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Abstract 

The reaction of Cp’2CeH (Cp’ = 1,2,4-(Me3C)3C5H2 ) with MeOSiMe3 gives 

Cp’2CeOMe and HSiMe3 and the reaction of the metallacycle, 

Cp’[(Me3C)2C5H2C(Me) 2CH2]Ce, with MeOSiMe3 yields Cp’2CeOCH2SiMe3, 

formed from hypothetical Cp’2CeCH2OSiMe3 by a [1, 2] shift also known as a silyl-

Wittig rearrangement. Although both cerium products are alkoxides, they are formed 

by different pathways. DFT calculations on the reaction of the model metallocene, 

Cp2CeH, and MeOSiMe3 show that the lowest energy pathway is a H for OMe 

exchange at Ce that occurs by way of a σ-bond metathesis transition state as SiMe3 

exchanges partners. The formation of Cp2CeOCH2SiMe3 occurs by way of a low 

activation barrier [1, 2] shift of the SiMe3 group in Cp2CeCH2OSiMe3. Calculations 

on a model metallacycle, Cp[C5H4C(Me)2CH2]Ce, show that the metallacycle favors 
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CH bond activation over σ-bond metathesis involving the transfer of the SiMe3 group 

in good agreement with experiment. The σ-bond metathesis involving the transfer of 

SiMe3 and the [1, 2] shift of SiMe3 reactions have in common a pentacoordinate 

silicon at the transition states. A molecular orbital analysis illustrates the connection 

between these two Si-O bond cleavage reactions and traces the reason why they occur 

for a silyl but not for an alkyl group to the difference in energy required to form a 

pentacoordinate silicon or carbon atom in the transition state. This difference clearly 

distinguishes a silyl from an alkyl group as shown in the study of “ pyrolysis of 

tetramethylsilane yielding free d-orbitals by Seyferth and Pudvin in ChemTech 1981, 

11, 230-233”.  

 

Introduction 

[1, 2]-SiR3 group shifts are common in silyl containing compounds.1 These dyotropic 

rearrangements are known either as a Brook, retro-Wittig or a retro-Brook, silyl-

Wittig, rearrangement depending on the direction of the silyl group shift.2-4 The silyl-

Wittig rearrangement involves cleavage of an O-Si bond in a silyl ether and formation 

of a C-Si bond as symbolized in eq. 1. The retro-Wittig involves the reverse 

transformation and has been shown to occur in neutral molecules. Suprafacial-

suprafacial [1, 2] shifts are Woodward-Hoffmann disallowed in carbon chemistry but 

the activation barriers are much lower when the migrating group can readily get to a 

pentacoordinate condition, such as when the migrating group is SiR3. 

 [CH2OSiR3]
-
 →  [OCH2SiR3]

 -
    (1)  
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In the silyl-Wittig rearrangement, the anions are usually associated with solvent 

separated lithium cations, and the organometallic compounds are seldom isolated. 

This article shows that related chemistry occurs in the reaction of lanthanide 

complexes with silyl ethers. The C-O bond in Me2O was shown recently to be cleaved 

by [1,2,4-(Me3C)3C5H2]2CeH, abbreviated as Cp’2CeH, in a two-step reaction. 5 The 

first step is an α-CH activation, eq. 2a, followed by a slow step in which the CH2 

fragment is trapped by H2, eq. 2b. The methoxymethyl compound was isolated and 

characterized by X-ray crystallography. The reactivity pattern, illustrated in eq. 2, is 

general since methylhalides follow a similar two-step mechanism.5,6  

 Cp’2CeH + CH3OMe →   Cp’2Ce(η2-CH2OMe)  + H2 (2a) 

Cp’2Ce(η2-CH2OMe)  + H2  → Cp’2CeOMe + CH4  (2b) 

The ether cleavage reaction is also general since the net reaction between Cp’2CeH 

and (RCH2)2O, R = Me, Et, Pr, forms Cp’2CeOCH2R and RCH3, but the reaction 

mechanism is different when the ethers contain β-CH bonds.7  

Understanding the thermodynamic similarity but kinetic dissimilarity between 

Cp’2Ce(η2-CH2OMe) and the postulated precursor compound in the silyl-Wittig 

rearrangement, where OMe is replaced by OSiMe3, is the justification for undertaking 

the experimental and computational studies described below. The computational 

studies provide quantitative mechanistic information about the O-Si bond cleavage 

process and the role five-coordinate silicon plays in lowering the activation free 

energy of the transition state.  

 

Results 
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Experimental Studies 

Addition of an excess of MeOSiMe3 to Cp’2CeH in C6D12 in an NMR tube at 20°C 

results in an instantaneous color change from purple to red. Examination of the 1H 

NMR spectrum shows only resonances due to Cp’2CeOMe,8 HSiMe3, and unreacted 

MeOSiMe3. The net reaction shown in eq. 3 is a H for OMe exchange, in which the 

Si-O bond, rather than the C-O bond is cleaved. 

Cp’2CeH + MeOSiMe3 � Cp’2CeOMe + HSiMe3   (3) 

Previously reported studies on the reaction chemistry of Cp’2CeH with common 

organic compounds are often complemented by reactions with the metallacycle, 

Cp’[(Me3C)2C5H2C(Me)2CH2]Ce, since dihydrogen is not present in the latter 

reactions and therefore cannot act as a trapping reagent. In the present case, however, 

the reaction between MeOSiMe3 and the metallacycle does not yield the cerium 

methoxide complex but the substituted methoxide Cp’2CeOCH2SiMe3, isolated as a 

red solid that is purified by vacuum sublimation at 190°C. The thermal stability of 

Cp’2CeOCH2SiMe3 is in stark contrast to that of, for example, Cp’2CeCH2Ph, which 

slowly eliminates toluene, forming the metallacycle in solution at 20°C and on 

attempted sublimation.9  The 1H NMR spectrum of the sublimed material has 

chemical shift patterns similar to those observed for Cp’2CeCH2Ph9  or Cp’2Ce(η2-

CH2OMe),5 but does not allow a distinction to be made between the C-bound or O-

bound isomer, eq. 4.  

Cp’[(Me3C)2C5H2C(Me)2CH2]Ce + MeOSiMe3  

→ Cp’2CeCH2OSiMe3 or Cp’2CeOCH2SiMe3  (4) 
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The X-ray crystal structure, Figure 1, clearly shows that the isolated compound is the 

O-bound isomer.  

 

 

 

 

 

 

Figure 1. ORTEP of [1,2,4-(Me3C)3C5H2]2CeOCH2SiMe3, 50% probability 

ellipsoids. The non-hydrogen atoms are refined anisotropically and the hydrogen 

atoms (not shown) are placed in calculated positions and not refined, except the two 

hydrogens on C(35) that are located and refined isotropically: Ce-C(ave) = 2.85 ± 

0.06 Å , range 2.766(4) Å to 2.948(5) Å, Ce-C(ring centroid) 2.58 Å.  Ce-O = 

2.113(3) Å, Ce-O-C(35) = 158.7(4)°, O-C(35)-Si = 114.0 (3)°, Cp’(ring centroid)-Ce-

Cp’(ring centroid) = 149°, Cp’(ring centroid)-Ce-O = 105°(ave).  

The important stereochemical feature revealed in the ORTEP in Figure 1 is that the 

compound is an alkoxide, not a trimethylsiloxymethyl derivative, which is consistent 

with its thermal stability. The bond distances and angles in the Cp’2Ce fragment are in 

the range found in all of the other solid state structures containing this fragment.5-10 

The key datum is the Ce-O distance of 2.113(3) Å, which is identical to the Ce-O 

distance in Cp’2Ce(trans-OCH=CHO)CeCp’2 of 2.118(3) Å and close to the two 

independent Ce-O distances in the cis-isomer of 2.173(4) Å and 2.170(5) Å.8 The Ce-
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O distance in Cp’2CeOCH2SiMe3 is substantially shorter than the expected value for a 

Ce-C distance in an η1-alkyl derivative; the Ce-C distance in Cp’2Ce(η2-CH2OMe), 

Cp’2Ce(η1-CH2Ph), and Cp’2Ce(η1-4-methylbenzyl) are 2.488(4) Å, 2.577(4) Å, and 

2.576(7) Å, respectively.5,9 Further, the two hydrogen atoms on C(35) are located and 

refined isotropically, which provides the final proof that the isomer is O-bound.  

Monitoring the reaction between the metallacycle and MeOSiMe3 by 1H NMR 

spectroscopy shows that the reaction is quantitative at 20°C and the chemical shifts of 

the isolated compound are identical to those generated upon mixing these reagents. 

No intermediate is detected. Further, since BPh3 is an efficient trap for the conversion 

of Cp’2Ce(η2-CH2OMe) to Cp’2CeOMe and PhCH2BPh2,
 5 monitoring the reaction 

between the metallacycle and MeOSiMe3 in presence of BPh3 shows that the Lewis 

acid does not affect the net reaction. The latter experiment suggests that, if 

Cp’2CeCH2OSiMe3 is formed, the lifetime of the C-bound isomer is short, implying 

that the rearrangement barrier is low. Further, mixing the metallacycle-d53 with 

MeOSiMe3 in C6D12 at 20°C does not incorporate deuteria in MeOSiMe3, implying 

that the rerrangement of the postulated intermediate is not reversible.  

Computational studies 

 Models and Generalities 

The Cp’ ligand is modeled by C5H5, Cp, and Cp2CeH is abbreviated as [Ce]H. The 

metallacycle is modeled by Cp[C5H4C(Me)2CH2]Ce and is abbreviated as [Ce]Met. 

The substrate, MeOSiMe3, is represented in full. The DFT(B3PW91) method 

described in the Experimental Section has been used as in related studies.5,6 The 

Gibbs free energy, G, of all extrema are given relative to the separated reactants 

[Ce]H and MeOSiMe3. The activation barrier is defined as the difference in Gibbs 
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free energy between a transition state and its associated reactant. The α- and β-CH 

terminology refers to the bonds that are α and β relative to the oxygen atom; therefore 

the α-CH activation refers to the OCH3 group while β-CH activation refers to the 

OSi(CH3)3 group.  

The computational results are divided into several sections since the reaction of 

MeOSiMe3 with Cp’2CeH and the metallacycle give different products. In the first 

part, all of the pathways that could result from the reaction between [1,2,4-

(Me3C)3C5H2]2CeH, modeled by Cp2CeH, and MeOSiMe3 are analyzed. In the second 

part, the reactions that are initiated with the α-CH activation product, 

Cp2CeCH2OSiMe3, are presented, along with reactions of the model metallacycle 

Cp[C5H4C(Me)2CH2]Ce.  

Calculations with Cp2CeH as a model. 

The Gibbs free energy profiles for all of the reactions studied are shown in Figure 

2. 
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Figure 2. Free energy profiles (kcal mol-1) for the reaction pathways of [Ce]H, [Ce] = 

Cp2Ce, with MeOSiMe3. On the right-hand side, the reactions with the methyl group 

(σ-bond metathesis and α-CH activation) are shown. On the left-hand side, the 

reactions with the SiMe3 group (σ-bond metathesis and β-CH activation) are shown. 

The two sets of products that may form in the reaction between Cp’2CeH and 

MeOSiMe3, Cp’2CeOMe and HSiMe3 or Cp’2CeOSiMe3 and CH4, the result of Si-O 

or C-O cleavage, are computed to be exoergic by -24.2 or -67.2 kcal mol-1, 

respectively; the C-O cleavage product is favored thermodynamically. 

Experimentally, the observed reaction is the product of Si-O bond cleavage, as 

illustrated in eq. 3. Thus, the observed reaction is under kinetic control, the reasons 

for which are delineated in the following sections. 
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All reactions start by the formation of an ether adduct with a free energy of about 

-5 kcal mol-1 indicating that adduct formation more than compensates the loss of 

entropy. The ether adducts that start the reactions differ by the conformation of the 

ether ligand but the energy difference between these conformational isomers is less 

than 1 kcal mol-1. This difference is not discussed further and the starting structure for 

all reactions is called the ether adduct.   

a) Sigma bond metathesis 

The term σ-bond metathesis describes a reaction in which σ-bonds are cleaved and 

formed in a concerted manner without change of the oxidation number of the metal 

center. The kite-shape transition state is composed of four atoms or groups of atoms 

that exchange their partners, as indicated in Figure 2. Following Goddard and Rappé, 

this reaction is a [2s +2s] reaction in Woodward –Hoffmann nomenclature and is 

prevalent in organometallic chemistry while forbidden in organic chemistry.11,12  

 From the ether adduct, two σ-bond metathesis pathways are possible, one in which 

the O-C bond is cleaved and CH4 is formed and one in which the O-Si bond is cleaved 

and HSiMe3 is formed (Figure 2). Cleavage of the O-C bond requires that the CH3 

group is located at the β-position of the four-member ring transition state, while the 

cleavage of O-Si requires that the SiMe3 group occupies that site. The Gibbs free 

energies of these two transition states are strikingly different, 43.3 kcal mol-1 for the 

σ-bond metathesis involving the CH3 group and only 5.2 kcal mol-1 for that involving 

the SiMe3 group. The high energy of the σ-bond metathesis involving the CH3 group 

is a recurring theme as shown in previous studies. In the case of the H for H exchange 

reaction between [Ce]H and CH4, it is 70 kcal mol-1,13  but introduction of electron 

withdrawing groups lowers the energy of the transition state by about half. For 
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example, the free energy of the transition state is about 30 kcal mol-1 for the H for 

halide exchange in the reaction of [Ce]H and CH3X  when X is  F or I.5 When X = 

OMe,5 the value is 43.5 kcal mol-1 and it varies little when the alkyl group is Et, n-Pr 

or n-Bu.7 It was originally proposed that the high energy associated with carbon 

achieving this transition state is related to the high energy CH5
-, in which the carbon is 

five-coordinate.  Electron withdrawing groups stabilize CH4X
- but the energy is still 

on the order of 30 kcal mol-1. The role of the SiMe3 group is therefore exceedingly 

important in this elementary step.  It is well known that silicon readily increases its 

coordination number as the hypothetical anion SiH5
- is more stable than CH5

- relative 

to SiH4 or CH4 and H-.14 Previous computational studies of the reactions of silyl 

derivatives with lanthanide metallocenes show that the silyl group favors σ-bond 

metathesis pathways. For example, the H for H exchange between Cp2LnH and SiH4 

has a very low lying σ-bond metathesis transition state.15 Likewise the σ-bond 

metathesis transition state for transferring SiH3 is a very low energy pathway in the 

reactions of Cp2LnH and CH3SiH3,
16 or Cp2SmH and PhSiH3.

17  

The geometry of the transition states for the methyl and the trimethylsilyl transfer 

is shown in Figure 3. The geometry around carbon and silicon is rather similar; in 

both cases, the atom at the β position of the four-member ring is pentacoordinate. In 

the case of the methyl group, the geometry at carbon is intermediate between a 

trigonal bipyramid and a square pyramid. In the case of trimethylsilyl, the geometry at 

silicon is a square pyramid in which the OMe and the H groups are cis to each other in 

the basal plane.  

Therefore the σ-bond metathesis reaction between [Ce]H and MeOSiMe3 is an 

energetically accessible reaction if it involves cleavage of the Si-O bond. The low 
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activation barrier of this reaction is clearly due to the ability of the silicon atom to 

become pentacoordinate at the transition state.  

 

 

                 Metathesis CH3   Metathesis SiMe3  

Figure 3.  Optimized geometries of the transition states for the σ-bond metathesis 

reactions between Cp2CeH and MeOSiMe3; on the left-hand side, transfer of the 

methyl group and on the right-hand side, transfer of the trimethylsilyl group are 

shown (“a” marks the apical ligand of the square base pyramid, see Figure 2. The 

color code is Ce, yellow; Si, blue; O, red; C, gray.   

b) Reactions initiated by CH activation 

Activation of the α-CH bond of the methyl group in MeOSiMe3 has a transition 

state with a Gibbs free energy of 12 kcal mol-1, slightly lower than that of 13.8 kcal 

mol-1 obtained for Me2O. The resulting three-member ring in [Ce](η2-CH2OSiMe3) 

has a Gibbs free energy of -2.9 kcal mol-1, also slightly lower than that of -0.9 kcal 

mol-1 for [Ce](η2-CH2OMe). The Gibbs free energy of the transition state for 

elimination of CH2 and trapping by H2 is 32.3 kcal mol-1, again lower than that of 

37.9 kcal mol-1 calculated for [Ce](η2-CH2OMe). Therefore the SiMe3 group has a 
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stabilizing influence on the transition state energies. Despite the stabilizing effect of 

SiMe3, the transition state for extrusion of CH2 and capture by H2 is high in energy 

compared to those calculated for methylhalides, which range between 15 and 18 kcal 

mol-1, rendering the elimination of CH2 and trapping by H2 unlikely. The α-CH 

activation pathway has a higher activation barrier than the σ-bond metathesis with 

SiMe3 transfer. This is consistent with fact that Cp’2CeOSiMe3 is not observed 

experimentally in the reaction between Cp’2CeH and MeOSiMe3.  

The β-CH activation on the methyl group of SiMe3 begins from the ether adduct. 

The transition state for β-CH activation has a Gibbs free energy of 8.8 kcal mol-1, 

which is lower than that for the α-CH activation. From this transition state, the four-

member CeOSiC ring forms with an energy of -10.5 kcal mol-1. However, no 

transition state for elimination of CH2=SiMe2 could be located and the four-member 

ring cannot evolve further. This is in agreement with the low stability of compounds 

with a Si-C double bond.18 The β-CH activation has a transition state that is higher in 

energy than that of the σ-bond metathesis with trimethylsilyl transfer and the four-

member ring does not form even though it is moderately exoergic relative to separated 

[Ce]H and MeOSiMe3. 

c) Reactions of Cp2Ce(ηηηη2
-CH2OSiMe3) 

When the reactant is [Ce]H, the calculations indicate that the preferred reaction is 

σ-bond metathesis with trimethylsilyl transfer. All other reactions have higher energy 

transition states, and therefore access to the three-member ring [Ce](η2-CH2OSiMe3) 

is not possible. However, Cp’2Ce(η2-CH2OSiMe3) is presumably generated when 

CH3OSiMe3 is added to the metallacycle, Cp’[(Me3C)2C5H2C(Me)2CH2]Ce, by 
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analogy with the reaction of CH3OMe with the metallacycle that yields Cp’2Ce(η2-

CH2OMe).5 In this section, the reactions pathways that originate from Cp2Ce(η2-

CH2OSiMe3), formed by CH activation of the methyl group of MeOSiMe3, are 

presented.  

From [Ce](η2-CH2OSiMe3), a transition state for the [1, 2] migration of the 

trimethylsilyl group is located with a Gibbs free energy of 13.2 kcal mol-1 above 

[Ce](η2-CH2OSiMe3) and the formation of [Ce]OCH2SiMe3 is exoergic by -16.8 kcal 

mol-1 relative to this intermediate, see Figure 2. The more thermodynamically favored 

product, [Ce]OSiMe3, which is exoergic by -67 kcal mol-1 relative to separated [Ce]H 

and CH3OSiMe3, is not formed because the transition state for elimination of CH2 and 

trapping by H2 is much higher in energy. The formation of [Ce]OCH2SiMe3 is under 

kinetic control. The calculated geometry of [Ce]OCH2SiMe3 is close to that of 

Cp’2CeOCH2SiMe3, since the Ce-O distances are 2.161 Å and 2.113(3) Å, 

respectively,  and the Ce-O-C angle is significantly more open in the calculated 

structure (172° vs. 158.7(4)°). The bending at oxygen is known to occur on a flat 

potential energy surface and the difference between calculated and experimental 

values is not surprising. 

The calculated structure of the three-member ring in [Ce](η2-CH2OSiMe3), shown 

in Figure 4, differs from [Ce](η2-CH2OMe) essentially by lengthening the C…O bond 

by 0.024 Å, in accord with the ability of SiMe3 to stabilize a negatively charged 

oxygen. In addition, the four atoms in the CeCH2 fragment are essentially coplanar 

since the angles at carbon sum to 357.4°. The same value is found in [Ce](η2-

CH2OMe). Therefore, in [Ce](η2-CH2OSiMe3) as in [Ce](η2-CH2OMe), the σ lone 
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pair of CH2 points towards Ce while the carbon 2p orbital points to oxygen, in accord 

with Bent’s rules.5  

 

Figure 4. Optimized structures for the Cp2Ce(η2-CH2OSiMe3) intermediate on the 

left-hand side, and the transition state for the [1, 2] shift of SiMe3 on the right-hand 

side. The color code is Ce, yellow; Si, blue; O, red; C, gray.  

The structure of the transition state for the [1, 2] shift of the silyl group is shown in 

Figure 4. The four atoms Ce, O, C, and Si are co-planar. On going from [Ce](η2-

CH2OSiMe3) to the transition state, the Ce-O bond is shortened from 2.44 Å to 2.31 

Å, the C-O is marginally shortened from 1.485 to 1.480 Å and the Ce-C bond is 

significantly lengthened from 2.50 to 2.71 Å. The trimethylsilyl group bridges the 

C-O bond with a Si-O distance of 1.89 Å and a Si-C distance of 2.04 Å, and the 

resulting Ce-O-Si angle is 162° and the Ce-C-Si angle is 121°. The CH2 effectively 

inverts its orientation in the rearrangement. In the transition state, the hydrogens on 

the CH2 group are oriented away from the trimethylsilyl group, and the four atoms in 

the SiCH2 fragment are not strictly coplanar since the sum of the angles at C is 354°, 

and the hybridization of carbon is between sp3 and sp2. The overall geometry of the 

transition state therefore resembles the bridging formaldehyde dianion in 

Cp’2Ce(OCH2)CeCp’2 with the SiMe3 replacing one of the Cp’2Ce fragments.8 Ab-

initio calculations comparing silyl to methyl migrations show that the barriers for [1, 
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2] shifts are much lower for silyl relative to methyl for gas phase anions and lithium 

stabilized molecules.19  

Reactions of Cp[C5H4C(Me)2CH2]Ce. 

The CH activation of the methyl group and the σ-metathesis with SiMe3 and CH3 

were studied with a model of the metallacycle in which the cyclopentadienyl groups 

do not have additional CMe3 groups, for better comparison with Cp2CeH. The goal of 

this section is to obtain insight as to why the reactivity of the metallacycle differs 

from that of the hydride.  

The free energy profiles for the CH activation of the methyl and SiMe3 groups of 

MeOSiMe3 as well as the σ-bond metathesis involving migration of SiMe3 and Me 

are shown in Figure 5.  

 



 17 

Figure 5.  Free energy profiles (kcal mol-1) for the reaction of MeOSiMe3 and 

Cp[C5H4C(Me)2CH2]Ce.   

The α-CH activation  in the methyl group starts with the formation of an 

adduct whose free energy is 4.1 kcal mol-1 lower than the separated reactants, 

Cp[C5H4C(Me)2CH2]Ce and MeOSiMe3. The free energy of the transition state for the 

α-CH activation in the Me group is 14.0 kcal mol-1 above separated reactants. Starting 

from a slightly different MeOSiMe3 adduct whose energy is 3.1 kcal mol-1 below 

separated reactants, the free energy of the transition state for σ-bond metathesis with 

SiMe3 transfer is 25.3 kcal mol-1 above separated reactants. This transition state yields 

Cp[C5H4(C(Me)2CH2SiMe3)]Ce(OMe) in which one of the cyclopentadienyl ring has 

a CMe2CH2SiMe3 substituent. The reaction is exergonic by -20.2 kcal mol-1 but its 

transition state is higher by 11.3 kcal mol-1 than the α-CH activation. The σ-bond 

metathesis involving the migration of the methyl group has a high activation barrier of 

46.1 kcal mol-1. The activation of the β-CH bond in the SiMe3 group has a transition 

state with a slightly lower free energy than the activation at the methyl group, and 

leads to a four-member ring that is only slightly more stable than the three-member 

ring. As discussed previously this four-member ring cannot evolve further and this 

path is not productive. The barrier for the reverse reaction is not very high and this 

metallacycle does not accumulate. Overall, the preferred first step for the reaction of 

the metallacycle is the α-CH bond activation on the methyl group. This reaction 

yields the selective formation of the three-member ring [Ce](η2-CH2OSiMe3).  

 The σ-bond metathesis is significantly disfavored for the metallacycle, even 

for SiMe3. In contrast, the CH bond activation either at the Me or the SiMe3 groups 

has similar activation barriers for the metallacycle and the hydride.  Thus, using the 
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metallacycle in place of the hydride disfavors the σ-bond metathesis but does not 

modify the energy profiles of the proton transfer reaction, which becomes the 

preferred pathway.   

Discussion 

 The reaction mechanism previously developed for the net H for X exchange in 

the reaction of Cp’2CeH and CH3X, when X is a halide or methoxide, is a two-step 

process: the first step involves an α-CH activation followed by a second higher 

energy step that involves trapping of the methylene fragment by dihydrogen. The 

postulated intermediate, Cp’2Ce(η2-CH2X), in the α-CH activation step is isolated 

when X = OMe.5  As outlined above, when  X = OSiMe3, the H for OMe exchange in 

eq. 3 is rapid and no intermediate is observed by 1H NMR spectroscopy, which is 

consistent with a reaction that proceeds through a concerted transition state in which 

the SiMe3 group bridges the H and OMe groups as they exchange partners. This type 

of transition state is referred to as a σ-bond metathesis transition state.20 This 

inference is supported by the computational studies presented above and discussed 

below.  

 In the reactions mentioned above, when Cp’2CeH is replaced by the 

metallacycle, intermediates are observed in the 1H NMR spectra when X = Cl, Br, I 

and OMe. Isolation of the intermediate when X = OMe in both reactions strengthens 

our contention that the two-step pathway is followed in both reactions. Given that the 

reaction of Cp’2CeH with MeOSiMe3 does not follow a two-step mechanism, it is not 

obvious that Cp’2CeCH2OSiMe3 will form when MeOSiMe3 and the metallacycle are 

mixed. Indeed, the C-bound isomer is not observed and the isolated product is 

Cp’2CeOCH2SiMe3, presumably resulting from a [1, 2] shift in Cp’2CeCH2OSiMe3, 
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eq. 4. No intermediates are observed by 1H NMR spectroscopy nor detected when the 

methylene trapping reagent, BPh3, is present. The mechanism of the related 

intramolecular rearrangement of Cp2Zr(Cl)(η2-CH2OSiMe3) to 

Cp2Zr(Cl)(OCH2SiMe3) has been studied.21  

 The [1, 2] shift of a SiR3 group is classified as a silyl-Wittig rearrangement1,3 

since the Wittig rearrangement involves a [1, 2] shift of  a saturated carbon.1a,22,23 

West showed that the deprotonation of (Ph)(D)(H)COSiMe3 by Me3CLi (-78°C) 

followed by hydrolysis yields (Ph)(Me3Si)(D)COH. The reaction proceeds by 

inversion of stereochemistry at the saturated carbon center and is proposed to go 

through a five-coordinate silicon, in which the Me3Si group bridges the C and O 

atoms in the transition state. West also noted the similarity of the silyl-Wittig 

rearrangement to the Brook or retro-Wittig rearrangement in which 

(Ph)(Me3Si)(H)C(OD) in presence of a catalytic amount of base gives 

(Ph)(D)(H)C(OSiMe3).
2b,3c,4 The Brook rearrangement is intramolecular and proceeds 

with inversion of stereochemistry at the saturated carbon but with retention of 

configuration at silicon.  

As shown in the computational section, the preferred σ-bond metathesis 

exchanging H and OMe exchange, and the postulated O to C shift of SiMe3 both 

involve five coordinate silicon. Thus, the two apparently dissimilar reactions are 

connected by a common thread, that is, the ease with which silicon becomes five 

coordinate. In both reactions, four electrons are involved in the transformation. As 

shown in Figure 6, the transition state for the σ-bond metathesis can be viewed 

schematically as formed from SiMe3
+  interacting with Cp2Ce(H)(OMe)-, where the 

four electrons are localized in the Ce-H and Ce-OMe bonds of the anion. In Figure 6, 
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the cerium fragment is qualitatively represented by Cp2Ce(H)2
- where the density is 

localized on the two hydrogen atoms with some cerium character to form the two 

polarized σ-bonds.24 The occupied orbitals describing the Ce-H bonds form the 

symmetric and antisymmetric combination shown. The trimethylsilyl cation is 

pyramidal with empty orbitals of a and e symmetry (in C3v symmetry) that are Si-C 

antibonding. The lower energy orbital of a symmetry is made mostly of a Si 3pz 

orbital combined with some 3s character, the extent of which depends on the degree 

of pyramidalization of the SiMe3 fragment at the transition state. This orbital interacts 

with the in-phase combination of the Ce-H orbitals in [Ce](H)2
-. The higher lying 

orbitals of e symmetry are the out-of-phase combination of the Si 3px and 3py orbitals 

with the Me groups. One of these e orbitals has the appropriate symmetry to interact 

with the out-of-phase combination of the Ce-H orbitals in [Ce](H)2
-. The orientation 

of SiMe3 is not important since any linear combination of the two empty orbitals of e 

symmetry is appropriate to provide the same interaction with the out-of-phase 

combination of the Ce-H orbitals in [Ce](H)2
-. When a SiMe3 group is replaced by a 

CH3 group, the interaction between the orbital of a symmetry remains but the orbital 

of e symmetry is much higher in energy and therefore unable to stabilize the out-of-

phase combination.14 An electronegative group such as halide or alkoxide lowers the 

energy of all empty orbitals but the silyl group stabilization is greater. 
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Figure 6. Schematic interaction diagram showing the Ce-H bonding orbitals in 

[Ce](H2)
- and SiMe3

+ in the σ-bond metathesis transition state for trimethylsilyl 

transfer.  

The [1, 2] migration of a silyl group, the silyl-Wittig rearrangement, can be 

treated similarly, since this rearrangement involves the migration of a SiMe3 group. 

The transition state can be created from two fragments, one of which is the dinegative 

formaldehyde group, CH2O
2-, that interacts with the two cationic fragments, Cp2Ce+ 

and SiMe3
+. The four electrons in the π and π* orbitals of CH2O

2- are shown in Figure 

7, which are the occupied in-phase and out-of-phase combinations of carbon and 

oxygen pπ orbitals. The cerium fragment acts to stabilize the dianion by electrostatic 

interaction.  The migration of the SiMe3
+ cation is energetically accessible because it 

has two low-lying empty orbitals of appropriate symmetry to interact at the transition 

state with the filled π and π* orbitals of the dinegative formaldehyde. The a and e 
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parentage orbitals on the trimethylsilyl fragment are the same ones used to stabilize 

the metathesis transition state.  

 

 

Figure 7. Schematic interaction diagram between the formaldehyde dianion and 

SiMe3
+ at the transition state for the [1, 2] shift.  

The unifying principle that connects the transition states in these two reactions 

is the symmetry of the frontier orbitals involved and the total number of electrons 

implicated in the two transformations. Thus, the notion of isolobality, used to describe 

the bonding properties of fragments in molecules, can be extrapolated to the σ-bond 

metathesis and the silyl-Wittig rearrangement that are isolobal when the migrating 

group is silyl.  

Conclusion 

 The experimental reaction between Cp’2CeH and MeOSiMe3 gives 

Cp’2CeOMe and HSiMe3 and the calculated potential energy surfaces show that the 
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pathway of H for OMe exchange proceeds by a low free energy transition state in 

which the SiMe3 group migrates as a cation in a σ-bond metathesis transition state. 

The reaction of the metallacycle with MeOSiMe3 yields Cp’2CeOCH2SiMe3, which is 

postulated to form by a [1, 2] shift from the initially formed Cp’2CeCH2OSiMe3. The 

calculations show that the metallacycle favors the CH bond activation over the SiMe3 

migration while the opposite result is obtained for the hydride. The calculated 

activation barrier for the [1, 2] shift, in which the SiMe3 group migrates from the 

oxygen to the carbon, is low. Both of these reactions proceed through transition states 

in which silicon is five coordinate. Construction of interaction diagrams for each 

reaction shows the σ-bond metathesis and the silyl-Wittig rearrangement are isolobal 

processes when the migrating group is silyl. 

Experimental Details   

General 

All manipulations were performed under an inert atmosphere using standard 

Schlenk and dry box techniques. All solvents were dried and distilled from sodium or 

sodium benzophenone ketyl. Methoxytrimethylsilane was obtained commercially and 

purified by distillation followed by vacuum transfer. NMR spectra were recorded on 

Bruker AV-300 or AV-400 spectrometers at 20°C in the solvent specified. J-Young 

NMR tubes were used for all NMR tube experiments. Electron impact mass 

spectrometry and elemental analyses were performed by the microanalytical facility at 

the University of California, Berkeley. The abbreviation Cp’ is used for the 1,2,4-tri-

tert-butylcyclopentadienyl ligand.   

 

Cp’2CeOCH2SiMe3 
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Cp’2CeCH2C6H5
9,25 (0.63g, 0.90 mmol) was dissolved in pentane (20 mL) and 

methoxytrimethylsilane (0.2 mL, 1.4 mmol) was added via syringe.  The red solution 

was stirred for 4 days, and then taken to dryness. The resulting red powder was put 

into a glass ampoule, which was sealed under vacuum, and heated at 190°C. Over a 

period of 7 days, red crystals formed on the walls of the ampoule. The crystals were 

placed in a clean ampoule, sealed under vacuum, and resublimed. Yield: 120 mg (0.17 

mmol, 19%). 1H NMR (C6D6): δ 25.42 (2H, ν1/2 = 250 Hz), 3.45 (9H, ν1/2 = 4 Hz), -

0.90 (36H, ν1/2 = 1500 Hz), -13.27 (18H, ν1/2 = 30 Hz); the ring CH resonance was 

not observed.  MS (M)+ m/z (calc, found) 709 (100, 100) 710 (47, 61) 711 (27, 41) 

712 (9, 18) 713 (2, 5). Anal. Calcd. for C38H69CeSiO: C, 64.27; H, 9.79. Found C, 

64.48; H, 9.68. Full crystallographic details are included as Supporting Information.  

Triclinic cell space group P21/n : a = 10.269(2) Å, b = 20.104(5) Å, c = 18.983(4) Å, 

β = 97.329(3) °, V = 3886.7(16) Å3.   

NMR tube reaction: Cp’2Ce(CH2C6H5) was dissolved in cyclohexane-d12 in an 

NMR tube. A drop of CH3OSiMe3 was added, the sample was shaken and allowed to 

stand.  After 4 hours, resonances due to Cp’2CeOCH2SiMe3 had appeared in the 1H 

NMR spectrum; the ratio of Cp’2Ce(CH2C6H5) to Cp’2CeOCH2SiMe3 was 3:1. After 1 

day at 19°C, the ratio was 1:2. After 4 days, resonances due to Cp’2Ce(CH2C6H5) 

were absent from the 1H NMR spectrum. Integration relative to the solvent residual 

proton resonance indicated the conversion of Cp’2Ce(CH2C6H5) to 

Cp’2CeOCH2SiMe3 was quantitative. 

 

NMR tube reaction of Cp’[(Me3C)2C5H2C(Me)2CH2]Ce and CH3OSiMe3 in 

cyclohexane-d12. 
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Cp’2Ce(CH2C6H5) was dissolved in cyclohexane-d12 and heated at 60°C for 12 

hours, yielding a deep purple solution of Cp’[(Me3C)2C5H2C(Me)2CH2]Ce. A drop of 

CH3OSiMe3 was added, the sample was shaken, and allowed to stand. After 15 

minutes, resonances due to Cp’2CeOCH2SiMe3 had appeared in the 1H NMR 

spectrum; the ratio of Cp’[(Me3C)2C5H2C(Me)2CH2]Ce to Cp’2CeOCH2SiMe3 was 

1:2.  After 1 day at 19°C, resonances due to Cp’[(Me3C)2C5H2C(Me)2CH2]Ce were 

absent from the 1H NMR spectrum. Integration relative to the solvent residual proton 

resonance indicated the conversion of Cp’[(Me3C)2C5H2C(Me)2CH2]Ce to 

Cp’2CeOCH2SiMe3 was quantitative. 

 

NMR tube reaction of Cp’[(Me3C)2C5H2C(Me)2CH2]Ce, BPh3, and CH3OSiMe3 

in cyclohexane-d12. 

Cp’2Ce(CH2C6H5) and slightly greater than one equivalent of BPh3 were dissolved 

in cyclohexane-d12 and heated at 60°C for 12 hours, yielding a solution of 

Cp’[(Me3C)2C5H2C(Me)2CH2]Ce and BPh3. A drop of CH3OSiMe3 was added, the 

sample was shaken and allowed to stand. After 30 minutes, the purple solution had 

turned red, and resonances due to Cp’2CeOCH2SiMe3 had appeared in the 1H NMR 

spectrum; the ratio of Cp’[(Me3C)2C5H2C(Me)2CH2]Ce to Cp’2CeOCH2SiMe3 was 

1:9.  After 1 day at 19°C, resonances due to Cp’[(Me3C)2C5H2C(Me)2CH2]Ce were 

absent from the 1H NMR spectrum and only those due to Cp’2CeOCH2SiMe3 

remained. 

 

NMR tube reaction of Cp’2CeH and CH3OSiMe3 in cyclohexane-d12. 

Cp’2CeH was dissolved in cyclohexane-d12 in an NMR tube. A drop of CH3OSiMe3 

was added, the sample was shaken. The purple solution instantly turned red. Within 5 
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minutes, the only paramagnetic resonances in the 1H NMR spectrum were those of 

Cp’2CeOCH3.
8 Diamagnetic resonances due to HSiMe3

26  were also present.  

Integration relative to the solvent residual proton resonance indicated the conversion 

of Cp’2CeH to Cp’2CeOCH3 was quantitative. 

Computational details 

The Stuttgart-Dresden-Bonn Relativistic large Effective Core Potential (RECP) 

was used to represent the inner shells of Ce.27 The associated basis set27  augmented 

by an f-polarization function (α = 1.000) was used to represent the valence orbitals.28 

Si has also been represented by an RECP,29 with the associated basis set augmented 

by a d polarization Gaussian function (α = 0.284). The atoms C, O, and H were 

represented by an all-electron 6-31G(d, p) basis set.30 Calculations were carried out at 

the DFT(B3PW91) level31 with Gaussian 03.32 The nature of the extrema (minimum 

or transition state) was established with analytical frequencies calculations and the 

intrinsic reaction coordinate (IRC) was followed to confirm that the transition states 

connect to reactants and products. The zero point energy (ZPE) and entropic 

contribution have been estimated within the harmonic potential approximation. The 

Gibbs free energy, G, was calculated at T = 298.15K and 1 atm.  
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