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The structures and charge distributions of substituted silenolates [H2SiC(]O)X]� (X¼H, SiH3, Me, t-Bu,
OMe, NMe2; group A), [Y2SiC(]O)H]� (Y¼H, F, Me, Ph, SiH3, SiMe3; group B), and [Y2SiC(]O)X]� (Y¼Me,
X¼t-Bu, and Y¼SiMe3; X¼t-Bu, OMe, NMe2; group C) were examined through density functional theory
calculations. The effects of the solvated counterion (Kþ, Liþ, or MgClþ) and coordination site (O or Si) on
the properties of group C silenolates were also studied. The variation in the degree of p-conjugative
reverse SiC bond polarization, SFRP(p), calculated by natural resonance theory, was determined. The
SFRP(p) correlated with r(SiC) for both group A and B silenolates, and the correlation between SFRP(p)
and the sum of valence angles at Si, Sa(Si), was good for group A but poor for group B due to strong
influence of the inductive effect. The SiC charge difference correlated well with SFRP(p) for group A, but
not for group B, again an effect of inductive substituent effects. The group C silenolates were coordinated
to Li(THF)3

þ, MgCl(THF)4
þ, and K(THF)5

þ either via the O or Si atom. The coordination energies show that
coordination to the hard O is preferred for Liþ and MgClþ, but the Kþ ion coordinated simultaneously to
Si and O. Coordination of the solvated metal ion to O resulted in shorter SiC bond length, an increased
Sa(Si) value, and lower Dq(SiC) when compared to the naked silenolate. Choice of counterion and
substituent provides a means to extensively vary the properties of silenolates such as their reactivity.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

While the chemistry of enolates has been thoroughly explored
and also understood to a high degree,1 the chemistry of their silicon
analogs, silenolates (Scheme 1), has not. Studies of lithium sileno-
lates were first reported by Biltueva and co-workers in 1989,2 and
later on, further studies were reported by Bravo-Zhivotovskii,
Apeloig, Ohshita, and Ishikawa.3–10 Ishikawa and co-workers in
particular explored their reactions and found that while lithium
silenolates with bulky alkyl or aryl substituents at carbon undergo
rapid dimerization followed by degradation at ambient tempera-
ture, they are sufficiently stable at low temperature for character-
ization by NMR spectroscopy. A particularly interesting feature of
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lithium silenolates for their potential synthetic applications is their
high selectivity for [4þ2] cycloadditions in reactions with dienes.5,7

This is in contrast to many other (formally) Si]C double bonded
compounds, which often undergo competing [2þ2] cycloaddition
and ene reactions with dienes.11 Indeed, a similarly high selectivity
in reactions with dienes as silenolates display is found for neutral
silenes that are strongly influenced by reversed Si]C bond polar-
ization,12,13 i.e., compounds with a Sid�]Cdþ polarity rather than
the natural Sidþ]Cd� polarity.14,15 Further studies of the properties
of such species should be motivated by their potential applications
in synthesis as they provide selective and efficient routes to sila-
cyclohex-4-enes (Scheme 2). Such silacycles have been shown by
Steel and co-workers to be useful starting points for further syn-
thetic elaborations.16

A few years ago, we formed the first isolable silenolate,
[(TMS)2SiC(]O)t-Bu]�Kþ (TMS¼SiMe3), having a potassium in-
stead of a lithium counterion, and characterized its structure by
X-ray crystallography.17 Surprisingly, we found that this potassium
Si OH
2. H2O
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O
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silenolate was stable in inert atmosphere at room temperature for
up to three months, in contrast to the analogous lithium silenolates,
which degraded within hours. X-ray crystal structure analysis
revealed a SiC bond length of our potassium silenolate of 1.926 Å
and the Si atom was markedly pyramidal with a sum of the valence
angles (Sa(Si)) of 317.8�. The potassium cation was coordinated
both to the Si atom and to the O atom with a slightly closer contact
with the O atom. Calculations at B3LYP/6-31G(d) level of
[(H3Si)2SiC(]O)Me]�Kþ(OMe2)3 gave a SiC bond length of 1.938 Å
and a Sa(Si) of 307.0� in fair agreement with experiments.

It should be mentioned that only a few computational in-
vestigations have been performed on silenolates. Ohshita and co-
workers calculated [(H3Si)2SiC(]O)Me]� at the HF/6-31G(d) level
and found that the SiC bond length was 1.926 Å, close to that of
a typical SiC single bond (1.87 Å18).5 We previously performed
B3LYP density functional theory (DFT) calculations on a large
number of silenes, silenolates, and related compounds influenced
by reverse SiC bond polarization.15 It was found that the un-
coordinated silenolates were best described by resonance structure
FB (Scheme 1), and that their Si centers were similar to those of silyl
anions. On the other hand, Ishikawa and co-workers found through
variable temperature 1H NMR spectroscopy of the [TMS2SiC(]O)-
Mes]Li silenolate an activation energy for SiC bond rotation of
14.3 kcal/mol indicating partial Si]C double bond character.5 It
should therefore be important to explore how silenolate structure
varies with counterion and with substituents, and if this property
can be related to stability and reactivity.

The purpose of this study has been to investigate the degree of
reverse polarization among selected silenolates that resemble
those that have been studied experimentally, and to investigate
how the structure of the silenolates depends on the degree of re-
verse polarization as influenced by substituents X and Y (Scheme
3). We calculate the contribution from reverse polarized resonance
structures of type FB using natural resonance theory (NRT) of
Weinhold and co-workers.19–21 In this way, we primarily measure
the p-component of reverse SiC bond polarization, although the
natural Sidþ]Cd� polarization can also be lowered through in-
ductive s-donation from the substituents.22

We first discuss the three groups A–C of silenolates without any
complexating metal ion (Scheme 2). Subsequently, we compare
solvated lithium, potassium, and magnesium ions coordinated to
group C silenolates in order to see how the counterion affects the
geometry and charge distribution. For each counterion, we discuss
two possible isomers; one where the counterion is bound to the O
X = tBu; Y = Me, TMS
X = TMS; Y = OMe, NMe2

Y = H, F, Me, Ph, SiH3, TMS

X = H, Me, tBu, OMe, NMe2
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atom and one where it is bound to the Si atom. Our belief is that this
fundamental study will show how to alter the properties of sile-
nolates, ultimately providing guidance for formation of a series of
silenolates.

2. Computational methods

Optimization of the silenolate geometries was made using the
B3LYP hybrid density functional theory (DFT) method,23 together
with the 6-31G(d) basis set of Pople and Hariharan.24 In order to
verify that a true minimum on the potential energy surface (PES)
had been reached, frequency calculations were performed at the
same level of computation. Natural resonance theory (NRT)19–21

calculations and natural population analysis (NPA)25 calculations
were performed in order to assess the degree of reverse polariza-
tion influence and the charge difference between the C atom and
the Si atom, respectively. All calculations were performed using the
Jaguar 5.5 program package,26 except for the geometry optimiza-
tions of the complexes between the silenolates in group C and the
solvated counterions, which were performed using the Gaussian 03
program package.27

3. Results and discussion

To assess the effect of the counterion on the structure of the
silenolates, we first analyzed the structures and charge distribu-
tions of the uncoordinated silenolates.

3.1. Uncoordinated silenolates

All silenolates in group A have a contribution from p-con-
jugative reverse polarized resonance structures in the range 86.6–
94.3% (Table 1), indicating that the uncoordinated silenolates
should be regarded as acyl substituted silyl anions (resonance
structure FB) rather than silene-like species (resonance structure
FA). The optimized SiC bond lengths are 1.912–1.984 Å, significantly
longer than a normal SiC single bond (1.87 Å),18 and they have Si
with pyramidalization angles ranging from 287.3 to 298.1�. It is
clearly seen that increased influence of reverse polarization leads to
longer SiC bond length and to smaller pyramidalization angles. The
shortest SiC bond length is found for the silenolates with X¼SiH3

and the longest is found for the silenolates with X¼NMe2. These
two silenolates also have the largest and smallest pyramidalization
angles Sa(Si), respectively.

The charge difference Dq(SiC), i.e., the charge at C minus the
charge at Si, ranges from�0.40 to 0.45 e. In most cases, particularly
Table 1
Contributions from reverse polarized resonance structures (SFRP(p)), selected
geometrical parameters, and charge differences between the C and Si atoms of group
A silenolates

H2SiC(]O)X SFRP(p)a r(SiC)b Sa(Si)c Dq(SiC)d

X¼H 90.5 1.927 293.9 �0.07
X¼SiH3 86.6 1.912 298.1 �0.35
X¼TMS 87.3 1.917 298.0 �0.40
X¼t-Bu 91.6 1.958 292.0 0.16
X¼Me 92.1 1.948 292.2 0.15
X¼OMe (conf. 1)e 92.8 1.972 288.6 0.45
X¼OMe (conf. 2)e 94.0 1.960 287.7 0.41
X¼NMe2 94.3 1.984 287.3 0.35

a Total contribution, SFRP(p), from all reverse polarized resonance structures, i.e.,
all resonance structures with a SiC single bond in percent.

b The SiC bond length in Å.
c The sum of the valence angles around Si in degrees.
d The charge difference between Si and C in electrons.
e In conformer 1, the OMe bond is anti to the C]O bond, while in conformer 2, the

OMe bond is syn to the C]O bond.



Table 2
Contributions from reverse polarized resonance structure (SFRP(p)), selected geo-
metric parameters, and charge differences between the C and Si atoms of group B
silenolates

Y2SiC(]O)H SFRP(p)
a r(SiC)b Sa(Si)c Dq(SiC)d

Y¼TMS 88.9 1.917 306.5 0.15
Y¼Me 89.8 1.922 301.1 �0.71
Y¼Ph 89.9 1.918 309.4 �0.80
Y¼H 90.5 1.927 293.9 �0.07
Y¼SiH3 90.7 1.929 300.4 0.05
Y¼CF3 93.4 1.937 290.5 �0.55
Y¼F 95.9 1.981 293.8 �1.06

a Total contribution from all reverse polarized resonance structures, i.e., all res-
onance structures with a SiC single bond in percent.

b The SiC bond length in Å.
c The sum of the valence angles around Si in degrees.
d The charge difference between Si and C in electrons.
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for the most reverse polarized silenolates, the C instead of Si is the
positive end of the SiC dipole, in line with the silenolates being very
strongly reverse polarized. The silenolate with X¼SiMe3 has the
lowest Dq(SiC) and one of the conformers of the silenolate with
X¼OMe has the highest. The correlation between SFRP(p) and
Sa(Si) is excellent (r2¼0.945), indicating that the pyramidalization
angle around Si for group A silenolates primarily depends on the p-
charge at Si and not very much on the differences in the inductive
effect between the substituents at carbon. The correlation between
SFRP(p) and r(SiC) is also good (r2¼0.854), as is correlation be-
tween SFRP(p) and Dq(SiC) (r2¼0.918). This reveals that for a set of
silenolates that all have the same substituents at Si, it is the
p-conjugative contribution of reverse polarization that determines
the geometry and charge distribution of the SiC bond.

For the group B silenolates, the influence of reverse polarized
resonance structures lies in range 88.9–95.9% (Table 2). The varia-
tion in SFRP(p) is thus similar to that of group A silenolates, even
though most of the substituents at Si do not affect the p-system
explicitly. Yet, the most electronegative substituents stabilize the
negative charge at Si, and resonance structures of type FB become
more dominant with these substituents. With the electropositive
TMS substituents, the opposite effect can be found as seen when
compared to the silenolate with Y¼H, and that is also the situation
with Y¼Ph and Me. The SiC bonds are long for all silenolates in
group B (1.917–1.981 Å) and the pyramidalization angles range
from 290.5 to 306.5�.

Similar as for group A silenolates, a correlation exists between
SFRP(p) and r(SiC) (r2¼0.903). However, because the substituents
at Si are varied in this group, a very poor correlation is found be-
tween SFRP(p) and Sa(Si) (r2¼0.506), as the inductively with-
drawing/donating ability of the substituents at Si will influence the
structure around Si, similar as done in a silyl anion,28 through the
second-order Jahn–Teller effect (SOJT). The correlation between
SFRP(p) and Dq(SiC) is negligible (r2¼0.362), again indicating that
q(Si) is strongly influenced by inductive effects of the substituents
at Si and this effect is not to a similarly large extent reflected in
SFRP(p). It is noteworthy that whereas the TMS substituent leads to
the group B silenolates with the least p-conjugative reverse po-
larization contribution, it gives the most reverse polarized charge
Table 3
The SiC bond lengths (Å) of group C silenolates listed for the different counterions and c

M1¼:, M2¼: M1¼Li, M2¼:

TMS2Si(M2)C(]OM1)t-Bu 1.954 1.879
Me2Si(M2)C(]OM1)t-Bu 1.958 1.879
TMS2Si(M2)C(]OM1)OMe (conformer 1)b 1.947 1.934
TMS2Si(M2)C(]OM1)OMe (conformer 2)b 1.978 1.926
TMS2Si(M2)C(]OM1)NMe2 1.992 1.983

a M1 and M2 represent either a metal or an electron pair, where an electron pair is ind
b In conformer 1, the O–Me bond is anti to the C]O bond, whereas in conformer 2 th
distribution of the SiC bond. The opposite is the case with the fluoro
substituent at Si, which leads to the silenolates with highest in-
fluence of reverse polarization. The SiC bond polarity clearly varies
also with the electron donating and withdrawing ability of the
substituents at Si. The variation of Dq(SiC) from �0.8 to 0.15 e
shows that the positive end of the SiC dipole is on the Si atom in
nearly all of these silenolates, a result of the fact that they in most
cases have more inductively withdrawing substituents at Si when
compared to group A silenolates with Y¼H. Noteworthy is the large
variation in Dq(SiC) that can be achieved through substitution as
�0.80<Dq(SiC)<0.45 in groups A and B combined.

The corresponding data for the group C silenolates can be found in
Tables 3–5. The degree of the p-conjugative reverse polarization
ranges from 89.5 to 95.7%, the SiC bond lengths are found within
1.947–1.978 Å, and the pyramidalization angle around Si varies
within 298.7–312.6�, i.e., in similar ranges as found for groups A and B
silenolates. The correlation between SFRP(p) and both r(SiC)
(r2¼0.544) and Sa(Si) (r2¼0.727) are poor and there is no correlation
between SFRP(p) and Dq(SiC) (r2¼0.321), revealing that the inductive
effect is also strongly influencing the charge distribution in the SiC
bond, in addition to the p-conjugative reverse polarization effect.

3.2. Coordinated silenolates

Before discussing the effect of the counterion on r(SiC), Sa(Si),
and Dq(SiC) of the silenolates in group C, we compare our calcu-
lated structure of [TMS2SiC(]O)t-Bu]K(THF)5 with the crystal
structure published by us earlier, i.e., the same potassium silenolate
with the potassium ion coordinated to [18]-crown-6-ether,17 in
order to validate our results. We found that if more than five THF
solvent molecules around the Kþ ion were included in the calcu-
lation, one of them drifted away during the optimization. The
numbers of THF molecules around the Li and Mg ions were de-
termined in the same way, and the proper numbers of THF mole-
cules around these metal silenolates are three and four,
respectively. It is noteworthy that the potassium ion is closer to the
O atom than to the Si atom in both our calculated structure and in
the crystal structure. The calculated SiC bond length of 1.939 Å is in
good agreement with the one from the crystallographic data
(1.926 Å) and the same holds for the pyramidalization angle (317.4�

in the calculated structure vs 317.8� in the crystal structure). This
indicates that B3LYP/6-31G(d) describes the geometries of the
silenolates studied here reasonably well.

In the present computational study, two isomers were found for
the lithium and magnesium silenolates, one where the metal ion
was coordinated to the O atom of the silenolate and one where it
was coordinated to the Si atom. For the potassium silenolates, these
two isomers were found to collapse into a single isomer, where the
potassium ion was coordinated to both the O and the Si atom,
consistent with the larger size of the potassium ion. The two
isomers of [TMS2SiC(]O)t-Bu]Li(THF)3, the two isomers of
[TMS2SiC(]O)t-Bu]MgCl(THF)4, and the one isomer of [TMS2Si-
C(]O)t-Bu]K(THF)5 are shown in Figure 1. The larger solvent shell
around the Kþ ion is of special interest since this indeed could be
one of the reasons for the higher thermal stability of potassium
oordination sitesa

M1¼:, M2¼Li M1¼MgCl, M2¼: M1¼:, M2¼MgCl M1¼K, M2¼:

1.966 1.852 1.983 1.939
1.965 1.851 1.974 1.941
1.946 1.913 1.952 1.947
1.966 1.912 1.972 1.945
1.977 1.948 1.979 1.994

icated by ‘:’.
e O–Me bond is syn to the C]O bond.



Table 4
Sum of valence angles at Si (Sa(Si)) of the group C silenolates listed for the different counterions and coordination sitesa

M1¼:, M2¼: M1¼Li, M2¼: M1¼:, M2¼Li M1¼MgCl, M2¼: M1¼:, M2¼MgCl M1¼K, M2¼:

TMS2Si(M2)C(]OM1)t-Bu 312.6 333.2 317.1 351.7 314.4 321.7
Me2Si(M2)C(]OM1)t-Bu 300.2 322.7 310.7 330.7 310.1 309.2
TMS2Si(M2)C(]OM1)OMe (conformer 1)b 302.1 308.2 309.6 314.2 306.5 304.4
TMS2Si(M2)C(]OM1)OMe (conformer 2)b 298.7 311.9 311.3 324.6 315.9 317.4
TMS2Si(M2)C(]OM1)NMe2 296.3 317.5 312.8 316.8 314.8 317.4

a M1 and M2 represent either a metal or an electron pair, where an electron pair is indicated by ‘:’.
b In conformer 1, the O–Me bond is anti to the C]O bond whereas in conformer 2, the O–Me bond is syn to the C]O bond.
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silenolates in an inert atmosphere as compared to lithium sileno-
lates (vide infra). As will be shown below, lithium silenolates have
more Si]C double bond character than the potassium silenolates
due to stronger coordination, and they should therefore have more
silene-type reactivity,11 for example, be more prone to dimerize.

The maximum change in SiC bond length due to the change of
metal ion and site of coordination was 0.10 Å (Table 3), and the
maximum change in pyramidalization angle was 40� (Table 4). It is
also found that the change of substituents at Si from methyl groups
to TMS groups affects the SiC bond length very little (0.010 Å). For
both the lithium and magnesium silenolates with a tert-butyl
substituent at C, it can be seen that when the metal ion is co-
ordinated to the O atom, the SiC bond is significantly shorter than
the SiC bond in the naked silenolate. Clearly, the positively charged
counterion raises the effective electronegativity of the O atom and
increases the influence of resonance structures of type FA (Scheme
1). This effect is also more pronounced for magnesium than for the
lithium silenolates since the MgO bond should have a higher degree
of covalent character than the LiO bond, and thus Mg lowers the p-
donating ability of the O atom more. By increasing the M–O co-
valent bond strength one will eventually reach a Brook-type silene
with M as SiR3. Indeed, this hints to a gradual change in SiC double
bond character as one goes from a free silenolates to a Brook-type
silene.

When the metal ion is coordinated to the Si atom of the same
silenolate, the opposite effect is seen and the SiC bond lengthens
when compared to the naked silenolate. This is because the in-
fluence of resonance structures of type FB is now increased instead,
and the species should properly be described as metal coordinated
silyl anions with acyl substituents. Again, the effect is more pro-
nounced for magnesium silenolates because of a presumably
stronger covalent character of the MgSi bond than of the LiSi bond.

For the silenolates substituted with p-donating OMe or NMe2

groups at C, a slightly different behavior is observed. The deviation
in bond length due to the counterion and site of coordination is
now between 0.03 and 0.07 Å, compared to 0.10 Å for the tert-butyl
substituted silenolates. When the metal ion was coordinated to the
O atom of the silenolate, a shorter SiC bond length compared to that
of the naked silenolate was observed, perfectly in line with what
was seen for the alkyl-substituted silenolates. However, when the
metal ion is coordinated to the Si atom of the silenolate, the SiC
bond length is also shorter, or in one case somewhat longer, than
that of the naked silenolate, in contrast to what was observed for
the tert-butyl substituted silenolates. It should be noted that the
Table 5
The SiC charge difference, Dq(SiC), in e of the group C silenolates listed for each of the d

M1¼:, M2¼: M1¼Li, M2¼: M

TMS2Si(M2)C(]OM1)t-Bu 0.39 0.18
Me2Si(M2)C(]OM1)t-Bu �0.48 �0.81 �
TMS2Si(M2)C(]OM1)OMe (conf. 1)b 0.64 0.68
TMS2Si(M2)C(]OM1)OMe (conf. 2)b 0.74 0.63
TMS2Si(M2)C(]OM1)ONMe2 0.62 0.60

a M1 and M2 represent either a metal or an electron pair where an electron pair is ind
b In conformer 1, the O–Me bond is anti to the C]O bond, whereas in conformer 2, th
maximum SiC bond length deviation due to changing the coun-
terion in the tert-butyl substituted silenolates was larger when the
counterion was coordinated to the O atom (0.10 Å) compared to
when the counterion was coordinated to the Si atom (0.03 Å). For
the potassium silenolates, the SiC bond length is always slightly
shorter or approximately equal to the SiC bond length in the un-
coordinated silenolate, consistent with the fact that the Kþ ion al-
ways was slightly closer to the O atom than to the Si atom.

The Sa(Si) was found to be larger when the counterion is co-
ordinated to the O atom than what it is for the naked silenolates
(Table 4), consistent with the shorter SiC bond in the O-metalated
silenolates. This effect is also more pronounced for the magnesium
silenolates than for the lithium silenolates, and shows on the
gradual transformation between a free silenolate and a Brook-type
silene as the covalent M–O bond character increases. It could also
be seen that Sa(Si) is larger when the counterion is coordinated to
the Si atom than in the uncoordinated silenolate. For the Si co-
ordinated metal silenolates, Sa(Si) is raised by a lower amount
when M¼MgClþ than when M¼Liþ, in line with the longer SiC
bonds of the magnesium silenolates when compared with the
corresponding lithium silenolates. Moreover, the degree of pyr-
amidalization becomes smaller when TMS substituents are present
at Si instead of methyl substituents, in line with the larger steric
bulk of the former substituents. Finally, the potassium silenolates
have a smaller degree of pyramidalization around Si than in the
corresponding naked silenolates, and Sa(Si) lies between that of
the lithium and magnesium silenolates.

A metal ion coordinated to the Si atom of the silenolate will
stabilize a negative charge at this atom, and thus we expect Dq(SiC)
to be larger for these lithium and magnesium silenolate isomers
when compared to the corresponding naked silenolates. This was
also the case (Table 5). In contrast, when the metal ion is co-
ordinated to the O atom of the silenolate, the effective electro-
negativity of the O atom is raised and this causes Dq(SiC) to
decrease when compared to the corresponding naked silenolate.
Note that none of these changes mentioned above cause Dq(SiC) to
change sign. It is also clear that the Dq(SiC) is larger for the lithium
ester silenolates than for the corresponding lithium tert-butyl
silenolates (Table 5). This is in line with the observations by Ohshita
and co-workers, which indicate that the anionic charge is more
localized on Si in lithium ester silenolates than what it is in alkyl-
substituted lithium silenolates.8 They also concluded that lithium
ester silenolates, in contrast to alkyl-substituted silenolates give no
O-silylated products upon reaction with Et3SiCl.5 For the potassium
ifferent counterions and coordination sitesa

1¼:, M2¼Li M1¼MgCl, M2¼: M1¼:, M2¼MgCl M1¼K, M2¼:

0.63 0.04 0.66 0.45
0.39 �0.96 �0.37 �0.52
0.84 0.58 0.87 0.73
0.90 0.57 0.91 0.71
0.77 0.52 0.75 0.66

icated by ‘:’.
e O–Me bond is syn to the C]O bond.
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Figure 1. Optimal B3LYP/6-31G(d) geometries of (TMS)2SiC(]O)t-Bu, (TMS)2SiC(]O)t-BuLi(THF)3 with Li coordinated to O, (TMS)2SiC(]O)t-BuLi(THF)3 with Li coordinated to Si,
(TMS)2SiC(]O)t-BuMgCl(THF)4 with Mg coordinated to O, (TMS)2SiC(]O)t-BuMgCl(THF)4 with Mg coordinated to Si, and (TMS)2SiC(]O)t-BuK(THF)5 with K coordinated to both O
and Si. Hydrogen atoms omitted for clarity. Distances in Å and angles in degrees.
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silenolates, a largest deviation of only 0.09 e in Dq(SiC) when
compared to the corresponding naked silenolate was observed, and
this is consistent with the potassium ion coordinating to both the O
and Si atoms of the silenolate. Finally, it is seen that the negative
end of the SiC dipole is on Si for the silenolates with TMS sub-
stituents at Si and on C for the silenolates with methyl substituents
at Si in line with earlier findings.22

The energies of the different metal ion coordinated silenolates
relative to the naked silenolates and the free solvated metal ion are
found in Table 6. For the lithium and magnesium silenolates, co-
ordination to the harder O is preferred over coordination to the
Table 6
The association energies of the different metal ion coordinated silenolates in kcal/mol re

M1¼Li, M2¼: M1¼:, M2¼

TMS2Si(M2)C(]OM1)t-Bu �83.4 �79.1
Me2Si(M2)C(]OM1)t-Bu �95.3 �89.4
TMS2Si(M2)C(]OM1)OMe (conformer 1)b �83.5 �82.1
TMS2Si(M2)C(]OM1)OMe (conformer 2)b �89.4 �79.4
TMS2Si(M2)C(]OM1)NMe2 �86.2 �79.4

a M1 and M2 represent either a metal or an electron pair where an electron pair is ind
b In conformer 1, the OMe bond is anti to the C]O bond, whereas in conformer 2, the
softer Si. Since the SiC bond lengths of the group C silenolates
where the solvated lithium ion is coordinated to O is shorter than in
the naked silenolates, this result is in line with the NMR in-
vestigations by Ohshita and co-workers on lithium silenolates and
lithium ester silenolates, which show that the central SiC bond in
these species possesses some double bond character.5,8 For each of
the silenolates the solvated potassium ion gives the weakest co-
ordination, the solvated Liþ or MgClþ ions having association en-
ergies that are higher by 7–17 kcal/mol. The isolability of the
potassium silenolates could thus ultimately stem from the larger
solvent shell around the potassium ion, and as a consequence, the
lative to the naked silenolates and free solvated metal iona

Li M1¼MgCl, M2¼: M1¼:, M2¼MgCl M1¼K, M2¼:

�76.3 �68.5 �68.6
�92.1 �88.5 �79.5
�79.0 �73.0 �70.2
�88.7 �67.5 �72.4
�77.5 �70.6 �70.4

icated by ‘:’.
OMe bond is syn to the C]O bond.
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weaker coordination of Kþ to the silenolates. Because of the weaker
binding, the potassium silenolates are nearly fully represented by
resonance structure FA (Scheme 1), and they have very little silene
character (FB). They will therefore be less prone to decompose
through silene-type chemistry such as dimerization. One could
thus postulate that by adding a strong Liþ complexating agent, the
thermal stability of lithium silenolates could possibly also be
increased.
4. Conclusions

All silenolates studied were found to be highly influenced by
reverse polarization (�86%) due to the negatively charged O atom
being a very strong p-electron donor and the higher bond strength
of the C]O p-bond than of the Si]C p-bond. The correlations
between the degree of reverse polarization influence and the SiC
bond lengths of the group A and group B silenolates were found to
be reasonable (r2¼0.854 and r2¼0.903, respectively). The pyr-
amidalization angle around Si also correlated well with the degree
of reverse polarization influence for the silenolates in group A
(r2¼0.945), and this indicates that for a set of silenolates with the
same substituents at Si, both r(SiC) and Sa(Si) are determined by
the p-conjugative reverse polarization effect.

The lithium or magnesium ion prefers coordination to the hard
O site of the silenolates, and shorter bond lengths and less pyra-
midal structure at Si result for the tert-butyl substituted group C
silenolates due to increased influence of resonance structures of
type FA. For the potassium silenolate, it was found that the Kþ ion
coordinated simultaneously to the O and Si atoms of the silenolate
with a slightly closer coordination to O. In most cases, the SiC bond
lengths shortened modestly when a group C silenolate was co-
ordinated to a potassium ion. The pyramidalization angles around
Si in the potassium silenolates increase in all cases, similar as they
do for the lithium and magnesium silenolates.

The coordination energies of the metal ion coordinated sileno-
lates indicate that coordination of the solvated metal ion to O is
preferred over coordination to Si. The most stable lithium silenolate
isomers thus have shorter SiC bond than the corresponding po-
tassium silenolates. Furthermore, lithium silenolates react more as
silenes than potassium silenolates, e.g., the lithium silenolates
should be more prone to dimerize than the potassium silenolates.
Indeed, the possibility to alter the structure of silenolates through
choice of counterion should provide for a possibility to alter the
reactivity of silenolates between the silene and silyl anion end
points represented by the FA and FB resonance structures.
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