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Silylanions: Inversion Barriers and NMR Chemical Shifts

Michaela Flock* and Christoph Marschner!?!

Abstract: a-Substituent effects on in-
version barriers and NMR chemical
shifts have been studied on a set of silyl
anions, [X;_,Y,Si]” (X, Y=H, CH;, and
SiH;). The MP2/6-31+ G* optimized
structures show a pattern of increasing
inversion barriers with augmenting

tained for the (CHj;);Si~ ion. The silyl
group displays the opposite effect by
decreasing the inversion barrier to a
minimum  of  16.3 kcalmol™'  in
(SiH;),Si~. The influence of counterions

Keywords: ab initio calculations

on these barriers is probed by addition
of a lithium or potassium cation. In most
cases, a decrease of the energy barriers
with respect to the bare anions is ob-
served. The #Si NMR chemical shifts
calculated at the IGLO-DFT and
GIAO-MP?2 level of theory are also

numbers of methyl substituents. The

: . } ion pairs -
highest barrier of 48.5 kcalmol~! is ob-

Introduction

Silyl groups find widespread use as protective groups and for
directing purposes in organicll and inorganic chemistry.?
While the incorporation of these groups is accomplished
frequently by electrophilic silyl reagents, silyl anions have also
recently gained some importance in this respect.> ¢ In the
context of controlled formation of polysilanes with defined
arrangement of the chain,”] the configurational stability of
silyl anion intermediates is of special interest for an optimi-
zation of the reaction conditions. The influence of size and
nature of the substituents on the configurational stability of
the silyl anions is therefore an interesting area of research.

While several bulky alkyl, aryl, and silyl-substituted silyl
anions are known, only a rather low number of compounds
with other functional groups, such as aminol*'% or alkoxy!!!l
groups, have been synthesized. In solution, silyl anions usually
are complexed with, for example, alkali or alkaline-earth
metal cations.?® X-ray structure analyses show a high affinity
of polar solvent molecules, such as tetrahydrofuran (THF),
towards the cations. Usually two to three THF molecules
interact with the respective cation,® % 1% 12 131 which was also
confirmed by ?Si NMR experiments!> % 1% 4 in the solution
and solid state. This kind of interaction in the solid state is
even observed with apolar solvents, such as toluene or
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analyzed in view of the substituents and

silyl anions ;
counterions.

benzene, and in solution leads to 2°Si NMR shift differences
of up to 10 ppm.l''71" Although X-ray crystallography is a
powerful tool for solving the crystal structure of silyl anion
complexes, additional ?Si NMR measurements are often
required to understand the reacting species. Especially when
solid-state samples are not available, structure assignment is
primarily based on #Si NMR spectroscopy.!'8! Furthermore,
NMR spectroscopy allows monitoring of reactions and, with
the aid of coalescence experiments, an estimate of the
inversion barriers is possible.[*’]

Computational chemistry provides yet another way to gain
insight into electronic and structural features of the highly
reactive silyl anions. Owing to computational limitations,
many of the previous theoretical studies were restricted to the
H,;Si~ and H,XSi™ ions. For these species, substituent effects
on structures, inversion barriers, and electron affinities have
been investigated at various levels of theory.?*? Comparing
the respective silyl and carbanions, Hopkinson et al.?%2!]
found much higher inversion barriers for the silicon species.
In H,XSi anions the Si—X distance increases in the series
X=CH,;, NH,, OH, and FP?! A similar trend has been
observed for carbanions. It was stated that electron-with-
drawing substituents donating electrons by resonance (7
donor) or withdrawing them by induction (o acceptors) raise
the inversion barrier.]

The H;Si anion has been the target of several experimen-
tal?3% and theoretical investigations.?*4 Although the
structure of H;Si~ is expected to be similar to that of NH;,
ab initio calculations show that tricoordinate silicon is
distinctly more pyramidal and has larger inversion barriers.
The most recent result of 23.9+0.3 kcalmol™! for the
inversion barrier was obtained by CCSD(T)-R 12 calculations
with corrections.*’]
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Schleyer and ClarkP® reported a R;SiM complex, namely
H,SiLi, with an inverted structure (i.e. the cation is attached to
R instead of Si) having a 2.4 kcalmol~' preference at the
MP4/6-31 G** level of theory. They argue, however, that the
order of stability should be reversed in solution. For the
derivative with R=CL! a preference for the inverted
structure of 26.0 kcalmol 'l was obtained. Detailed density
functional theory (DFT) studies on X,H;_,SiM (M =Li, Na,
X =F, Cl, Br) molecules showed an increased stability of the
inverted forms with increasing number and size of the
halogens.P$ ¥

Not only the silicon substituents, but also the choice of the
counterion influence the stability of the silyl anion com-
plexes.**#21 Calculations on H;SiNa show a preference for
the tetrahedral minimum over the inverted structure
(1.55 kcalmol ! at the MP4/6-31G* level®). In the sodium
alcoholate H;Si complex, however, the inverted form is more
stable, as was proven by X-ray structure analysis and ab initio
calculations.*! In the case of H;SiK, the tetrahedral con-
former has been found to be more stable.[*!#

Interconversion of inverted and tetrahedral conformers is
not only achieved via a planar transition structure (TS) but
also via a pyramidal TS with the cation moving along the
molecular surface. Both R;SiM isomerization mechanisms
have so far only been studied for H;SiLi.’® In this case, the
second mechanism was found to be clearly energetically
preferable. For racemization reactions of chiral silyl anions,
both mechanisms have to be considered. Especially in
solution, dimeric inversion processes are also likely to occur,
but are not the target of our present study.

Herein we apply ab initio calculations to investigate the
effect of a-substituents on the inversion barriers and NMR
chemical shifts on the bare anions, [X;_,Y,Si]- with X, Y=H,
CH;, and SiH;. The models are then extended by addition of
the counterions, Li™ and K, to study their influence on the
configuration stability and trends in the NMR spectroscopic
shifts of silyl anions. Solvent effects and - and y-substituent
effects as well as the effects of other a-substituents (i.e. -
donors NH, and PH,) will be treated in a subsequent article.

Computational Methods

All structures were optimized at the MP2 and for comparison at the DFT/
B3LYP#a0<l Jevel of theory using the 6-31 4+ G* basis sets. The slightly
larger 6-31 ++ G* basis set has been employed for the potassium cation.
The nature of the stationary points was verified by analytical calculation of
the second derivatives of the energy. Minima have no negative eigenvalues,
transition structures have exactly one. Atomic charges ¢ were obtained by
natural bond orbital (NBO) natural population analysis as implemented in
the Gaussian 98*4l program suite.

The 2°Si shieldings, o(*’Si), were computed at the some-over-states density
functional perturbation theory level (SOS-DFPT) with the deMon/ I
program. The Perdew-Wang*"!l gradient-corrected exchange-correlation
functional was applied together with IGLO-II basis sets.[*] Tetramethylsi-
lane (TMS), optimized at the MP2/6-31 + G(d) level of theory, was used as
a reference molecule with o(*Si) =349.5 ppm.

Additionally, GIAO MP2/6-311+ G* calculations have been performed
using Gaussian 98. The nuclear magnetic shielding of TMS at this level of
theory amounts to o(*’Si) =377.0 ppm.

Throughout this paper, bond lengths are given in Angstroms (A), bond
angles in degrees, and relative energies in kcalmol~.
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Results and Discussion

Geometries: The substituents used in our study comprise
hydrogen, methyl and silyl groups. The Pauling electronega-
tivities of the selected a-substituents vary from 1.90 for
silicon, and 2.20 for hydrogen, to 2.55 for carbon. Hence, in
the context of [X;_,Y,Si]~, the methyl group acts not as a ¢
donor, as often found in organic chemistry, but as a ¢ acceptor.
Lithium and potassium are with 0.98 and 0.82 more electro-
positive than silicon.

Therefore, the most pronounced substituent effect in this
set can be expected for the methyl group withdrawing
electrons from the silicon center. The silyl group, on the
contrary, should, as known from the respective carban-
ions,*> 3 rather stabilize the negative charge on the central
silicon.

Table 1 lists bond lengths and, as a measure of the
pyramidal nature, bond angle sums for our set of [X;_,Y,Si]~
ions with X, Y =H, CHj;, and SiH;. Only the bond distances in
the series X—SiY, with X=H and SiH; follow the electro-
negativity order of the a-substituents. Natural bond orbital
analysis (NBO) reveals hyperconjugative effects stemming
from electron donation of the lone pair electrons on the
central Si into o* orbitals of substituent C—H and Si—H bonds,
causing these bonds to be slightly elongated. The transition
structures involved for inversion are planar and have about
0.05 A shorter Si—X and Si—Y bond lengths than the
respective minima. For [(CHj;);Si]~ an additional, energeti-
cally less favorable T-shaped transition structure could be
located.

Table 1. Bond lengths [A] and bond angle sums (Sa) of [XY,Si]~ (X, Y=
H, CH;, and SiHj;) ions calculated at the MP2/6-31 + G* level.

X [HLXSi]- [(CH,),XSi]" [(SiH,),X Si]-
H Si-X 1.538 1.547 1.531
Si-Y 1.538 1.964 2358
Sa 2893 2922 286.2
CH, Si-X 1.973 1.954 1.970
Si-Y 1.542 1.954 2358
Sa 292.0 292.9 290.5
SiH, Si-X 2369 2375 2352
Si-Y 1.533 1.962 2352
Sa 287.0 291.2 284.7

In sharp contrast to the a-silyl-substituted carbanions,
which are almost planar,P" > none of our silyl anion minima
exhibits planar or even near planar geometry. The bond angle
sums range from 284.7—-292.9°. While the tris(silyl)silyl anion,
[(SiH;),Si]~, exhibits the most pyramidal structure, a bond
angle sum of 358.1° is found for the homologous tris(silyl)-
carbanion, [(SiH;);C]~. With 0.88 kcalmol~! at MP2/6-31 +
G* 5l the inversion barrier of [(SiH;);C] " is quite small. In the
presence of a lithium cation, we find that both the pyramidal
nature and the inversion barrier of [(SiH;);C] increase (the
bond angle sum equals 340.2, E;,, = 1.92 kcal mol ).

Table 2 lists the population of the lone pair and the charges
on the silicon atom obtained by NBO, analyses. The silicon
charges nicely mirror the electronegativity ordering of the
substituents. While Si bears a charge of +0.67 in [(CH;);Si]~,
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Table 2. Inversion barriers, Ej,, (including zero-point energy) in kcalmol~! and silicon NPA charge, and Si lone pair occupation (LP) of the [X;_,Y,Si]~ ions
(X, Y=H, CHj, SiH;) calculated at the MP2/6—31 + G* level. The 6(*Si) chemical shifts were obtained by IGLO-DFT and GIAO-MP?2 calculations. The
shielding of the reference molecule tetramethylsilane (TMS) is 6(*’Si) = 349.5 and o(*Si) = 377.0, respectively.

Anion Einy (MP2) E,, (DFT) 4(Si) LP 5(Si) (MP2) 5(Si) (DFT)
[H,Si]- 26.0 263 —027 2.00 —216.6 —1935
[H,(CH,)Si]- 30.0 30.0 0.14 1.99 —102.1 —1115
[H,(SiH,)Si]~ 227 235 —0.24 1.96 —204.9 —214.0
[H(CH,),Si]- 36.3 36.1 0.43 1.97 —23.6 — 623
[H(SiH,),Si]~ 19.3 20.6 ~038 1.92 —225.6 —2378
[(CH,),Si]- 487 473 0.67 1.95 ~105 — 584
[(CH,),(SiH,)Si]~ 29.8 29.3 0.29 1.94 —56.1 —92.1
[CH,(SiH,),Si]~ 209 212 —0.13 1.91 —146.6 —169.1
[(SiH,),Si]~ 16.7 175 ~0.59 1.89 —2624 —2654

the negative charge (— 0.59) of the anionic silicon is stabilized
by the silyl substituents in the tris(silyl)silyl anion.

Previous  theoretical ~ comparison of  [H,XSi]~
anions?” 2454 531 with the respective hydrosilanes showed that
deprotonation causes the Si—X bond lengths to increase, while
the bond angles decrease in a similar fashion to the
carbanions.””! Consequently, we expect that the addition of
a counterion forming a tetrahedral structure provokes a
decrease of the Si—X,Y bond lengths. Furthermore, tetrahe-
dral structures with the negative charge mainly located at the
central Si atom should have shorter Si-M (M =Li, K)
distances than those with the negative charge distributed
mainly on the substituents.

Indeed we find that all Si—X,Y bonds shorten by 0.012-
0.055 A in the lithiated silanes. In addition, the Li—Si distance
is shortest in (SiH;);SiLi (2.482 A) and longest in (CH;);SiLi
(2.540 A). The X-ray structures of (Me;Si);SiLi-3 THFE, Li—Si
2.6691 A, and Ph.SiLi-3THF, Li-Si 2.6729 A,"J show a
similar trend, but are not directly comparable due to the
considerably larger substituents and the coordinated THF
molecules. Crystal packing effects are also likely to addition-
ally influence the bond lengths (Table 3).

The larger potassium counterion has a weaker effect than
lithium. It causes a decrease of Si—X bonds by up to only
0.041 A. As in the set of lithium complexes, the K—Si distance
is shortest in the (SiH;);SiK molecule. In the methyl-
substituted silyl anions the K—Si distances are all rather long
(Table 4).

In the inverted structures, the cation is mainly stabilized by
interactions with the a-substituent hydrogens or those of the

substituent groups. Both the a-substituent hydrogen (—0.26 to
—0.33) and the hydrogens of the SiH; groups (—0.23 to
—0.26) bear negative partial charges as obtained by natural
population analyses. This is in contrast to the hydrogens of the
CH,; groups, which possess a positive partial charge (0.19 to
0.21).

The inverted lithium and potassium silanes have longer
Si—X and Si—Y bond lengths than the bare anions and the
tetrahedral structures. In H,(SiH;)SiLi and those molecules
with at least two silyl substituents, the Li—Si distances (and in
H;SiK and H,(CHj;)SiK the K—Si distances) are longer than in
the tetrahedral structures. Most of the inverted structures
possess less pyramidal SiR; moieties than the tetrahedral
conformers.

Energies: The stability against inversion is of special interest
in the case of chiral silyl anions. The question of which
substituents will increase or lower the silicon inversion
barriers, E;,, then arises. In case of bare silyl anions, only
one possibility exists to invert, namely via a planar transition
structure. Table 2 lists all E;,, values and the occupation of the
lone pair (LP) for the bare silyl anions. The more SiH; groups
that bind to the silicon, the lower the inversion barrier. Methyl
substituents have an opposite effect. Hence, stepwise ex-
change of the silyl groups in [(SiH;);Si]- by methyl groups
increases the inversion barrier from 16.7, 20.9, and
29.8 kcalmol~! to 48.7 kcalmol™! in [(CHj;);Si]~, the highest
barrier in our molecule set. Simultaneously, we find that the
more silyl substituents there are, the lower the LP occupation
numbers (1.89 in [(SiH;),Si]~ versus 1.95 in [(CHj;);Si] ). NBO

Table 3. Bond lengths [A] and bond angle sums () of the tetrahedral and the inverted like [XY,Si]Li (X, Y =H, CH,, SiH,) molecules calculated at the

MP2/6-31+ G* level.

Tetrahedral Inverted

X H,XSiLi Me,XSiLi (SiH;),XSiLi H,XSiLi Me,XSiLi (SiH;),XSiLi

H Si—X 1.503 1.510 1.504 1.571 1.583 1.558
Si—Y 1.503 1.919 2.342 1.571 1.995 2.374
Si—Li 2.497 2.527 2.489 2.377 2.360 2.646
Sa 309.3 311.7 311.7 265.5 283.3 278.7

CH, Si—X 1.921 1.917 1.931 2.006 1.992 1.987
Si—Y 1.507 1.917 2.344 1.577 1.992 2.362
Si—Li 2.513 2.540 2.500 2.363 2.334 2.613
Sa 311.2 311.7 313.6 275.2 294.5 295.4

SiH; Si—X 2.344 2.351 2.340 2.400 2.387 2.350
Si—Y 1.503 1.923 2.340 1.566 1.990 2.350
Si—Li 2.495 2.521 2.482 2.498 2.457 2.809
Sa 309.9 312.7 312.4 269.1 294.6 292.8
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Table 4. Bond lengths [A] and bond angle sums (Sa) of the tetrahedral and the inverted [XY,Si]K (X, Y=H, CH,, SiH,) molecules calculated at the
MP2/6-31+ G* level.

Tetrahedral Inverted
X H,XSiK Me,XSiK (SiH,),XSiK H,XSiK Me,XSiK (SiH,),XSiK
H Si—X 1.510 1.518 1.510 1.560 1.572 1.546
Si—Y 1.510 1.929 2.342 1.560 1.979 2.365
Si—K 3.229 3.313 3.266 3.200 3.370 3.511
o 303.4 306.6 304.5 276.0 291.7 290.9
CH; Si—X 1.933 1.924 1.937 1.985 1.995 1.968
Si—Y 1.514 1.924 2.344 1.568 1.995 2.349
Si—K 3.290 3.335 3.282 3.260 3.476 3.735
o 305.6 307.1 308.9 284.5 297.2 312.1
SiH; Si—X 2.346 2.354 2.338 2.384 2.375 2.339
Si—Y 1.510 1.931 2.338 1.555 1.967 2.339
Si—K 3.269 3.309 3.263 3.318 3.610 3.867
o 302.8 308.2 307.1 279.8 3114 309.9
analyses show that the interaction between the LP and the o* Table 6. Energies of the tetrahedral (1) and the inverted structures (2) in
Si—H antibonding orbitals of the silyl substituents is stronger hartree and inversion barriers (kcalmol ™) for the [X;_,Y,SiJK (X, Y=H,

CHs;, SiH;) molecules obtained by MP2/6-31 + G* calculations. Relative

than with the g* C—H. In the course of inversion, more energy energies calculated at the B3LYP/6-31 4+ G* level are given in parenthesis.

is therefore needed to redistribute the lone pair electrons in

the presence of methyl substituents. Molecule E E AEqrs) AEers)

In the neutral ion complexes, the inverted structures H,SiK —889.84140  —889.83939 24.4(22.2) 23.1(214)
sometimes are more stable than the tetrahedral structures. (9H3)3S%K —1007.36964  —1007.33511 49.6 (43.3) 27.9 (24.4)
This reversed stability has been reported for H;SiLiP*! and for Szlgf{)gllg __1;;8:3?3;‘; _j;ggiggfgi ;gg 8233 é(l)? Egg
halogenated silyllithium and -sodium compounds®*in the  p,siH.SiK —1180.04997 —1180.04803 20.0 (19.5) 188 (17.8)
gas phase. In the solid state or in solution, small energetic H(CHj3),SiK —968.19061 —968.17164 33.5 (31.3) 21.6 (19.2)
stabilities might be reversed as for H;SiNa.l The inverted H(SiH,),SiK ~ —1470.18459  —1470.22094 7.6 (16.8) 15.2 (15.0)

(CH;),SiH;SiK  — 125836086  —1258.33890 29.8 (27.7) 16.0 (15.1)

structure was observed in solid and liquid phase spectroscopic CH(SH)SIK 150935771 — 150034591 107 (192) 123 (12.6)

studies, while gas phase calculations of the isolated molecule
yield the tetrahedral minimum as being more stable.

As listed in Table 5, we find four lithium ion pairs, H,SiLi (SiH;)H,SiK and (SiH;),HSiK the cation gains additional
(Emz_: 031 k.calmolfl), H,(SiH;)SiLi (Erel:.0'36 k.ca.lmolfl), stability by interaction with one of the silyl groups forming
H(SiH,),SiLi (E,,=2.48 kcalmol™') and (SiH;);SiLi (E.q= slightly distorted but energetically favorable pseudo-tetrahe-

6.22 kcalmol™') with an inverted structure. Evidently, the dral structures (Figure 1). This structure is only stable in the
presence of methyl groups stabilizes the tetrahedral struc-

tures. This stabilization can be rationalized by the unfavorable
interaction of the cation with the methyl hydrogens in the
inverted structures, as their partial charges are positive.
Consequently the electrostatic interaction with the cation is
repulsive and causes destabilization. The silyl group with
negative hydrogen charges, on the other hand, yields favor-
able electrostatic interactions.

The potassium compounds present a similar picture (Ta-
ble 6). In contrast to the lithium analogue, (SiH;);SiK is more

stable in its tetrahedral form (AE=1.65kcalmol™'). In I 11 I
23.7 keal mol~! 0.0 keal mol~’ 1.22 keal mol™!

Figure 1. The tetrahedral (I), distorted (II), and inverted (III) minimum
structures of (SiH;)H,SiK calculated at the MP2/6-31 + G* level.

Table 5. Absolute energies in hartree and inversion barriers [kcal mol~'] of
the tetrahedral (1) and the inverted structures (2) of the [X;_,Y,Si]Li (X,
Y =H, CHj, SiH;) molecules obtained at the MP2/6-31+ G*. Relative

energies calculated at the B3LYP/6 -31 + G* level are given in parenthesis. L. .
& £ P gas phase. In preliminary calculations at the BLYP/6-31G

Molecule E E AEqrs) ALers) level, we surrounded the potassium ion in H,(SiH;)SiK by
H,SiLi —298.17346  —298.17395 259 (252) 26.2 (26.5) three dimethyl ether molecules to model the effect of
(C.H3)3S{L1. —41570364  —415.68369 52.8 (50.0) 40.2 (40.2) tetrahydrofuran. During the geometry optimization, the
(SiH,),SiLi — 116868364 —1168.69355 92 (98) 154 (158) distorted structure vanishes and the tetrahedral geometr

H,CH,SILi 33734791 —337.34036 307 (29.8) 25.9 (26.2) ! van g y
H,SiH,SiLi — 588.34087 — 58834144 19.8 (182) 203 (20.9) becomes the most stable conformer. Generally the MP2 and
H(CH,),SiLi —376.52451  —376.51110 37.5(362) 29.0 (29.3) DFT/B3LYP calculated structures and energies are quite
H(SiH;),SiLi —87851073  —87851469 153 (15.6) 17.8 (18.4) similar.

(CH,),SIHLSILi  —666.69174  —666.68031 29.4 (28.1) 22.2 (22.3)

The addition of a counterion gives rise to two possible

CHj;(SiH;),SiLi —917.68514 —917.68372 14.3 (14.1 13.4 (13.5 . .
S(SiFL). 14D (135) pathways connecting the tetrahedral and the inverted struc-
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tures. The first, RP1, proceeds via a planar transition
structure. The second, RP2, is more complex, having tran-
sition structures with a pyramidal silyl moiety. This pathway
can be described as the cation moving over the silyl anion’s
surface. In the case of a racemisation reaction, both pathways
are involved.

In the case of H;SiLi, RP2 was demonstrated to have a
much lower barrier than the inversion via the planar transition
structure, RP1, (13.9 versus 24.5 kcalmol™' at MP4/6-
31 G**).13 This is not necessarily true for all the other ion
pairs in the gas phase.

(SiHj;);SiLi, for instance, has a preference for the umbrella-
like structure (Figure 2). On RP1 the barrier to the tetrahe-
dral geometry is 15.4 kcal mol~!, while on RP2 18.2 kcalmol !
are necessary. For the reversed reaction, 9.15 (RP1) or
11.9 kcalmol~! (RP2) as the highest barrier is needed.

RP1
15.4 keal mol™!
6.2 keal mol™!
0.0 keal mol”!
RP2
o ﬁo
E o
6.9 kcalmol' 73 kcalmal! 6.2 keal mol!
0.0 keal mol™!

Figure 2. The inversion of (SiH;);SiLi. RP 1 depicts the direct inversion via
a planar transition structure, and RP2 the inversion through cation
movement along the silyl moiety.

For the racemization of a chiral silyl anion in the gas phase,
however, both isomerization reactions are required, as
depicted in Figure 3 using the chiral (SiH;)(CH;)HSILi
molecule.

The conventional (SiH;)(CH;)HSIiLi geometry is
3.66 kcalmol~! more stable then the inverted conformer.
Consequently, the first reaction (either inversion (RP1) or
counterion movement (RP2)) yields the inverted umbrella-
like minimum structure. Starting with RP1, the energy barrier
to the umbrella-like structure is 23.1 kcalmol~'. To form the
enantiomer of the initial structure the cation has to move
along RP2 with a barrier of 8.11 kcalmol~. Or, starting the
racemization with RP2, a barrier of 11.8 kcalmol ! has to be
surmounted to reach the umbrella-like structure and then
RP1 with an inversion barrier of 19.4 kcalmol~'.

For our molecule set, we calculated the inversion barriers
belonging to RP1. In dependence of the a-substituent and

1028
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H~ rpP1 RP2
K 23.1 keal mol~! 8.1 kcal mol~!
A SH
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e\ s T
H 11.8 keal mol~! 19.4 keal mol~! K
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H30/ \HS|H3 H
; K
S*"\""/Sng
H

He”

K
Figure 3. Scheme of the full racemization process for (SiH;)(CH;)HSiLi.
RP1 proceeds via an approximately planar transition structure, while the
silyl moiety of the transition structure in RP2 is still pyramidal.

counterion, some trends become apparent for the barrier
heights.

Lithium complexes of [X;_,Y,Si]~ with X, Y=H, CH; are
more stable than those of the bare anions and of the
respective potassium complexes. Potassium as counterion
produces fewer changes in stabilization as compared to the
bare ions. The difference amounts only to +1.1 to
—3.4 kcalmol~. In general, potassium has a stronger stabiliz-
ing effect on all but [H,(CH;);_,Si]- ions. For the alkyl-
substituted silyl anions, lithium as the counterion provides
better configurational stability than potassium.

Chemical shifts: One of the most effective methods to
monitor the formation and reaction of silyl anions is #Si
NMR spectroscopy. For silanes, an empirical correlation
between chemical shift and ligand electronegativity sum or
the charge of the silicon atom has been proposed several
times. The 2°Si NMR correlation curve is usually a parabolid!>]
with the turning point formed by molecules with highly
electronegative a-substituents, such as oxygen, nitrogen, or
halides. 2Si NMR measurements are mostly performed in the
solid state or solution. The solvent molecules, often THF or
toluene, rather bind to the cation? and cause 2°Si shift
differences in the range of 10 ppm.Fl A similar influence is
observed for the chosen counterion.

A recent work of Heine et al.’” shows that DFT calcu-
lations of the 2Si NMR chemical shifts of silanes yield rather
poor results as compared to MP2. We use both types of
calculations to evaluate if this also applies to the silyl anions.

The calculated *Si NMR chemical shifts of our bare silyl
anion set span a range from —58.4 to —265.4 ppm at the DFT
and —10.5 to —262.4ppm at the MP2 level. The most
shielded is the silyl anion with the highest electron density
around the silicon, which is [(SiH;);Si]~ according to the NPA
charges. Stepwise substitution of silyl by methyl groups
reduces the electron density around the silicon center.
Associated is a stepwise increase of the Si chemical shift,
as can be gathered from Table 2. This substitution effect on
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O(*Si) is not linear, but instead shows a sagging behavior, as
previously reported for silanes.[% %8

The difference between DFT and MP2 values is only
significant for the molecules containing methyl substituents.
In these cases the GIAO-MP2 method yields lower field
shifts, such as for [(CH;);Si]- —10.5 ppm compared to
—58.4 ppm with IGLO-DFT methods. Bearing in mind that
the measured value for [(CHs);Si]Li is —32.8 ppm,[* it seems
plausible to expect the free anion’s chemical shift at a higher
field.

Inclusion of the counterions to form tetrahedral geometries
reduces the partial charge on the silicon nucleus, causing
O(¥Si) to shift to a lower field (see Table 7 and Table 8). At
the DFT level of theory, the lithiated silanes resonate, with the
exception of H(CHj;),SiLi, at up to a 20 ppm higher field than
the respective potassium compounds. GIAO-MP2 yields
additional exceptions for [H(CH,),Si]Li, [(SiH;),(CH;)Si]Li,
and [(SiH;)(CHs;),Si]Li.

Table 7. Silicon charge as obtained from NPA analyses, and ¥Si NMR
chemical shifts for the tetrahedral [X;_,Y,Si]Li (X, Y=H, CHj, SiH;)
molecules calculated at the GIAO-MP2 and IGLO-DFT level of theory.
The chemical shifts of the respective inverted minimum structures are given
in parentheses. Experimentally determined data refer to compounds with
Me,Si groups instead of H;Si.

Molecule q(Si) o(Si) (MP2) o(Si) (DFT) O(Si) exp.
H,SiLi -010 —1727 —176.2 (—226.0) -
(CH,;),SiLi 0.84 —-125 —31.3 (—100.9) —32.8014
(SiH;),SiLi —-0.86 —219.8 —2279(-297.1) —185.4%
H,CHS,SiLi 023 -1072 —115.4 (—135.6) -
H,SiH,SiLi -032 -1794 —189.1 (—205.0) -
H(CHs;),SiLi 0.54 —51.7 —66.4 (—86.6) —71.8%
H(SiH;),SiLi —0.57 —1945 —206.0 (—235.5) -
(CHs),SiH;SiLi 0.31 —56.8 —76.0 (—148.2) —74.9014
CH,;(SiH;),SiLi - 026 —128.5 — 1442 (-2162) —133.804

Table 8. Silicon charge as obtained from NPA analyses, and »Si NMR
chemical shifts for the tetrahedral [X;_,Y,Si]K (X, Y=H, CH;, SiH;)
molecules calculated at the GIAO-MP2 and IGLO-DFT level of theory.
The chemical shifts of the respective inverted minimum structures are given
in parentheses. Experimentally determined data refer to compounds with
Me;Si groups instead of H;Si.

Molecule q(Si) o(Si) (MP2) o(Si) (DFT) O(Si) exp.
H,SiK -015 —1884 —165.2 (—248.7)  —165.050
(CHs;);SiK 0.81 1.60 —11.4 (—60.6) — 34401
(SiH;);SiK -082 —2255 —221.5(-2481) —197.6M
H,CH,SiK 0.18 —108.0 —109.3 (—124.3) -

H,SiH,SiK -0.33 190.4 —191.1 (-211.3) -

H(CH,),SiK 0.50 —42.0 —50.6 (58.7) -

H(SiH;),SiK —-056 —203.3 —203.8 (—206.2) —181.1P
(CHs;),SiH;SiK 0.38 —458 —56.2 (—85.3) —62.95
CH;(SiH;3),SiK - —024 —125.8 —130.3 (—159.3) —128.7%1

Comparison with measured »Si chemical shifts is rather
difficult, as most of the synthesized silyl anions have larger
substituents, such as aryl groups instead of methyl or (SiMe;)
groups instead of SiH;. The available experimental *Si
chemical shifts of the lithium and the potassium complexes
are collected in Tables 7 and 8 and compared to the calculated
data. The agreement is satisfactory, taking into account the
simpler substituents of the model systems and the neglect of
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solvent molecules. However, most DFT results are closer to
the experiment than the MP?2 shifts, which might be due to
favorable error cancelations.

Regardless of the method chosen, the calculated chemical
shift of (CH;);SiK is always found to be lower than that of
(CH;);SiLi. While the agreement between DFT calculated
and measured chemical shift is very good for (CHj;);SiLi, the
calculated value for (CHj;),;SiK is approximately 20 ppm too
high.

The 6(*Si) values for the inverted structures calculated
with DFT are given in parenthesis in Tables 7 and 8. Since in
these structures the cation interacts mostly with the substitu-
ents, the chemical shifts are at a higher field compared to the
bare anions. Two pecularities, namely the strong high-field
shift of (SiH;);SiLi and the extreme low-field shift of
H(CH,;),SiK, should be mentioned. In the case of (SiH;),SiLi,
the lithium cation increases the electron density on the silicon
nucleus in a way that 6(**Si) = —297.1, 32 ppm lower than for
the respective free anion. The calculation with GIAO-MP2
confirms this result, yielding 6(*Si)=—310.0. The other
unexpected value, namely 6=258.7, is obtained for the
inverted H(CHj;),SiK with IGLO-DFT, caused by an erro-
neousely small HOMO-LUMO gap in the DFT calculation.
The respective GIAO-MP2 chemical shift is 6 = —31.8.

The electronegativity of the substituents is often correlated
with the chemical shift with differing significance.*®! We find
that the linear relationships between the substituent electro-
negativity sum, X(EN), and 6(*Si) (correlation coefficient
square, cc =0.71) as well as between the inversion barrier and
0(¥Si) (cc=0.72) are not high enough to provide a precise
predictive tool. The correlation between silicon charge and
O0(¥Si) is somewhat better (cc =0.89), but still not sufficient
for firm predictions.

Conclusion

Silyl substituents, known to stabilize the negative charge and
the thermodynamic stability of carbanions, lower the con-
formational stability of silyl anions, while alkyl groups have
the opposite effect. Exchange of silyl substituents against, for
instance, methyl increases the inversion barrier from 16.7 (for
[(SiH3);Si]7) to 48.7 kcalmol~! (for [(CHs;);Si]"). The silyl
anions are pyramidal in contrast to the almost planar silyl-
substituted carbanions. Addition of a lithium or potassium
cation has no drastic influence on the inversion energies.

The tetrahedral structure is the lower energy minimum in
all investigated species with at least one methyl substituent.
Owing to the favorable electrostatic interactions of the cation
with the hydrogens of the silyl groups, some of the inverted
silyl-substituted structures are more stable than the tetrahe-
dral conformer.

A relationship between inversion barrier, or the NBO
calculated Si charge, and 2Si NMR chemical shifts could not
be established to an accuracy allowing reliable predictions.
Comparison with the measured NMR chemical shift data is
quite good for the IGLO-DFT calculations, while larger
differences are found for the GIAO-MP?2 results. To improve
the comparison with the experimental values, larger (-
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substituents and explicit inclusion of solvent molecules are (35]
necessary.
36]
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