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The decarbonylation of methoxy(siloxy)carbene (CH3OC̈OSiH3) has been investigated by means of ab initio
molecular orbital theory and hybrid density functional theory calculations, in conjunction with the quantum
theory of atoms in molecules. Pathways involving intramolecular front-side nucleophilic attack by the methoxy
oxygen at silicon and by the siloxy oxygen at the methyl carbon have been examined. The pathway involving
intramolecular front-side nucleophilic attack by the methoxy oxygen at silicon has been found to beconcerted
(one step, no intermediates) andsynchronous(bond formation and dissociation occur at the same rate). In
contrast, although the pathway involving intramolecular front-side nucleophilic attack by the siloxy oxygen
at the methyl carbon appears to be concerted, it isasynchronous, with transition-state features that resemble
a tight ion-pair intermediate comprising a methyl cation and a siloxycarbonyl anion. Pathways for
decarbonylation involving the intermediacy of methyl silyl formate, as well as radicals, have also been
investigated. The most energetically viable pathway for decarbonylation appears to be that involving
intramolecular front-side nucleophilic attack by the methoxy oxygen at silicon.

Introduction

Intramolecular rearrangements of dioxycarbenes are relatively
rare. These carbenes preferentially undergo intermolecular
reactions with species such as electron-deficient alkenes,
alkynes, and alcohols.1-3 In the absence of carbene scavengers,
they tend to undergo dimerization rather than intramolecular
rearrangements.1,4,5 Of the few dioxycarbene rearrangements
reported, most seem to occur via a fragmentation-recombination
mechanism involving radicals. In the 1960s, Crawford and Raap
proposed that diethoxycarbene rearrangements involve initial
fragmentation to radicals, which subsequently combine to afford
products.6 More recently, Venneri and Warkentin found evi-
dence indicating that 1,2-allyl migrations and [2,3]-sigmatropic
rearrangements in methoxyallyloxycarbenes involve initial
fragmentation to methoxycarbonyl and allylic radicals that
subsequently collapse to form esters.7 The latter findings are
supported by ab initio and density functional theory (DFT)
studies on hydroxycarbene8 and hydroxyallyloxycarbene9 rear-
rangements, which revealed that a fragmentation-recombination
mechanism involving radicals is energetically viable. Merkley
et al. also reported evidence indicating that rearrangements of
p-substituted benzyloxymethoxycarbenes10 and benzyloxyben-
zyloxycarbenes11 occur via radicals.

Methoxytriphenylsiloxycarbene,II , generated by thermolysis
of 2-methoxy-2-triphenylsiloxy-5,5-dimethyl-∆3-1,3,4-oxadia-
zoline, I , has been reported to undergo 1,2-triphenylsilyl
migration and decarbonylation, affording methyl triphenylsi-
lylformate,III , and methyl triphenylsilyl ether,IV , respectively
(cf. Scheme 1).12 However, there are questions regarding the
mechanisms of these intramolecular carbene rearrangements.
We recently carried out thorough theoretical investigations of
the mechanisms for 1,2-silyl migration and 1,2-methyl migration
in methoxy(siloxy)carbene (CH3OC̈OSiH3) as a model system
for carbeneII .13,14 Our results suggest that 1,2-silyl migration

occurs via nucleophilic attack by the carbene lone pair at silicon,
whereas 1,2-methyl migration appears to involve an anion-like
shift of the methyl group from oxygen to the “vacant” carbene
p orbital. We also found that 1,2-silyl migration is significantly
more favorable than 1,2-methyl migration, in accord with
experimental findings. We now turn our attention to the
mechanism for decarbonylation of carbeneII .

Decarbonylation of carbeneII could occur via a fragmenta-
tion-recombination mechanism involving the intermediacy of
carbon monoxide, along with either the methoxy and triphenyl-
silyl radicals or the methyl and triphenylsilyloxy radicals, similar
to that proposed for decarbonylation of diethoxycarbene6 and
methoxycarbene.15 However, since thermolysis of oxadiazoline
I in toluene did not produce any bibenzyl and no products of
radical trapping were detected in the presence of TEMPO
(2,2,6,6-tetramethylpiperidinyloxy radical),12 this mechanism
seems unlikely, unless the radicals are formed within a solvent
cage. Alternatively, decarbonylation could involve intramolecu-
lar front-side nucleophilic attack by either the methoxy oxygen
at silicon or the siloxy oxygen at the methyl carbon. Moreover,
this process could be concerted or stepwise, as discussed by
Schreiner et al. for alkylchlorosulfite decomposition.16,17

The concerted mechanism for decarbonylation involving
intramolecular front-side nucleophilic substitution would be a
one-step process that occurs via a cyclic transition state as shown
in Scheme 2a. However, it is evident from the frontier orbitals
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in Scheme 3a that this mechanism issymmetry forbidden
according to Woodward-Hoffmann rules,18-21 since interaction
between the inplane “sp2-hybridized” lone-pair nO orbital
(HOMO) and theσ*O-R′ antibonding orbital (LUMO) contains
a destabilizing antibonding component. On the other hand, the
stepwise mechanism would occur via an ion-pair intermediate.
The ion-pair intermediate could consist of either a methoxy-
carbonyl anion and a triphenylsilyl cation or a triphenylsiloxy-
carbonyl anion and a methyl cation (cf. Scheme 2b).22 Moreover,
formation of such ion-pair intermediates would result in a
symmetry-allowedreaction (cf. Scheme 3b), since it allows
favorable bonding interaction between the in-plane “sp2-
hybridized” lone-pair nO orbitals (HOMO) and the vacant cation
p orbital (LUMO). Alternatively, the ion-pair intermediate could
consist of carbon monoxide sandwiched between either a
methoxide ion and a triphenylsilyl cation or a methyl cation
and a triphenylsiloxide anion (cf. Scheme 2c), reminiscent of
the tight ion-pair intermediates proposed by Moss et al. for the
decarbonylation of alkoxyhalocarbenes.23-32 However, the ion-
pair mechanism is not likely to occur in a nonpolar solvent such
as benzene.

Finally, in light of the fact that esterIII undergoes decarbo-
nylation when heated,12,33,34 it is conceivable that decarbony-
lation of carbeneII occurs via initial 1,2-triphenylsilyl migration
to afford esterIII , followed by a Brook rearrangement to yield
etherIV , as outlined in Scheme 4. However, the rate constant
for decarbonylation of esterIII in benzene at 110°C is 6.5×
10-6 s-1, which is smaller than the rate constant of 8.1× 10-5

s-1 obtained for thermal decomposition of oxadiazolineI under

similar conditions.12 Thus, it seems that decarbonylation involv-
ing the intermediacy of esterIII is unlikely. We note that when
esterIII was heated in methanol-d4, a small amount of carbene
II was trapped as the deuterated orthoformate CH3OCD(OCD3)-
OSiPh3, suggesting that decarbonylation of esterIII could occur
via carbeneII . On the other hand, Brook et al. found evidence
indicating that decarbonylation of esterIII occurs via intramo-
lecular front-side nucleophilic attack by the methoxy oxygen
at silicon.34

In this article, we use ab initio molecular orbital theory and
DFT calculations, along with the quantum theory of atoms in
molecules, to investigate the decarbonylation of methoxy-
(siloxy)carbene as a model system for carbeneII . Pathways
involving intramolecular front-side nucleophilic attack by the
methoxy oxygen at silicon and by the siloxy oxygen at the
methyl carbon of the carbene are discussed. In addition,
pathways involving the intermediacy of methyl silyl formate,
as well as radicals [H3CO• + CO + •SiH3] and [H3C• + CO +
•OSiH3], are examined.

Computational Methods

Ab initio molecular orbital calculations at the Hartree-Fock
(HF) and second-order Møller-Plesset (MP2) levels of theory35,36

and hybrid DFT calculations with the Becke3 Lee-Yang-Parr
(B3LYP) hybrid functional36,37 were performed with the
6-311+G(2d,p) basis set35,36 using the Gaussian 98 suite of
programs.38 Calculations were carried out on the lowest singlet
(S0) state of methoxy(siloxy)carbene because of the large vertical
S0 f T1 energy gap.13 Calculations involving radicals were
performed with restricted open-shell HF and B3LYP and
unrestricted MP2 methods, while calculations for all other
species employed restricted methods. The 6-311+G(2d,p) basis
was chosen after preliminary calculations with the 6-31+G(d),
6-311+G(2d,p), and 6-311++G(2df,pd) basis sets revealed that
it yielded the best compromise between accuracy and perfor-
mance. Geometry optimizations were performed using the
default Berny algorithm39 for minimum-energy structures and
the eigenvector-following method40-42 for transition-state struc-
tures. Frequency calculations were performed for stationary-
point characterization and to obtain thermochemical data within
the rigid rotor-harmonic oscillation approximation using
standard statistical mechanics methods implemented in Gaussian
98.43 Intrinsic reaction coordinate (IRC) calculations were used
to connect transition states to reactants and products. The theory
of atoms in molecules (AIM)44 was used to analyze the
electronic structure of the optimized geometries using the
AIMPAC suite of programs.44-46 Natural bond orbital (NBO)
analysis47 was carried out using the NBO program version 3.1
implemented in Gaussian 98.48

Results and Discussion

Ground-State Methoxy(siloxy)carbene Conformers.
Minimum-energy geometries of thetrans-trans1, trans-cis2,
andcis-trans3 conformers of methoxy(siloxy)carbene are shown
in Figure 1. Optimized geometries of the transition states for
trans-trans to trans-cis isomerizationTS12 and trans-trans to cis-
trans isomerizationTS13 are also shown in the Figure 1. As
suggested previously,13 the electronic structure of the ground-
state carbene conformers is most likely a hybrid of the three
resonance structures shown in Scheme 5, where both the O2-
C6 and C6-O7 bonds have partial double-bond character.
Gradient vector analysis of the Laplacian of the electronic
density,49 ∇2F(r), reveals that the valence-shell charge concen-
tration (VSCC),50 of the O2, C6, and O7 atoms each contain
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one nonbonded maximum. Since there is usually a one-to-one
mapping between local maxima in the VSCC of an atom and
electron pairs of the Lewis model,44 these findings suggest that
the O2, C6, and O7 atoms each possess a single lone pair. The
second lone pair expected on the O2 and O7 atoms is apparently
involved in π back-bonding with the vacant carbene p orbital,
which gives rise to partial O2-C6 and C6-O7 double-bond
character. In addition, it is evident from the topological
properties of the electronic densityF(r) given in Table 1 that
the bond critical point (BCP)51 electronic densityFb(r) for the
O2-C6 and C6-O7 bonds are larger than that for the C1-O2
single bond. Moreover, values of the bond ellipticity,52 ε, for
the O2-C6 and C6-O7 bonds are noticeably larger than zero,
consistent with the elliptical symmetry of the BCP electronic
density usually associated with double bonds.44 Hence, it is clear
from these results that both the O2-C6 and C6-O7 bonds have
considerable double-bond character. We note from the relative
zero-point energy (ZPE) corrected electronic energies in Table
2 and Figure 2 that the computed barriers of trans-trans to cis-
trans isomerization viaTS13 are noticeably higher than those
for trans-trans to trans-cis isomerization viaTS12, indicating

that the O2-C6 bond of conformer1 has more double-bond
character than the C6-O7 bond. This is supported by the fact
that Fb(r) for the O2-C6 bond of conformer1 is larger than
that for the C6-O7 bond (cf. Table 1).

Decarbonylation Involving Intramolecular Front-Side
Nucleophilic Substitution. Let us now turn to methoxy(siloxy)-
carbene decarbonylation involving intramolecular front-side
nucleophilic attack by the methoxy oxygen at silicon and by
the siloxy oxygen at the methyl carbon. It is evident from the
frontier orbitals of conformer1 shown in Figure 3 that the
HOMO has considerable nonbonding character corresponding
to inplane “sp2-hybridized” lone-pair orbitals on the O2, C6,
and O7 atoms (hereafter referred to as nO2, nC6, and nO7), while
the LUMO is essentially theσ*O7-Si antibonding orbital. The
computed HF/6-311+G(2d,p) HOMO/LUMO gaps of conform-
ers1, 2, and3 are 11.9, 11.8, and 11.8 eV, respectively. These
gaps seem appropriate for intramolecular reactivity when
compared to the HF/4-31G HOMO/LUMO gap of 11.7 eV for
phenylacetoxycarbene,53 which is known to undergo 1,2-acyl
migration. In contrast, the HF/6-31G* HOMO/LUMO gap of
dimethoxycarbene is 14.9 eV,1 while the HF/4-31G HOMO/

Figure 1. Optimized molecular geometries of thetrans-trans1, trans-cis2, andcis-trans3 conformers of methoxy(siloxy)carbene and the transition
states for isomerizationTS12 and TS13. Geometric parameters are given for the HF/6-311+G(2d,p), B3LYP/6-311+G(2d,p) (parentheses), and
MP2/6-311+G(2d,p) [brackets] model chemistries. Bond distances and angles are in Å and degrees.
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LUMO gap of methoxyphenoxycarbene is 14.1 eV.2 The latter
two dioxycarbenes are not known for their intramolecular
reactivity, which may be due in part to their larger HOMO/
LUMO gaps. Thus, since the nO2 portion of the HOMO is
aligned with theσ*O7-Si portion of the LUMO in conformer2,
HOMO/LUMO interaction and hence nucleophilic attack by the
methoxy oxygen O2 at silicon is expected to be favorable. In
contrast, although the nO7 part of the HOMO would be aligned
with theσ*C1-O2 portion of the LUMO in conformer3, HOMO/
LUMO interaction and thus nucleophilic attack by the siloxy
oxygen O7 at the methyl carbon C1 is not expected to be
favorable due to the lack ofσ*C1-O2 character of the LUMO
(cf. Figure 3).

The optimized transition-state geometries for methoxy-
(siloxy)carbene decarbonylation involving intramolecular front-
side nucleophilic attack by the methoxy oxygen O2 at silicon
in conformer2 (denotedTS26) and by the siloxy oxygen O7 at
the methyl carbon C1 in conformer3 (denotedTS36) are shown
in Figure 4. Optimized molecular geometries for the products,
carbon monoxide and methyl silyl ether6, are also shown in
Figure 4. IRC calculations confirm thatTS26 andTS36 connect
conformers2 and 3, respectively, to carbon monoxide and
methyl silyl ether6. Thus, both reactions occur via concerted
pathways instead of stepwise pathways involving tight ion-pair
intermediates similar to those discussed earlier. Interestingly,
although we were able to obtain the transition stateTS36 at the
HF and B3LYP levels with the 6-311+G(2d,p) basis set, and
even at the MP2 level with smaller basis sets, we were unable
to locate this transition state on the MP2/6-311+G(2d,p)
potential energy surface.

Let us first examine the changes in geometry and electronic
structure for methoxy(siloxy)carbene decarbonylation involving
intramolecular front-side nucleophilic attack by the methoxy
oxygen O2 at silicon. Relative to conformer2 (cf. Figure 1),
there is considerable shrinkage of the∠C6O7Si angle, ac-
companied by modest O2-C6 and O7-Si bond lengthening
and C6-O7 bond shortening, inTS26 (cf. Figure 4). These
features are consistent with nucleophilic attack by the methoxy
oxygen O2 at silicon, in concert with modest O2-C6 and O7-
Si bond dissociation and C6-O7 triple-bond formation. Figure
5a displays plots of bond distances vs IRC for decarbonylation
of conformer2 via TS26. Negative and positive IRC values
correspond to the reactant and product sides of the reaction
coordinate, respectively, while an IRC value of zero represents
the transition state. The plots in Figure 5a clearly show that
there is moderate O2-C6 and O7-Si bond lengthening and
C6-O7 bond shortening, in going from conformer2 to TS26.
More importantly, they illustrate that the reaction issynchronous
in that the rates of O2-C6 and O7-Si bond lengthening and
C6-O7 bond shortening are essentially identical as decarbo-
nylation of conformer2 approachesTS26.

The shrinkage of the∠C6O7Si angle in going from conformer
2 (cf. Figure 1) toTS26 (cf. Figure 4), which consequently

TABLE 2: Calculated Zero-Point Energy Corrected
Electronic Energies of Species Involved in the
Decarbonylation of Methoxy(siloxy)carbenea

species B3LYP/6-311+G(2d,p) MP2/6-311+G(2d,p)

1 0.0 0.0
2 2.0 2.3
3 1.9 1.6
TS12 7.2 8.3
TS13 17.5 18.3
TS26 19.9 18.0
TS36 40.2 -
TS14 10.3 8.8
TS35 9.5 7.8
4 -15.9 -17.4
5 -23.1 -24.7
TS45 -10.4 -11.8
TS56 9.9 5.0
CH3O• + CO + •SiH3 66.7 73.0
CH3

• + CO + •OSiH3 53.0 56.9
6 + CO -32.6 -39.1

a Relative energies with respect to conformer1 are in kcal/mol. The
total B3LYP/6-311+G(2d,p) and MP2/6-311+G(2d,p) energies for
conformer1 are-519.751601 and-518.678680 hartrees, respectively.
Radicals were calculated using the ROB3LYP/6-311+G(2d,p) and
UMP2/6-311+G(2d,p) methods. Calculated HF/6-311+G(2d,p) ZPE-
corrected electronic energies are provided in the Supporting Information
section.

TABLE 1: Topological Properties of the Electronic Density
at Selected Bond Critical Points Obtained from AIM
Analysis of B3LYP/6-311+G(2d,p) Wave Functionsa

C1-O2 O2-C6 C6-O7 O7-Si

1
Fb(r) (e/Å3) 1.62 2.19 2.11 0.84
∇2Fb(r) (e/Å5) -12.3 -13.2 -15.5 14.6
ε 0.01 0.13 0.17 0.05

2
Fb(r) (e/Å3) 1.61 2.09 2.14 0.80
∇2Fb(r) (e/Å5) -12.0 -13.3 -13.9 13.2
ε 0.00 0.16 0.16 0.02

3
Fb(r) (e/Å3) 1.55 2.22 2.05 0.83
∇2Fb(r) (e/Å5) -11.9 -12.5 -15.0 14.3
ε 0.00 0.11 0.20 0.05

TS26

C1-O2 O2-C6 C6-O7 O7-Si O2-Si

Fb(r) (e/Å3) 1.53 1.48 2.62 0.48 0.41
∇2Fb(r) (e/Å5) -10.8 -10.2 -15.5 4.0 3.6
ε 0.01 0.27 0.01 0.13 0.47

TS36

C1-O2 O2-C6 C6-O7 O7-Si C1-O7

Fb(r) (e/Å3) 0.19 2.91 1.90 0.79 0.28
∇2Fb(r) (e/Å5) 1.7 -7.3 -12.8 13.1 2.4
ε 0.13 0.00 0.26 0.06 0.12

TS14

C1-O2 O2-C6 C6-O7 O7-Si C6-Si

Fb(r) (e/Å3) 1.59 2.21 2.48 0.52 0.52
∇2Fb(r) (e/Å5) -11.7 -13.2 -17.3 6.8 4.1
ε 0.01 0.08 0.03 1.34 0.85

TS35

C1-O2 O2-C6 C6-O7 O7-Si C6-Si

Fb(r) (e/Å3) 1.53 2.25 2.41 0.52 0.52
∇2Fb(r) (e/Å5) -11.4 -13.0 -16.8 6.9 4.2
ε 0.01 0.08 0.06 1.08 0.85

5

C1-O2 O2-C6 C6-O7 C6-Si

Fb(r) (e/Å3) 1.60 2.04 2.87 0.77
∇2Fb(r) (e/Å5) -12.4 -17.1 -12.7 2.1
ε 0.00 0.00 0.09 0.08

TS56

C1-O2 O2-C6 C6-O7 C6-Si O2-Si

Fb(r) (e/Å3) 1.68 0.82 3.21 0.44 0.56
∇2Fb(r) (e/Å5) -13.9 4.5 0.1 4.7 3.8
ε 0.01 0.24 0.04 0.59 0.18

a HF/6-311+G(2d,p) and MP2/6-311+G(2d,p) values are provided
in the Supporting Information section.
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reduces the distance between the O2 and Si atoms, results in a
new O2-Si bond with lowFb(r) and positive∇2Fb(r) (cf. Table
1).54 In addition,Fb(r) for the lengthening O2-C6 and O7-Si
bonds decreases while that for the shortening C6-O7 bond
increases. These features are also consistent with nucleophilic
attack by the methoxy oxygen O2 at silicon, along with O2-
C6 and O7-Si bond dissociation and C6-O7 triple-bond
formation. From the plots of BCP electronic densities vs IRC
shown in Figure 5b, the decrease inFb(r) for the O2-C6 and
O7-Si bonds and the increase inFb(r) for the C6-O7 bond
are moderate and occur essentially at the same rate as the
reaction proceeds from conformer2 toward TS26, further
revealing the synchronicity of the reaction.

The synchronous nature of thissymmetry-forbiddenconcerted
reaction is most likely due to the fact that the destabilizing
antibonding component of the nO2 f σ*O7-Si HOMO/LUMO
interaction (cf. Scheme 3a) for nucleophilic attack by the
methoxy oxygen O2 at silicon is small. NBO analysis47 of the
HF/6-311+G(2d,p) wave function for conformer2 reveals that
the polarization coefficients of theσ*O7-Si orbital are 14% on
O7 and 86% on Si, which means that theσ*O7-Si orbital is
primarily localized on the more electropositive Si atom. In other
words, theσ*O7-Si orbital lobes are considerably smaller on O7
than they are on Si (cf. Scheme 3a). Therefore, only modest

O2-C6 and O7-Si bond dissociation is needed to overcome
the small destabilizing antibonding component of the nO2 f
σ*O7-Si HOMO/LUMO interaction between lobes of opposite
sign, while simultaneously allowing favorable bonding interac-
tion between lobes of the same sign. We note that the
synchronicity of this reaction is reminiscent of the concerted
SNi (substitution nucleophilic internal) mechanisms proposed
by Sommer et al. for organosilicon reactions involving three
and four center cyclic transition states.55-57

We now consider the changes in geometry and electronic
structure for methoxy(siloxy)carbene decarbonylation involving
intramolecular front-side nucleophilic attack by the siloxy
oxygen O7 at the methyl carbon C1. Relative to conformer3
(cf. Figure 1), the∠C1O2C6 angle shrinks significantly, while
there is tremendous C1-O2 bond elongation, modest O2-C6
bond shortening, and slight C6-O7 bond lengthening inTS36

(cf. Figure 4). The latter features are also reflected in the plots
of bond distances vs IRC shown in Figure 6a. These observa-
tions are consistent with nucleophilic attack by the siloxy oxygen
O7 at the methyl carbon C1, in concert with tremendous C1-
O2 bond dissociation, modest O2-C6 triple-bond formation,
and slight C6-O7 bond dissociation. Moreover, the plots in
Figure 6a show that the reaction isasynchronousin that the
rate of C1-O2 bond elongation is considerably greater than
the rates of O2-C6 bond shortening and C6-O7 bond
lengthening. As a matter of fact, the geometry ofTS36 resembles
a tight ion-pair intermediate comprising a methyl cation and a
siloxycarbonyl anion (cf. Scheme 2b). The computed HF/6-
311+G(2d,p) and B3LYP/6-311+G(2d,p) ∠HC1H angles of
TS36 are 117.8 and 118.3°, respectively, close to the 120° angle
expected for a methyl cation.

The shrinkage of the∠C1O2C6 angle inTS36 (cf. Figure 4)
relative to conformer3 (cf. Figure 1), which brings the C1 and
O7 atoms in closer proximity to each other, yields a new C1-
O7 bond with low Fb(r) and positive∇2Fb(r) (cf Table 1).
Simultaneously,Fb(r) decreases dramatically for the lengthening
C1-O2 bond, while it increases and decreases slightly for the
shortening O2-C6 bond and lengthening C6-O7 bond, re-
spectively. The latter observations are also evident from plots
of the BCP electronic densities vs IRC for decarbonylation of
conformer3 via TS36 shown in Figure 6b. These findings are
also in accord with front-side nucleophilic attack by the siloxy
oxygen O7 at the methyl carbon C1, along with tremendous
C1-O2 bond dissociation, moderate O2-C6 triple-bond forma-
tion, and slight C6-O7 bond dissociation. In addition, the plots
in Figure 6b show that the rate of decrease inFb(r) for the C1-
O2 bond is substantially larger than the rate of increase inFb(r)
for the O2-C6 bond and the rate of decrease inFb(r) for the

Figure 2. Relative B3LYP/6-311+G(2d,p) ZPE-corrected electronic energy profile of the methoxy(siloxy)carbene decarbonylation pathways.

Figure 3. Plots of the computed HF/6-311+G(2d,p) frontier molecular
orbitals for conformers1 of methoxy(siloxy)carbene.
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C6-O7 bond as decarbonylation of conformer3 approaches
TS36, further revealing the asynchronous nature of the reaction.

The asynchronous nature of thissymmetry-forbiddencon-
certed reaction is most likely due to the fairly sizable destabiliz-

Figure 4. Optimized molecular geometries forTS26, TS36, 6, and CO. Geometric parameters are given for the HF/6-311+G(2d,p), B3LYP/6-
311+G(2d,p) (parentheses), and MP2/6-311+G(2d,p) [brackets] model chemistries. Bond lengths and angles are given in Å and degrees.

Figure 5. Plots of (a) bond distances vs IRC and (b) BCP electronic
density vs IRC for decarbonylation of conformer2 via TS26 based on
B3LYP/6-311+G(2d,p) calculations.

Figure 6. Plots of (a) bond distance vs reaction coordinate and (b)
BCP electronic density vs reaction coordinate for decarbonylation of
conformer3 via TS36 based on B3LYP/6-311+G(2d,p) calculations.
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ing antibonding component of the nO7 f σ*C1-O2 HOMO/
LUMO interaction (cf. Scheme 3a), because even though the
σ*C1-O2 orbital is primarily localized on the more electropositive
C1 atom, localization on the O2 atom is not trivial. NBO
analysis of the HF/6-311+G(2d,p) wave function for conformer
3 indicates that the polarization coefficients for theσ*C1-O2

orbital are 70% on C1 and 30% on O2 compared to 86% on Si

and 14% on O7 for theσ*O7-Si orbital of conformer2. This
means that theσ*C1-O2 orbital lobes on the O2 atom are larger
than theσ*O7-Si orbital lobes on the O7 atom, and hence the
antibonding component of the nO7 f σ*C1-O2 HOMO/LUMO
interaction is larger than that of the nO2 f σ*O7-Si HOMO/
LUMO interaction. Therefore, to overcome the destabilizing
antibonding component of the nO7 f σ*C1-O2 interaction
between lobes of opposite sign and at the same time allow
favorable bonding interaction between lobes of the same sign
(cf. Scheme 3a), considerable C1-O2 and/or C6-O7 bond
dissociation is necessary. In this case, there is greater dissocia-
tion of the weaker C1-O2 bond since the C6-O7 bond has
double-bond character. Furthermore, significant C1-O2 bond
dissociation results in features similar to that of a tight ion-pair
intermediate comprising a methyl cation and a siloxycarbonyl
anion (cf. Scheme 2b), where the nO2 and nO7 lone-pair orbitals

Figure 7. Optimized molecular geometries forTS14, TS35, 4, 5, TS45, and TS56. Geometric parameters are given for the HF/6-311+G(2d,p),
B3LYP/6-311+G(2d,p) (parentheses), and MP2/6-311+G(2d,p) [square brackets] model chemistries. Bond lengths and angles are in Å and degrees.

SCHEME 6
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interact favorably with the “vacant cationic p orbital” on C1 in
TS36 (cf. Scheme 3b).

Decarbonylation Involving Silyl Migration Followed by
a Brook Rearrangement.Let us now turn to methoxy(siloxy)-
carbene decarbonylation involving initial 1,2-silyl migration to
afford methyl silyl formate followed by a Brook ester rear-
rangement (cf. Scheme 4). As mentioned earlier, we have
investigated the mechanism for 1,2-silyl migration in methoxy-
(siloxy)carbene.13,14 However, we will briefly review some of
the findings for completeness and then focus on decarbonylation
via the Brook rearrangement.

In terms of frontier molecular orbital (FMO) theory,20 1,2-
silyl migration is expected to occur via front-side nucleophilic
attack by the carbene lone pair at silicon rather than an anion-
like shift to the “vacant” carbene p orbital (cf. Scheme 6).13,14

This is because the HOMO has carbene lone-pair nC6 orbital
character while the LUMO is essentially theσ*O7-Si orbital (cf.
Figure 3), and the geometries of conformers1 and3 are ideal
for HOMO/LUMO interaction. We note that the former mech-
anism issymmetry forbidden(cf. Scheme 6a), while the latter
mechanism issymmetry allowed(cf. Scheme 6b).

The optimized transition-state geometriesTS14 andTS35 for
1,2-silyl migration in conformers1 and3 of methoxy(siloxy)-
carbene are shown in Figure 7. The corresponding productsanti-
methyl silylformate,4, andsyn-methyl silylformate,5, as well
as the transition stateTS45 for isomerization between4 and5
are also shown in Figure 7. Relative to conformers1 and3 (cf.
Figure 1), the∠C6O7Si angles shrink considerably, while there
is modest O7-Si bond lengthening and C6-O7 bond shortening
in TS14 andTS35. These geometric changes are accompanied
by the appearance of a new C6-Si bond with lowFb(r) and
positive∇2Fb(r) in TS14 andTS35 (cf. Table 1), in concert with
modest decreases and increases inFb(r) for the O7-Si and C6-
O7 bonds, respectively. In addition, bothTS14 and TS35 are
planar, indicating that the silyl group migrates in the plane
containing the carbene lone pair. These features are consistent
with nucleophilic attack by the carbene C6 lone pair at silicon,
along with O7-Si bond dissociation and C6-O7 double-bond
formation.

We now turn to the decarbonylation of methyl silylformate
via the Brook rearrangement. An examination of the HF/6-
311+G(2d,p) frontier orbitals of methyl silylformate reveals that
the relevant orbitals for front-side nucleophilic attack by the
methoxy oxygen O2 at silicon are the HOMO-1 and the
LUMO+1 rather than the HOMO and LUMO. Plots of the
HOMO-1 and LUMO+1 for syn-methyl silylformate,5, are
shown in Figure 8. As can be seen, the HOMO-1 has
considerable nO2 character while the LUMO+1 has significant
σ*C6-Si character. However, the calculated HF/6-311+G(2d,p)

energy gap between these orbitals is 14.8 eV, which may be
too large for favorable interaction and hence nucleophilic attack
by the methoxy oxygen O2 at silicon. As a matter of fact, the
HOMO-1/LUMO+1 gap is comparable to the HOMO/LUMO
gaps of dimethoxycarbene1 and methoxyphenoxycarbene2 men-
tioned earlier, and these latter dioxycarbenes do not readily
undergo intramolecular rearrangements. We also note that ester
decarbonylation involving front-side nucleophilic attack by the
methoxy oxygen at silicon issymmetry forbidden,18-21 since
the nO2fσ*C6-Si HOMO/LUMO interaction contains a desta-
bilizing antibonding component (cf. Scheme 6c).

The transition-state geometryTS56 for decarbonylation ofsyn-
methyl silylformate,5, involving front-side nucleophilic attack
by the methoxy oxygen O2 at silicon is shown in Figure 7.
Relative to5, there is significant shrinkage of the∠O2C6Si
angle inTS56, along with tremendous O2-C6 bond elongation
and slight C6-Si bond lengthening and C6-O7 bond shorten-
ing. These geometric changes are accompanied by formation
of an O2-Si bond with low Fb(r) and positive∇2Fb(r), a
dramatic decrease inFb(r) for the O2-C6 bond, whileFb(r)
decreases and increases modestly for the C6-Si and C6-O7
bonds, respectively (cf. Table 1). In addition, the methyl group
rotates out of plane inTS56. These features are in keeping with
nucleophilic attack by methoxy oxygen O2 at silicon, in concert
with tremendous O2-C6 bond dissociation, slight C6-Si bond
dissociation, and modest C6-O7 triple-bond formation. The fact
that O2-C6 bond dissociation is considerably greater than C6-
Si bond dissociation inTS56 indicates that thissymmetry-
forbidden concerted reaction isasynchronous. Apparently,
tremendous O2-C6 bond dissociation is necessary to overcome
the sizable destabilizing antibonding component of the
nO2fσ*C6-Si HOMO/LUMO interaction (cf. Scheme 6c),
because even though theσ*C6-Si orbital is primarily localized
on Si, there is considerable localization on C6. In fact, NBO
analysis of the HF/6-311+G(2d,p) wave function for ester5
reveals that the polarization coefficients are 69 and 31% on Si
and C6, respectively.

Energetics of Decarbonylation Pathways.We now examine
the energetics of the pathways for methoxy(siloxy)carbene
decarbonylation. From the relative ZPE-corrected electronic
energies in Table 2 and Figure 2, it is apparent that decarbo-
nylation involving front-side nucleophilic attack by the methoxy
oxygen O2 at silicon in conformer2 (via TS26) is much more
favorable than that involving front-side nucleophilic attack by
the siloxy oxygen O7 at the methyl carbon C1 in conformer3
(via TS36). Decarbonylation involving initial 1,2-silyl migration
followed by a Brook rearrangement also turns out to be
unfavorable because, even though the initial 1,2-silyl migration
in conformers1 and3 (via TS14 andTS35) is quite facile, the
Brook rearrangement of ester5 (via TS56) is unfavorable. We
note that the computed barriers for the various reaction pathways
above are in keeping with predictions made earlier on the basis
of FMO theory. We also investigated the possibility of decar-
bonylation occurring via the intermediacy of a methoxy radical,
carbon monoxide, and a silyl radical [H3CO• + CO + •SiH3],
as well as a methyl radical, carbon monoxide, and a silyloxy
radical [H3C• + CO + •OSiH3], similar to decarbonylation of
diethoxycarbene6 and methoxycarbene.15 It is quite clear from
the relative ZPE-corrected electronic energies in Table 2 and
Figure 2 that decarbonylation via pathways involving these
radicals is energetically unfavorable. Thus, it appears that the
most viable pathway for methoxy(siloxy)carbene decarbonyla-

Figure 8. Relevant frontier molecular orbitals ofsyn-methyl silylfor-
mate,5, for decarbonylation involving intramolecular front-side nu-
cleophilic attack by the methoxy oxygen O2 at silicon.
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tion is that involving intramolecular front-side nucleophilic
attack by the methoxy oxygen O2 at silicon in conformer2 via
TS26.

Finally, to further connect the results from our investigation
of methoxy(siloxy)carbene with the experimental results on
methoxytriphenylsiloxycarbene, we performed calculations for
the latter species with a lower-level model chemistry (B3LYP/
6-311+G(2d,p)//B3LYP/6-31G*) because of the system size.
According to our calculations, the transition state for decarbo-
nylation of methoxytriphenylsiloxycarbene via the concerted
pathway involving intramolecular front-side nucleophilic attack
by the methoxy oxygen at silicon lies 25.6 kcal/mol above the
(lowest-energy)trans-trans conformer of methoxytriphenylsi-
loxycarbene. On the other hand, the intermediacy of a methoxy
radical, carbon monoxide, and a triphenylsilyl radical [H3-
CO•+CO+•SiPh3] lies 67.7 kcal/mol abovetrans-trans-meth-
oxytriphenylsiloxycarbene, while that of a methyl radical, carbon
monoxide, and a triphenylsilyloxy radical [H3C• + CO +
•OSiPh3] lies 49.3 kcal/mol abovetrans-trans-methoxytriph-
enylsiloxycarbene.58 Compared to methoxy(siloxy)carbene (cf.
Table 2 and Figure 3), the presence of phenyl groups on the
silyl moiety of methoxytriphenylsiloxycarbene slightly raises
the barrier for decarbonylation via the concerted pathway, while
it appears to have no pronounced effect on the stabilities of the
silyl and silyloxy radicals. Hence, the most energetically viable
pathway for decarbonylation of methoxytriphenylsiloxycarbene
is indeed that involving intramolecular front-side nucleophilic
attack by the methoxy oxygen at silicon.

Conclusion

The decarbonylation of methoxy(siloxy)carbene was inves-
tigated by means of ab initio molecular orbital theory and hybrid
DFT calculations, combined with the quantum theory of atoms
in molecules (AIM). Pathways involving intramolecular front-
side nucleophilic attack by the methoxy oxygen at silicon and
by the siloxy oxygen at the methyl carbon were investigated.
The pathway involving front-side attack by the methoxy oxygen
at silicon was found to be concerted and synchronous. In
contrast, even though the pathway involving front-side nucleo-
philic attack by the siloxy oxygen at the methyl carbon was
found to be concerted, it is asynchronous, with a transition state
resembling that of a tight ion-pair intermediate comprising a
methyl cation and a siloxycarbonyl anion. A decarbonylation
pathway involving initial silyl migration followed by a Brook
ester rearrangement, and pathways involving the intermediacy
of radicals were also examined. The pathway involving initial
1,2-silyl migration followed by a Brook rearrangement was
found to be unfavorable because of the thermodynamic stability
of methyl silylformate. Fragmentation-recombination mecha-
nisms involving the intermediacy of radicals [H3CO• + CO +
•SiH3], and [H3C• + CO + •OSiH3] are also energetically
unfavorable. Thus, it appears that the most viable pathway for
decarbonylation of methoxy(siloxy)carbene is that involving
intramolecular front-side nucleophilic attack by the methoxy
oxygen at silicon.

Acknowledgment. This work was funded by research grants
from the Natural Science and Engineering Research Council
of Canada and the Fonds pour la Formation des Chercheurs et
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