)                    [2.8]                             [2.7]                            [8.8]                        [2.7]                           [2.8]                               [0] 
Figure 5.10.  Geometry changes in H1-H2 exchange (Route-III) of Cp(CO)2W(H)2[SiH(OMe){C(SiH3)3}] 1a.  Bond lengths are in angstroms and 
bond angles are in degree.  Relative energies (in kcal/mol unit) in gasb) and solutionc) phases are presented in braces. 
a)  Imaginary frequencies (in cm-1 unit) in transition state are presented in parenthesis. Arrows in TS1a-1e, TS1e-1f, and TS1f-1a represent important 
movements of atoms in imaginary frequency.     b)  DFT/BS-III calculated energy change.     c)  Solvent (toluene) effect was evaluated with PCM 
method. 



 

d4 character of the W center in TS1c-1d becomes considerably weaker than in 1a and 

1SiH but considerably stronger than in 1c and 1C.  This is because of the presence of 

the Si---H2 non-classical interaction.  It is not easy to define which of the d4 and d2 

electron configurations the W center takes in TS1c-1d. 

Route-III.  Because the [SiH(OMe){C(SiH3)3}] group moves toward the left-

hand side in Route-II (Figure 5.9), we investigated another reaction route in which the 

[SiH(OMe){C(SiH3)3}] group moves toward the right-hand side, as shown in Figure 

5.10.  This movement occurs concomitantly with the movement of H2 toward the left-

hand side, to afford 1e through a transition state TS1a-1e with a small activation barrier 

of 2.7 (2.8) kcal/mol.  These TS1a-1e and 1e are similar to TS1a-1c and 1c, respectively.  

Complex 1e converts to 1f through a transition state TS1e-1f with moderately large 

activation barrier of 6.5 (6.1).  In TS1e-1f, the positions of the H1 and H2 are 

exchanged with each other.  This TS1e-1f is similar to TS1c-1d.  Finally, 1f converts to 

1a through a transition state TS1f-1a with a very small activation barrier of 0.1 (0.1) 

kcal/mol.  This TS1f-1a is essentially the same as TS1a-1e.  The activation barrier to 

complete the H1-H2 exchange is the energy difference between TS1e-1f and 1a, which 

is 9.1 (8.8) [8.6, 7.6, 9.7] kcal/mol; see Appendix A.5.8.  These values are almost the 

same as those of the Route-II. 

At the end of this section, we wish to mention that another transition state 

(TS1e-1f') is found; see Appendix A.5.11 for its geometry.  In TS1e-1f', the H1-H2 

distance is 0.930 Å, indicating that a dihydrogen moiety is involved in the transition 

state.  However, TS1e-1f' is more unstable than TS1e-1f by 3.2 (3.2) [3.6, 1.7, 2.0] 

kcal/mol.  Thus, it is concluded that the reaction via TS1e-1f' including a dihydrogen 

moiety is not the easiest route. 
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5.4 Conclusions 

 The geometry, bonding nature, electronic structure, and fluxional behavior of 

Cp(CO)2(H)2W[SiH(OMe){C(SiH3)3}] 1 were theoretically investigated with the DFT, 

MP4(SDTQ), and CCSD(T) methods, where 1 is a model of recently synthesized 

tungsten dihydride silyl complex Cp*(CO)2(H)2W[SiH(OMe){C(SiMe3)3}] R1. 

 The DFT-optimized geometry of 1 indicates the presence of a W-silyl and two 

W-hydride bonds with two weak Si---H interactions.  Though the geometrical features 

indicate that the W center takes a d2 electron configuration (+IV oxidation state) in a 

formal sense, the MO features and population analyses clearly indicate that the W 

center takes a d4 electron configuration (+II oxidation state) in 1.  This means that the 

(H)2[SiH(OMe){C(SiH3)3}] moiety of 1 has a silicate-like electronic structure.  

Though the Si-H1 and Si-H2 distances are much longer than that of the usual silicate 

anion, the Wiberg bond index clearly indicates the presence of the Si---H1 and Si---H2 

non-classical bonding interactions in 1.  The reasonable interpretation is that the H1 

and H2 form the non-classical Si-H1 and Si-H2 bonding interactions as well as the W-

H1 and W-H2 non-classical bonding interactions.  In addition to the presence of the 

Si-H1 and Si-H2 bonding interactions, the Si atom also forms a bonding interaction 

with the W center.  The W center also forms the W-H1, W-H2, and W-Si bonding 

interactions in addition to the W-Cp and W-CO bonding interactions.  This implies 

that the W center resides in an eight-coordinate environment in spite of its d4 electron 

configuration, suggesting a non-classical feature of the W center. 

 The present theoretical study shows an interesting new type of fluxional 

behavior of 1, as follows: (1) Position change of [SiH(OMe){C(SiH3)3}] around the W 

center easily occurs with a very small activation barrier of 2.8 (3.5) kcal/mol via a new 

transition state, where the DFT- and CCSD(T)-calculated values are presented without 
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and in parenthesis, respectively, in this section.  The transition state has more silicate-

like character than 1, which leads to the small activation barrier.  (2) Two hydrides 

easily exchange their positions with a moderate activation barrier of 7.2 (8.4) kcal/mol 

through a new transition state, in which neither a silane nor a dihydrogen is involved.  

Because of this fluxional behavior, two hydride ligands become equivalent in the 

NMR time scale. 

 In this work, we clearly elucidated the interesting non-classical electronic 

structure and bonding nature of 1 and a new type of fluxional behavior.  It is noted that 

though the usual fluxional behavior was explained in terms of the transient formation 

of either a Si-H or a H-H bond, neither a Si-H nor a H-H bonding interaction is formed 

in the transition state of the H1-H2 exchange. 
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Appendix 

 

 

A.5.1 Important optimized parameters of Cp(CO)2W(H)2[SiH(OMe){C(SiH3)3}] 1. 

 
Table A.5.1.  Basis set effects on the optimized parametersa) of 
Cp(CO)2W(H)2[SiH(OMe){C(SiH3)3}] 1. 

 BS-I BS-IV BS-V BS-VI Expt 
W-Si 2.606 

(2.611)a) 
2.606 2.586 2.592 2.620 

W-CO 1.973 
(1.969) 

1.964 1.969 1.967 1.962 

W-CO 1.975 
(1.974) 

1.967 1.970 1.969 2.043 

W-H1 1.750 
(1.755) 

1.750 1.735 1.744 - 

W-H2 1.757 
(1.766) 

1.756 1.739 1.751 - 

Si-O 1.681 
(1.686) 

1.689 1.711 1.679 1.660 

Si-C 1.891 
(1.897) 

1.898 1.904 1.893 1.830 

Si-H1 1.913 
(1.894) 

1.931 1.913 1.912 - 

Si-H2 1.860 
(1.814) 

1.891 1.891 1.878 - 

Si-H3 1.492 
(1.494) 

1.496 1.503 1.492 - 

Bond lengths are in angstrom. 
a)  In parenthesis is the optimized parameters of 
Cp*(CO)2W(H)2(SiH(OMe)(C(SiH3)3) 1-Cp*.

 

 

 

 

 

 

 

 

 

 226



 

 227

A.5.2 Wiberg bond indices of important bonds. 

 

 Table A.5.2 Wiberg bond indices in Cp(CO)2W(H)2[SiH(OMe)(C(SiH3)3)] 
1, Cp(CO)2W(H)2(CH(OMe)(C(CH3)3)) 1C, 
Cp(CO)2W(H)[SiH2(OMe)(C(SiH3)3)] 1SiH, and 
Cp(CO)3W[SiH(OMe)(C(SiH3)3)] 2. 

 

 Bonds 1 1C 1SiH 2 
W-Si/W-C 0.393 0.602 0.159 0.482 
W-H1 0.501 0.629 0.671 - 
W-H2 0.474 0.557 0.262 - 
Si-H1/C-H1 0.241 0.048 0.021 - 
Si-H2/C-H2 0.281 0.056 0.595 - 
Si-H3/C-H3 0.889 0.915 0.898 0.876 
H1-H2 0.002 0.067 0.016 - 

DFT(B3PW91)/BS-III NBO calculation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

A.5.3 Conversion of Cp(CO)2W(H)[SiH2(OMe){C(SiH3)3}] 1SiH to Cp(CO)2W(H)2[SiH(OMe){C(SiH3)3}] 1. 
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 Figure A.5.1 Geometry and energy change upon going from Cp(CO)2W(H)[SiH2(OMe){C(SiH3)3}] 1SiH to 

Cp(CO)2W(H)2[SiH(OMe){C(SiH3)3}] 1. 

 

 



 

A.5.4 Mulliken population in Cp(CO)2W(H)2[SiH(OMe){C(SiH3)3}] 1,  

 

 

Table A.5.3 Mulliken populationa) in Cp(CO)2W(H)2[SiH(OMe){C(SiH3)3}] 1, 

Cp(CO)2W(H)2[CH(OMe){C(CH3)3}] 1C, Cp(CO)2W(H)[SiH2(OMe)(C(SiH3)3)] 

1SiH, Cp(CO)3W[HSi(OMe)(C(SiH3)3)] 2, and Cp(CO)2W(F)3 3. 

 

Atom/Group 1 1C 1SiH 2 3 
W 
d 

74.493 
5.267 

74.671 
5.129 

74.449 
5.224 

74.304 
5.183 

73.159 
3.647 

Cp(CO)2W 137.408 137.391 137.487 - 135.698 
H1 0.898 0.804 0.858 - - 
H2 0.954 0.776 - - - 
Si/C 13.078 6.115 13.024 12.951 - 
SiHR1R2/CHR1R2 b) 88.740 57.028 - 88.729 - 

 
a)  DFT(B3PW91)/BS-III calculation. 
b)  R1=OMe and R2=C(SiH3)3 in 1 and 2; R1=OMe and R2=C(CH3)3 in 1C. 
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A.5.5 Kohn-Sham MOs in Cp(CO)3W[SiH(OMe){C(SiH3)3}] 2 and Cp(CO)2(F)3 3. 

 
                                           HOMO               HOMO-1                   HOMO-2 

(A)  Cp(CO)3W[SiH(OMe){C(SiH3)3}] 2 
 

 
                                                 HOMO              HOMO-1        HOMO-2 

(B)  Cp(CO)2(F)3 3 

 

 Figure A.5.2 Several important Kohn-Sham MOs observed in 

Cp(CO)3W[SiH(OMe){C(SiH3)3}] 2 and Cp(CO)2(F)3 3. 
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A.5.6 Destabilization energy of silicate [SiH3(OMe)(C(SiH3)3)]- 4. 

 

Table A.5.4 Destabilization energy (DE)a) of silicate 

[SiH3(OMe)(C(SiH3)3)]- 4-tbp, 4-1, 4-TS1a-1b, and 4-1b. 

Method 4-tbp 4-1 4-1b 4-TS1a-1b 
DFT 0.7 (0.3)b) 37.6 (35.9) 44.4 (42.5) 29.1 (27.3) 
MP2 1.7 (0.5) 42.5 (38.3) 50.0 (46.0) 32.5 (28.7) 
MP3 1.1 (0.1) 40.7 (36.4) 47.8 (43.6) 30.9 (26.9) 
MP4(DQ) 1.1 (0.1) 40.5 (36.1) 47.5 (43.2) 30.8 (26.8) 
MP4(SDQ) 1.1 (0.1) 40.3 (35.9) 47.3 (43.0) 30.8 (26.7) 
MP4(SDTQ) 1.3 (0.3) 40.6 (36.1) 47.6 (43.2) 31.2 (27.1) 
CCSD(T) 1.2 (0.2) 39.7 (35.3) 46.4 (42.2) 30.5 (26.5) 

 

 

 

 

 

A.5.7 Wiberg bond index in silicate [SiH3(OMe){C(SiH3)3}]- 4. 

 

Table A.5.5 Wiberg bond indexa) in silicate [SiH3(OMe){C(SiH3)3}]- 4. 

a)  DE = Energy difference from 4-eq.  BS-II basis set system was employed. 
b)  BS-III-calculated values are presented in parenthesis. 

Atoms/Groups 4-eq 
 

4-tbp 4-1  

Si-H1 0.909 0.861 0.687  

 
Si-H2 0.915 0.861 0.716 

 
Si-H3 0.826 0.792 0.854  

  
a)  DFT(B3PW91)/BS-III calculation.  
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A.5.8 Relative energies in position change of [SiH(OMe){C(SiH3)3}] and H1-H2 

exchange process of Cp(CO)2W(H)2[SiH(OMe){C(SiH3)3}] 1. 

 

Table A.5.6 Relative energiesa) in position change of [SiH(OMe){C(SiH3)3}] and 
H1-H2 exchange process of Cp(CO)2W(H)2[SiH(OMe){C(SiH3)3}] 1 calculated with 
various computational methods. 

 

 

A.5.9 Wiberg bond indicesa) in position change of [SiH(OMe){C(SiH3)3}] and 

H1-H2 exchange. 

 

Table A.5.7 Wiberg bond indicesa) in 1b and TS1a-1b of position change of 

[SiH(OMe){C(SiH3)3}] and TS1a-1a, 1c, TS1c-1d, and TS1e-1f of H1-H2 exchange. 

 
 

  H1H2 exchange process Position change of 

[SiH(OMe){C(SiH3)3}]  Route-I Route-II  Route-III  

TS1a-1b 1b  TS1a-1a  TS1c-1d  TS1e-1f  Method 

DFT 2.8 (2.9)b) 0.1 (1.5)b)  25.6 (25.1)b)  7.2 (7.6)b) 8.6 (9.1)b)  

MP2 4.5 1.1  28.4  6.2  8.0 

MP3 3.0 -0.5  27.2  9.3  10.4 

MP4(DQ) 3.6 0.1  27.3  8.4  9.7 

MP4(SDQ) 3.5 0.2  27.3  8.0  9.4 

MP4(SDTQ) 3.9 0.1  27.8  6.0  7.6 

CCSD(T) 3.5 0.2  27.4  8.4  9.7 

 
a)  Energy difference from 1a.  BS-II basis set system was employed. 
b)  In parenthesis is the BS-III-calculated values. 

  H1-H2 Exchange Process Position Change of 
[SiH(OMe){C(SiH3)3}]   Route-I Route-II 

Bonds 1a 1b TS1a-1b  TS1a-1a 1c TS1c-1d 
W-Si 0.393 0.370 0.294  0.226 0.540 0.432 
W-H1 0.501 0.541 0.497  0.555 0.587 0.470 
W-H2 0.474 0.535 0.460  0.297 0.553 0.571 
Si-H1 0.241 0.239 0.351  0.002 0.102 0.013 
Si-H2 0.281 0.256 0.288  0.539 0.097 0.205 
H1-H2 0.002 0.002 0.015  0.036 0.044 0.072 
a)  DFT(B3PW91)/BS-III NBO calculation. 
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A.5.10 Changes in potential energy in position change of [SiH(OMe){C(SiH3)3}] 

in Cp(CO)2W(H)2[SiH(OMe){C(SiH3)3}] 1. 

 
(A) Potential energy change 

 

 
(B)  Population change

Figure A.5.3   Changes in potential energy and d orbital population of W with 
reaction coordinate upon going from Cp(CO)2W(H)2[SiH(OMe){C(SiH3)3}] 1a to 
Cp(CO)2W(H)2[SiH(OMe){C(SiH )3}] 1b. 3
DFT(B3PW91)/BS-III calculation. 
a)  HOMO + HOMO-1. 
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A.5.11 Geometry of TS1e-1f' in H1-H2 exchange process of 

Cp(CO)2W(H)2[SiH(OMe){C(SiH3)3}] 1a. 

 

 
                        (A)  Front view                               (B)  Side view 

TS1e-1f' (301.7i) 
 

Figure A.5.4.  Geometry of TS1e-1f' of Route-III in H1-H2 exchange process of 
Cp(CO)2W(H)2[SiH(OMe){C(SiH3)3}] 1a. 
Bond lengths are in angstroms and bond angles are in degree. 
a)  The imaginary frequency is given in parenthesis.  Arrows in TS1e-1f' represent 
important movements of atoms in imaginary frequency. 

 

 



General Conclusion 
 
 
 
 
 
 Theoretical studies of new transition metal complexes containing silicon species are 

presented here.  Their characteristic features of geometry, electronic structure, and bonding 

nature are discussed in detail.  The density functional theory (DFT) with hybrid functional 

B3PW91 was mainly used for these theoretical studies.  Møller-Plesset (MP) perturbation 

(MP2, MP3, and MP4) theory and coupled-cluster method with single and double 

substitutions and perturbation correction of triple excitations (CCSD(T)) were also 

employed to check the reliability of the DFT-calculated energies.  To inspect the bonding 

interactions of these complexes, the LCMO (Linear Combination of Molecular Orbital) 

analysis was carried out, in which molecular orbital ψi of the total system is represented by 

a linear combination of molecular orbitals of fragments.  The results and observations are 

summarized, as follows: 

 In chapter 1, geometry and bonding nature of Cp(CO)2W(CCH)(SiH2) 1 and 

Cp(CO)2W(η3-H2SiCCH) 2 and formation reaction of 1 from 2 were theoretically 

investigated with the DFT, MP2 to MP4(SDTQ), and CCSD(T) methods, where 1 and 2 

were adopted as models of interesting new complexes reported recently, 

Cp*(CO)2W(CCtBu)(SiPh2) and Cp*(CO)2W(η3-Ph2SiCCtBu), respectively.  

Computational results clearly indicate that 1 involves neither a pure silacyclopropenyl 

group nor a pure silylene and acetylide groups and that the silylene group strongly interacts 

with both the W center and the acetylide group.  Frontier orbitals of 1 resemble those 

observed in the formation reaction of silacyclopropene from silylene and acetylene.  The 

frontier orbitals, as well as the geometry, indicate that the (CCH)(SiH2) moiety of 1 is 

understood in terms of an interesting intermediate species trapped by the W center in that 
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formation reaction.  Complex 1 is easily formed from 2 through the Si-C σ-bond activation 

with a moderate activation barrier of 15.3, 18.8, and 15.8 kcal/mol, which are the DFT-, 

MP4(SDTQ)- and CCSD(T)-calculated values, respectively.  This reaction takes place 

without change of the oxidation state of the W center.  Intermediate 2 is easily formed from 

Cp(CO)2W(Me)(H3SiC≡CH) via a Si-H oxidative addition followed by a C-H reductive 

elimination.  The bonding nature of 2 is also very interesting; the non-bonding π orbital of 

the H2SiCCH moiety is essentially the same as that of the propargyl group but the π 

conjugation between the Si and C atoms is very weak in the π orbital unlike that of the 

propargyl group.  Thus, the electronic structure and bonding nature of 2 can be understood 

to be intermediate between those of tungsten η3-alkynylsilyl and tungsten η3-silapropargyl 

complexes. 

 In chapter 2, geometry and bonding nature of interesting new tungsten η3-

silaallyl/η3-vinylsilyl complex Cp(CO)2W(η3-H2SiCHCH2) 3 and tungsten vinyl silylene 

complex Cp(CO)2W(CHCH2)(SiH2) 4 and the conversion reaction of 3 to 4 were 

theoretically investigated with the DFT and CCSD(T) methods, where 3 was adopted as a 

model of Cp*(CO)2W(η3-Me2SiCHCMe2).  Non-bonding π orbital (φnπ) of the 

η3-H2SiCHCH2 group is similar to that of the η3-allyl group except that the Si p orbital 

more contributes to the φnπ than the C p orbital.  On the other hand, the π orbital (φπ) of the 

η3-H2SiCHCH2 group is considerably different from that of the η3-allyl group; the π-

conjugation between the Si and C atoms is very weak unlike that of the η3-allyl group in 

which the π-conjugation is considerably strong.  Thus, 3 can be understood to be a species 

between tungsten η3-vinylsilyl and tungsten η3-silaallyl complexes.  From geometry and 

frontier orbitals, 4 can be understood to be a tungsten vinyl silylene complex in which 

charge transfer interaction between the silylene and vinyl groups is very weak.  Complex 3 

is much more stable than 4 by 21.0 (20.9) kcal/mol but Cp(CO)2W(η3-H2SiCCH) 2 is less 
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stable than Cp(CO)2W(CCH)(SiH2) 1 by 0.7 (4.9) kcal/mol, where the CCSD(T)- and 

DFT-calculated values are given without and in parenthesis, respectively.  This means that 

the tungsten η3-silaallyl/η3-vinylsilyl complex can be isolated but the tungsten vinyl 

silylene complex cannot unlike the tungsten acetylide silylene complex 

Cp*(CO)2W(CCtBu)(SiPh2) which was isolated recently.  Complex 3 converts to 4 with a 

large activation barrier of 34.2 (33.2) kcal/mol, while 2 easily converts to 1 with a 

moderate activation barrier of 15.8 (15.3) kcal/mol.  These differences between 2 and 3 can 

be interpreted as follows:  Though the Si-C bond is weak in 3, the W-(η3-H2SiCHCH2) 

interaction is considerably strong.  Moreover, the W-vinyl and the silylene-vinyl 

interactions are very weak in 4.  On the other hand, the Si-C bond is strong but the W-(η3-

H2SiCCH) interaction is weak in 2.  Moreover, the W-acetylide and the silylene-acetylide 

interactions are very strong in 1.  The reasons are discussed in detail. 

In chapter 3, we theoretically investigated how to stabilize a new transition metal 

η3-silapropargyl/alkynylsilyl complex CpL2M(η3-R2
2SiCCR1) (M = W or Mo; L = CO, 

PMe3, or PF3; Cp = C5H5; R1 = H, Me, tBu, or CF3; R2 = H, Me, or F) which is an interesting 

silicon analogue of a transition metal η3-propargyl complex.  Though this complex was 

experimentally proposed as an intermediate in the synthesis of tungsten acetylide silylene 

complex Cp(CO)2W(CCtBu)(SiPh2), it has not been synthesized yet.  From theoretical 

computations with the DFT method, we wish to propose that the combination of electron-

withdrawing CF3 on C, σ-electron-withdrawing/π-electron-donating F on Si, Mo center, and 

CO is the best to stabilize the η3-silapropargyl/alkynylsilyl form.  On the other hand, the 

combination of bulky tBu on C, either H or Me on Si, W center, and PMe3 is the best to 

stabilize the acetylide-silylene form, which is also interesting species.  The reasons are 

discussed. 
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In chapter 4, bonding nature and electronic structure of 

Cp(CO)2(SiH2)W-CC-W(SiH2)(CO)2Cp 5 were theoretically investigated with the DFT 

method, where 5 was employed as a model of recently synthesized dinuclear tungsten 

complex Cp*(CO)2(SiPh2)W-CC-W(SiPh2)(CO)2Cp*.  Computational results clearly 

indicate that 5 is understood not to be a disilabutadiene-bridged dinuclear complex and a 

cumulenic (W=C=C=W) complex but to be an ethynediyl-bridged bis(silylene) dinuclear 

tungsten complex which contains various charge transfer (CT) interactions between the 

tungsten, silylene, and ethynediyl, as follows:  The CTs occur from the lone pairs (φCC
lp) of 

the ethynediyl to the unoccupied d orbital (dW
unoc) of the W and from the occupied d orbital 

(dW
occ) of the W to the π* orbital (φCC

π*) of the ethynediyl.  Other CTs occur from the lone 

pair orbital (φSi
lp) of the silylene to the dW

unoc and from the dW
occ to the empty p orbital (φSi

p) 

of the silylene.  Also, the CT occurs from the φCC
π to the φSi

p.  These CT interactions lead to 

the considerably strong Si-C bonding interactions and the considerably large elongation of 

the C-C distance.  The C-C distance is much longer than the typical C≡C triple bond 

distance and similar to the typical C=C double bond distance.  The Si-C bond is much 

weaker than that of a disilabutadiene but moderately weaker than the Si-C single bond.  The 

mixing of the φCC
π into the φCC

π* induces the π orbital polarization of the CC moiety in one 

plane and the reverse π orbital polarization in the perpendicular plane.  These polarizations 

also participate in the C-C bond weakening of the ethynediyl. 

In Chapter 5, geometry, bonding nature, electronic structure, and fluxional 

behavior of Cp(CO)2W(H)2[SiH(OMe){C(SiH3)3}] 6 were theoretically investigated with 

the DFT, MP2 to MP4(SDTQ), and CCSD(T) methods, where 6 was employed as a model 

of recently synthesized tungsten dihydride silyl complex 

Cp*(CO)2W(H)2[SiH(OMe){C(SiMe3)3}] R1.  The DFT-optimized geometry of 6 

indicates the presence of a W-silyl and two W-hydride bonds with two weak Si---H 
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interactions, suggesting that the W center takes a d2 electron configuration (+IV oxidation 

state) in a formal sense.  However, analyses of molecular orbitals and electron population 

analysis indicate that the W center takes a d4 electron configuration (+II oxidation state) in 

6.  Theoretical interpretation is reasonably presented, as follows: The W center takes a +II 

oxidation state and 6 has interesting electronic structure which consists of a silicate-like 

(H)2[SiH(OMe){C(SiH3)3}] moiety including two non-classical Si---H bonding 

interactions and a non-classical eight-coordinated W center bearing a W-Si and two W-H 

bonds.  Interestingly NMR chemical shifts of two hydride ligands of R1 are equivalent at 

room temperature despite of the presence of chiral [SiH(OMe){C(SiMe3)3}] group, 

indicating that R1 exhibits a fluxional behavior which makes two hydrides equivalent.  

Our theoretical study reveals new type of fluxional behavior of 6, as follows: (1) Position 

of [SiH(OMe){C(SiH3)3}] easily changes around the W center with a very small activation 

barrier of 2.8 (3.5) kcal/mol through a new transition state, where the DFT- and CCSD(T)-

calculated values are presented without and in parenthesis, respectively, hereafter.  In the 

transition state, the silicate-like electronic structure becomes stronger than in 6.  (2) Two 

hydrides easily exchange their positions with a moderate activation barrier of 7.2 (8.4) 

kcal/mol through a new transition state, in which neither a silane nor a dihydrogen is 

involved.  Because of this fluxional behavior, two hydride ligands become equivalent, as 

observed by the NMR spectroscopy.  The reasons of the moderate activation barrier are 

discussed in terms of the bonding interaction. 

As discussed above, many valuable and important results are presented on the 

geometrical characteristics, bonding interactions, and electronic structures of new 

transition metal complexes containing silicon species.  Their interesting geometries and 

bonding natures, as well as their fluxional behaviors are clearly discussed based on the 

fundamental understanding of electronic structure.  Clear idea is proposed on how to 
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synthesize new transition metal complexes of silicon species.  Also, correct understanding 

is provided on the reasons why the transition metal complexes of silicon species are 

similar to and/or different from their carbon analogues.  The author believes that these 

theoretical studies provide great impact on the further development of transition metal 

silicon chemistry.  Hopefully, this work boosts up future study on the transition metal 

complexes including other heavy non-transition elements. 
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