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A Theoretical Investigation of the Decarbonylation of Methoxy(siloxy)carbene

Paul G. Loncke and Gilles H. Peslherbe*

Centre for Research in Molecular Modeling and Department of Chemistry & Biochemistry, Concordia
University, Montfal, Quebec, Canada H4B 1R6

Receied: September 25, 2003; In Final Form: February 13, 2004

The decarbonylation of methoxy(siloxy)carbene ¢OOSiHs) 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 founcdaodested

(one step, no intermediates) asghchronougbond 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,asigichronouswith 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 SCHEME 1
Intramolecular rearrangements of dioxycarbenes are relatively M60><05i1’h3 siph
rare. These carbenes preferentially undergo intermolecular " g A 1,2-SiPh; P

reactions with species such as electron-deficient alkenes, I\ + N, MeO” TOSiPh;  shift MeO” 0
alkynes, and alcohofs:3 In the absence of carbene scavengers,

they tend to undergo dimerization rather than intramolecular I

rearrangements®® Of the few dioxycarbene rearrangements 'Col

reported, most seem to occur via a fragmentati@combination o

mechanism involving radicals. In the 1960s, Crawford and Raap Me” > SiPhs

proposed that diethoxycarbene rearrangements involve initial v

fragmentation to radicals, which subsequently combine to afford ) N ) -
products® More recently, Venneri and Warkentin found evi- OCCUrS via nucleophlllc.atta(.:k by the carberje lone pair at.smcpn,
dence indicating that 1,2-allyl migrations and [2,3]-sigmatropic Whereas 1,2-methyl migration appears to involve an anion-like
rearrangements in methoxyallyloxycarbenes involve initial Shift of the methyl group from oxygen to the “vacant” carbene
fragmentation to methoxycarbonyl and allylic radicals that p orbital. We also found that 1,2-silyl migration is 5|gn|f|cant.ly
subsequently collapse to form estérEhe latter findings are ~ More favorable than 1,2-methyl migration, in accord with
supported by ab initio and density functional theory (DFT) experlm_ental findings. We now turn our attention to the
studies on hydroxycarbehand hydroxyallyloxycarbefigear- mechanism for decarbonylation of carbehe

rangements, which revealed that a fragmentati@combination ~ Decarbonylation of carberlé could occur via a fragmenta-
mechanism involving radicals is energetically viable. Merkley tion—recombination mechanism involving the intermediacy of
et al. also reported evidence indicating that rearrangements ofcarbon monoxide, along with either the methoxy and triphenyl-
p-substituted benzyloxymethoxycarbeHesnd benzyloxyben- silyl radicals or the methyl and triphenylsilyloxy radicals, similar

- acetone I I

zyloxycarbenéd occur via radicals. to that proposed for decarbonylation of diethoxycarlSearel
Methoxytriphenylsiloxycarbend, , generated by thermolysis m_ethoxycarbgnéri However, since thermolysis of oxadiazoline
of 2-methoxy-2-triphenylsiloxy-5,5-dimethyi3-1,3,4-oxadia- | in toluene did not produce any bibenzyl and no products of

zoline, 1, has been reported to undergo 1,2-triphenylsilyl fadical trapping were detected in the presence of TEMPO
migration and decarbonylation, affording methyl triphenylsi- (2,2.6.6-tetramethylpiperidinyloxy radicéf) this mechanism
lylformate, Il , and methyl triphenylsilyl ethefy , respectively seems unlikely, unless the radicals are formed within a solvent
(cf. Scheme 132 However, there are questions regarding the Cadeé. Alternatively, decarbonylation could involve intramolecu-
mechanisms of these intramolecular carbene rearrangementd@' front-side nucleophilic attack by either the methoxy oxygen
We recently carried out thorough theoretical investigations of & Silicon or the siloxy oxygen at the methy! carbon. Moreover,
the mechanisms for 1,2-silyl migration and 1,2-methyl migration this process could be concerted or stepwise, as d;scussed by
in methoxy(siloxy)carbene (GDEOSiHs) as a model system Schreiner et al. for alkylchlorosulfite decompositi:

for carbend! 1314 0ur results suggest that 1,2-silyl migration The concerted mechanism for decarbonylation involving
intramolecular front-side nucleophilic substitution would be a

*To whom correspondence may be addressed. E-mail: ghp@ ONe-Step process that occurs via a cyclic transition state as shown
alcor.concordia.ca. in Scheme 2a. However, it is evident from the frontier orbitals
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in Scheme 3a that this mechanism sgmmetry forbidden
according to WoodwardHoffmann rulesi®21 since interaction
between the inplane “Sthybridized” lone-pair g orbital

(HOMO) and thes* o—r antibonding orbital (LUMO) contains
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similar conditions2 Thus, it seems that decarbonylation involv-
ing the intermediacy of estéll is unlikely. We note that when
esterlll was heated in methandl; a small amount of carbene
Il was trapped as the deuterated orthoformate@@ED(OCD;)-
OSiPh, suggesting that decarbonylation of estercould occur
via carbendl . On the other hand, Brook et al. found evidence
indicating that decarbonylation of estér occurs via intramo-
lecular front-side nucleophilic attack by the methoxy oxygen
at silicon3*

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 carbénePathways
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 [fCO + CO + *SiHg] and [HsC* + CO +
*OSiHs), are examined.

Computational Methods

Ab initio molecular orbital calculations at the Hartreleock
(HF) and second-order MgllePlesset (MP2) levels of thechy®
and hybrid DFT calculations with the Becke3 -eéang—Parr
(B3LYP) hybrid functional®3” were performed with the
6-311+G(2d,p) basis sé&t36 using the Gaussian 98 suite of
programs® Calculations were carried out on the lowest singlet
(So) state of methoxy(siloxy)carbene because of the large vertical
S — T1 energy gag? 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 6432(2d,p) basis
was chosen after preliminary calculations with the 6-8&d),
6-311HG(2d,p), and 6-31t+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 algorithi#? for minimum-energy structures and
the eigenvector-following methd®42 for transition-state struc-
tures. Frequency calculations were performed for stationary-

a destabilizing antibonding component. On the other hand, the point characterization and to obtain thermochemical data within

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. SchemeZbjoreover,
formation of such ion-pair intermediates would result in a
symmetry-allowedeaction (cf. Scheme 3b), since it allows
favorable bonding interaction between the in-plane2“sp
hybridized” lone-pair p 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 alkoxyhalocarbertés®2 However, the ion-
pair mechanism is not likely to occur in a nonpolar solvent such
as benzene.

Finally, in light of the fact that estdil undergoes decarbo-
nylation when heatet?3334it is conceivable that decarbony-
lation of carbenél occurs via initial 1,2-triphenylsilyl migration
to afford estetll , followed by a Brook rearrangement to yield
etherlV, as outlined in Scheme 4. However, the rate constant
for decarbonylation of estdtl in benzene at 110C is 6.5 x
10 s71 which is smaller than the rate constant of & 110>
s 1 obtained for thermal decomposition of oxadiazolinender

the rigid rotor-harmonic oscillation approximation using
standard statistical mechanics methods implemented in Gaussian
9843 Intrinsic reaction coordinate (IRC) calculations were used
to connect transition states to reactants and products. The theory
of atoms in molecules (AIMY} was used to analyze the
electronic structure of the optimized geometries using the
AIMPAC suite of programg4-46 Natural bond orbital (NBO)
analysig” was carried out using the NBO program version 3.1
implemented in Gaussian 98.

Results and Discussion

Ground-State  Methoxy(siloxy)carbene  Conformers.
Minimum-energy geometries of theans-transl, 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 isomerizatid8;, and trans-trans to cis-
trans isomerizatioW S;3 are also shown in the Figure 1. As
suggested previoushy,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?® V2p(r), reveals that the valence-shell charge concen-
tration (VSCC)0 of the 02, C6, and O7 atoms each contain
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Figure 1. Optimized molecular geometries of ttrans-transl, trans-cis2, andcis-trans3 conformers of methoxy(siloxy)carbene and the transition
states for isomerizatioSi, and TS;3. Geometric parameters are given for the HF/6-8G12d,p), B3LYP/6-31+G(2d,p) (parentheses), and
MP2/6-31H1G(2d,p) [brackets] model chemistries. Bond distances and angles are in A and degrees.
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one nonbonded maximum. Since there is usually a one-to-onethat the O2-C6 bond of conformed has more double-bond
mapping between local maxima in the VSCC of an atom and character than the G807 bond. This is supported by the fact

electron pairs of the Lewis mod# these findings suggest that

that pp(r) for the O2-C6 bond of conformed is larger than

the 02, C6, and O7 atoms each possess a single lone pair. Thée¢hat for the C6-O7 bond (cf. Table 1).
second lone pair expected on the O2 and O7 atoms is apparently Decarbonylation Involving Intramolecular Front-Side

involved insr back-bonding with the vacant carbene p orbital,
which gives rise to partial 02C6 and C6-O7 double-bond
character. In addition, it is evident from the topological
properties of the electronic densit¢r) given in Table 1 that
the bond critical point (BCPJ electronic densityy(r) for the
02—-C6 and C6-O7 bonds are larger than that for the-822
single bond. Moreover, values of the bond elliptiditys, 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 bofftidence, it is clear
from these results that both the ©26 and C6-O7 bonds have

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 conformerl shown in Figure 3 that the
HOMO has considerable nonbonding character corresponding
to inplane “sp-hybridized” lone-pair orbitals on the 02, C86,
and O7 atoms (hereafter referred to as, mcs, and rv7), while

the LUMO is essentially the*o7—si antibonding orbital. The
computed HF/6-311G(2d,p) HOMO/LUMO gaps of conform-
ersl, 2, and3 are 11.9, 11.8, and 11.8 eV, respectively. These

considerable double-bond character. We note from the relativegaps seem appropriate for intramolecular reactivity when
zero-point energy (ZPE) corrected electronic energies in Table compared to the HF/4-31G HOMO/LUMO gap of 11.7 eV for
2 and Figure 2 that the computed barriers of trans-trans to cis- phenylacetoxycarber®@ which is known to undergo 1,2-acyl

trans isomerization vid S;3 are noticeably higher than those
for trans-trans to trans-cis isomerization Vi&;,, indicating

migration. In contrast, the HF/6-31G* HOMO/LUMO gap of
dimethoxycarbene is 14.9 eMwhile the HF/4-31G HOMO/
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TABLE 1: Topological Properties of the Electronic Density

at Selected Bond Critical Points Obtained from AIM
Analysis of B3LYP/6-31H-G(2d,p) Wave Functiong
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TABLE 2: Calculated Zero-Point Energy Corrected
Electronic Energies of Species Involved in the
Decarbonylation of Methoxy(siloxy)carbené

Cl-02 02C6 C6-07 OFSi species B3LYP/6-31£G(2d,p) MP2/6-313G(2d,p)
1 1 0.0 0.0
ou(r) (e/A3) 1.62 2.19 2.11 0.84 2 2.0 2.3
V2pu(r) (e/A9) -12.3 -13.2 -155 14.6 3 1.9 1.6
€ 0.01 0.13 0.17 0.05 TS, 7.2 8.3
2 TSi3 17.5 18.3
OGS 161 2.09 2.14 0.80 1526 ig-g 18.0
V2oolr) (e/R8)  —12.0  -133  —13.9 132 Sas : -
¢ 0.00 0.16 0.16 0.02 TSi 10.3 8.8
’ ' ’ ’ TSss 9.5 7.8
3 4 —-15.9 -17.4
oulr) (e/A3) 1.55 2.22 2.05 0.83 5 -23.1 —24.7
V20u(r) (e/AS5) -11.9 —-125 —-15.0 14.3 TSus -10.4 -11.8
€ 0.00 0.11 0.20 0.05 TSee 9.9 5.0
TS CH3O + CO + *SiH; 66.7 73.0
26 CHz* + CO + *OSiHs 53.0 56.9
C1-02 02-C6 C607 OFSi 02-Si 6+ CO —32.6 —-39.1
oo(r) (e/A3) 1.53 1.48 2.62 0.48 0.41 a Relative energies with respect to conforneare in kcal/mol. The
Vpu(r) (e/A%) —10.8 —102 —155 4.0 3.6 total B3LYP/6-311%G(2d,p) and MP2/6-31tG(2d,p) energies for
€ 0.01 0.27 0.01 0.13 0.47 conformerl are—519.751601 and-518.678680 hartrees, respectively.
TS Radicals were calculated using the ROB3LYP/6-8&K2d,p) and
36 UMP2/6-311G(2d,p) methods. Calculated HF/6-31G(2d,p) ZPE-
C1-02 02-C6 C6-07 O7Si Cl-07 corrected electronic energies are provided in the Supporting Information
ou(r) (/A% 0.19 2.91 1.90 0.79 0.28 section.
2 5 — — L. i .
Veou(1) (e/A%) - 17 7.3 128 131 24 The optimized transition-state geometries for methoxy-
€ 0.13 0.00 0.26 0.06 0.12 . S o
(siloxy)carbene decarbonylation involving intramolecular front-
TS14 side nucleophilic attack by the methoxy oxygen O2 at silicon
C1-02 O02C6 C6-07 O7Si C6-Si in conformer2 (denotedT Sy6) and by the siloxy oxygen O7 at
o(r) (e129) 159 221 > 48 052 052 f[he methyl carbqn Ql in conformér(denotedTSse) are shown
Veou(r) (/A% —11.7 -132 -17.3 6.8 41 in Figure 4. Optimized molecular geometries for the products,
€ 0.01 0.08 0.03 1.34 0.85 carbon monoxide and methyl silyl ethéy are also shown in
Figure 4. IRC calculations confirm thaS,s and TSz connect
TSss - .
: : conformers2 and 3, respectively, to carbon monoxide and
C1-02 0z2-C6 C6-07 OFSi C6-Si methyl silyl ether6. Thus, both reactions occur via concerted
oo(r) (e/A3) 1.53 2.25 2.41 0.52 0.52 pathways instead of stepwise pathways involving tight ion-pair
Vipu(r) (/A%  —11.4  —130 -168 6.9 4.2 intermediates similar to those discussed earlier. Interestingly,
€ 0.01 0.08 0.06 108 085 although we were able to obtain the transition s&gs at the
5 HF and B3LYP levels with the 6-3#1G(2d,p) basis set, and
: even at the MP2 level with smaller basis sets, we were unable
C1-02 02-C6 C6-07 C6-Si . - ’
S 160 > od g7 077 to locate this transition state on the MP2/6-313(2d,p)
poll) (€ . . . . :
Veou(r) (€/AS)  —12.4 —17.1  —127 21 polt_em'a' fnergy S“.rfacﬁ' o . del .
. 0.00 0.00 0.09 0.08 et us first examine the changes in geometry and electronic
structure for methoxy(siloxy)carbene decarbonylation involving
TSss intramolecular front-side nucleophilic attack by the methoxy
Cl-02 02-C6 C6-07 C6-Si 02-Si oxygen O2 at silicon. Relative to conform2r(cf. Figure 1),
oulr) (e/A9) 1.68 0.82 321 0.44 056 there is considerable shrinkage of th&2607Si angle, ac-
V2ou(r) (e/A%) —13.9 45 0.1 4.7 3.8 companied by modest GZ6 and O7Si bond lengthening
€ 0.01 0.24 0.04 0.59 0.18 and C6-O7 bond shortening, iTSy (cf. Figure 4). These

aHF/6-31H-G(2d,p) and MP2/6-31tG(2d,p) values are provided

in the Supporting Information section.

LUMO gap of methoxyphenoxycarbene is 14.1 €Vhe latter
two dioxycarbenes are not known for their intramolecular
reactivity, which may be due in part to their larger HOMO/
LUMO gaps. Thus, since thepp portion of the HOMO is
aligned with theo* o7—s; portion of the LUMO in conformeg,
HOMO/LUMO interaction and hence nucleophilic attack by the
methoxy oxygen O2 at silicon is expected to be favorable. In
contrast, although thega part of the HOMO would be aligned
with the 6* c1-02 portion of the LUMO in conforme8, HOMO/
LUMO interaction and thus nucleophilic attack by the siloxy

features are consistent with nucleophilic attack by the methoxy
oxygen O2 at silicon, in concert with modest ©26 and O7

Si bond dissociation and G8)7 triple-bond formation. Figure

5a displays plots of bond distances vs IRC for decarbonylation
of conformer2 via TSy 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 G2C6 and O7Si bond lengthening and
C6—07 bond shortening, in going from conform2to TSge.
More importantly, they illustrate that the reactiorsigichronous

in that the rates of O2C6 and O7Si bond lengthening and
C6—07 bond shortening are essentially identical as decarbo-

oxygen O7 at the methyl carbon C1 is not expected to be nylation of conformer2 approached Sy.

favorable due to the lack af*c1—o, character of the LUMO
(cf. Figure 3).

The shrinkage of thelC607Si angle in going from conformer
2 (cf. Figure 1) toTSys (cf. Figure 4), which consequently
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Figure 2. Relative B3LYP/6-313G(2d,p) ZPE-corrected electronic energy profile of the methoxy(siloxy)carbene decarbonylation pathways.

HOMO

Figure 3. Plots of the computed HF/6-3315(2d,p) frontier molecular
orbitals for conformerd of methoxy(siloxy)carbene.

02-C6 and O7Si bond dissociation is needed to overcome
the small destabilizing antibonding component of the A~
0*07-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
Sui (substitution nucleophilic internal) mechanisms proposed
by Sommer et al. for organosilicon reactions involving three
and four center cyclic transition stat®s>’

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 confor@er
(cf. Figure 1), thé1C102C6 angle shrinks significantly, while
there is tremendous CX02 bond elongation, modest ©Z6
bond shortening, and slight €87 bond lengthening i Sz
(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
02 bond dissociation, modest ©£6 triple-bond formation,
and slight C6-O7 bond dissociation. Moreover, the plots in
Figure 6a show that the reaction asynchronousn that the
rate of C1-O2 bond elongation is considerably greater than

reduces the distance between the O2 and Si atoms, results in &he rates of O2C6 bond shortening and €67 bond

new O2-Si bond with lowpy(r) and positiveV2py(r) (cf. Table
1) 54 In addition, pp(r) for the lengthening O2C6 and O7Si
bonds decreases while that for the shortening-O8 bond

lengthening. As a matter of fact, the geometryT &g resembles
a tight ion-pair intermediate comprising a methyl cation and a
siloxycarbonyl anion (cf. Scheme 2b). The computed HF/6-

increases. These features are also consistent with nucleophilic311+G(2d,p) and B3LYP/6-31£G(2d,p) DHC1H angles of

attack by the methoxy oxygen O2 at silicon, along with-O2
C6 and O7Si bond dissociation and G807 triple-bond
formation. From the plots of BCP electronic densities vs IRC
shown in Figure 5b, the decreasegg(r) for the O2-C6 and
O7—Si bonds and the increase p(r) for the C6-0O7 bond

TSgeare 117.8 and 118°3respectively, close to the 12@ngle
expected for a methyl cation.

The shrinkage of th&lC102C6 angle ifT Sse (cf. Figure 4)
relative to conformeB (cf. Figure 1), which brings the C1 and
O7 atoms in closer proximity to each other, yields a new-C1

are moderate and occur essentially at the same rate as th&7 bond with low pp(r) and positive V2ou(r) (cf Table 1).

reaction proceeds from conformé& toward TSy further
revealing the synchronicity of the reaction.

The synchronous nature of trigmmetry-forbiddenoncerted
reaction is most likely due to the fact that the destabilizing
antibonding component of theop— 0* o7-si HOMO/LUMO
interaction (cf. Scheme 3a) for nucleophilic attack by the
methoxy oxygen O2 at silicon is small. NBO analysisf the
HF/6-31H-G(2d,p) wave function for conformé@reveals that
the polarization coefficients of the* 57—s; orbital are 14% on
O7 and 86% on Si, which means that th&s7_g; orbital is

Simultaneouslypy(r) decreases dramatically for the lengthening
C1-02 bond, while it increases and decreases slightly for the
shortening O2C6 bond and lengthening €67 bond, re-
spectively. The latter observations are also evident from plots
of the BCP electronic densities vs IRC for decarbonylation of
conformer3 via TSzg 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
C1-02 bond dissociation, moderate ©26 triple-bond forma-
tion, and slight C6-O7 bond dissociation. In addition, the plots

primarily localized on the more electropositive Si atom. In other in Figure 6b show that the rate of decreaseyfn) for the C1-

words, theo* o7—sj orbital lobes are considerably smaller on O7

02 bond is substantially larger than the rate of increagg(i)

than they are on Si (cf. Scheme 3a). Therefore, only modestfor the O2-C6 bond and the rate of decreaseppfr) for the



Decarbonylation of Methoxy(siloxy)carbene J. Phys. Chem. A, Vol. 108, No. 29, 2008211

1.436 CG 1.230

(1.471)

(1.441) [
[1.439] 1.928
(1.990)

[1.979]
TS2

C1

2.193 2.124
(2.487) (2.244)

1399 1.627
(1.423) (1.653)
[1.427] [1.656]

Figure 4. Optimized molecular geometries fd1Szs, TSz 6, and CO. Geometric parameters are given for the HF/6+&(R2d,p), B3LYP/6-
311+G(2d,p) (parentheses), and MP2/6-313(2d,p) [brackets] model chemistries. Bond lengths and angles are given in A and degrees.
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Figure 5. Plots of (a) bond distances vs IRC and (b) BCP electronic Figure 6. Plots of (a) bond distance vs reaction coordinate and (b)

density vs IRC for decarbonylation of conformwia TS based on BCP electronic density vs reaction coordinate for decarbonylation of
B3LYP/6-311-G(2d,p) calculations. conformer3 via TSgs based on B3LYP/6-3HG(2d,p) calculations.
C6—07 bond as decarbonylation of confornt@approaches The asynchronous nature of theymmetry-forbiddercon-

TSse, further revealing the asynchronous nature of the reaction. certed reaction is most likely due to the fairly sizable destabiliz-
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B3LYP/6-311HG(2d,p) (parentheses), and MP2/6-313(2d,p) [square brackets] model chemistries. Bond lengths and angles are in A and degrees.

(1.424)

o7

SCHEME 6 and 14% on O7 for the* o7 orbital of conformer2. This
antibaiting means that the* c1-o, orbital lobes on the O2 atom are larger
ai;tngt;:réﬂg:ng interaction @ than theo* o7—s; orbital lobes on the O7 atom, and hence the
(’\S'Hf‘ antibonding component of thesp— 0* c1-02 HOMO/LUMO
ne "vacant’ f\ S Q" o interaction is larger than that of thesxn— 0*o7-si HOMO/
@ S'H3 orbital () 57 ’*C . - .
eo( G # _Foors Mo 0 2o LUMO interaction. Therefore, to overcome the destabilizing
M ‘00 B 8’ antibonding component of theop — 0*ci-02 interaction
(a) (b) L (© between lobes of opposite sign and at the same time allow

favorable bonding interaction between lobes of the same sign
ing antibonding component of theoh— 0*c1-02 HOMO/ (cf. Scheme 3a), considerable €02 and/or C6-O7 bond
LUMO interaction (cf. Scheme 3a), because even though the dissociation is necessary. In this case, there is greater dissocia-
0* c1-oz Orbital is primarily localized on the more electropositive  tion of the weaker C+02 bond since the CE07 bond has
C1 atom, localization on the 02 atom is not trivial. NBO double-bond character. Furthermore, significant-OR bond
analysis of the HF/6-3HtG(2d,p) wave function for conformer  dissociation results in features similar to that of a tight ion-pair
3 indicates that the polarization coefficients for tb&ci1-o2 intermediate comprising a methy! cation and a siloxycarbonyl
orbital are 70% on C1 and 30% on O2 compared to 86% on Si anion (cf. Scheme 2b), where thgaand b7 lone-pair orbitals
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C10LUMO+1

Figure 8. Relevant frontier molecular orbitals efyrrmethyl silylfor-
mate, 5, for decarbonylation involving intramolecular front-side nu-
cleophilic attack by the methoxy oxygen O2 at silicon.

interact favorably with the “vacant cationic p orbital” on C1 in
TSse (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)carbené314 However, we will briefly review some of

J. Phys. Chem. A, Vol. 108, No. 29, 2008213

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 dimethoxycarbehand methoxyphenoxycarbenaen-
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 isymmetry forbiddef2! since

the nz—0* ce-si HOMO/LUMO interaction contains a desta-
bilizing antibonding component (cf. Scheme 6c).

The transition-state geomeffBss for decarbonylation oy
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 tHeO2C6Si
angle inTSsg, along with tremendous G2C6 bond elongation
and slight C6-Si bond lengthening and G807 bond shorten-
ing. These geometric changes are accompanied by formation
of an O2-Si bond with low py(r) and positive V2pu(r), a
dramatic decrease ipy(r) for the O2-C6 bond, whilepy(r)
decreases and increases modestly for the &lGand C6-07
bonds, respectively (cf. Table 1). In addition, the methyl group
rotates out of plane iMSse. These features are in keeping with

the findings for completeness and then focus on decarbonylationnucleophilic attack by methoxy oxygen O2 at silicon, in concert

via the Brook rearrangement.

In terms of frontier molecular orbital (FMO) theot9,1,2-
silyl migration is expected to occur via front-side nucleophilic

with tremendous O2C6 bond dissociation, slight C&i bond
dissociation, and modest €E®7 triple-bond formation. The fact
that O2-C6 bond dissociation is considerably greater than-C6

attack by the carbene lone pair at silicon rather than an anion-Si bond dissociation inTSse indicates that thissymmetry-

like shift to the “vacant” carbene p orbital (cf. Schemée &Y
This is because the HOMO has carbene lone-pgjrambital
character while the LUMO is essentially th&o7—s; orbital (cf.
Figure 3), and the geometries of conformé&rand 3 are ideal
for HOMO/LUMO interaction. We note that the former mech-
anism issymmetry forbiddeiicf. Scheme 6a), while the latter
mechanism isymmetry allowedcf. Scheme 6b).

The optimized transition-state geometries; 4, and T Szs for
1,2-silyl migration in conformerd and3 of methoxy(siloxy)-
carbene are shown in Figure 7. The corresponding prodndtits
methyl silylformate 4, andsynmethyl silylformate 5, as well
as the transition stat€Sss for isomerization betweed and5
are also shown in Figure 7. Relative to conformeend3 (cf.
Figure 1), thedC607Si angles shrink considerably, while there
is modest O7Si bond lengthening and €807 bond shortening

in TS14 and TS3s. These geometric changes are accompanied

by the appearance of a new €8i bond with low pp(r) and
positive V2pop(r) in TS34 andTSss (cf. Table 1), in concert with
modest decreases and increases(r) for the O7Si and C6-
O7 bonds, respectively. In addition, boitg;4 and TSss 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 O7Si bond dissociation and G807 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 LUMG*H1 for synmethyl silylformate,5, are
shown in Figure 8. As can be seen, the HOMO-1 has
considerable &, character while the LUM@1 has significant
0* ce-si Character. However, the calculated HF/6-313(2d,p)

forbidden concerted reaction isasynchronous Apparently,
tremendous O2C6 bond dissociation is necessary to overcome
the sizable destabilizing antibonding component of the
Noz—0*ce-si HOMO/LUMO interaction (cf. Scheme 6c),
because even though th#&ce—s; orbital is primarily localized
on Si, there is considerable localization on C6. In fact, NBO
analysis of the HF/6-31G(2d,p) wave function for estes
reveals that the polarization coefficients are 69 and 31% on Si
and C6, respectively.

Energetics of Decarbonylation PathwaysWe 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 conformeZ (via TSe) is much more
favorable than that involving front-side nucleophilic attack by
the siloxy oxygen O7 at the methyl carbon C1 in confor®er
(via TSge). 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
onformersl and3 (via TSi4 and TSgs) is quite facile, the
Brook rearrangement of estBr(via TSsg) 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 {80 + CO + °*SiHg],
as well as a methyl radical, carbon monoxide, and a silyloxy
radical [HsC* + CO + *OSiHg], similar to decarbonylation of
diethoxycarberfeand methoxycarber€.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-
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