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The pursuit of isolable silylium cations (R;Si*, where R is an
alkyl, aryl, or a similar univalent substituent) has challenged
the boundaries of existing chemical concepts and the boun-
daries of the known synthetic methods." Silylium cations
are some of the strongest Lewis acids known. Their similarity
to their lighter congener carbocations (R;C*) had spurred the
intrigue but they turned out to be more resistant to isolation
than carbocations.!!l Only at the turn of the last century was it
possible to prepare compounds that can be viewed as R;Si*
salts or their close approximations.*””

The key to the success in R;Si* preparation is the
recognition of the need for a weakly coordinating anion
(WCA) that is maximally inert and minimally basic.®! The
class of anions that has so far best fulfilled these requirements
is comprised of the various halogenated carborane anions
([HCBX,,]~, where X =halogen, H, or alkyl), which are
remarkably robust and versatile WCAs.**'% Only very bulky
triaryl silylium cations, such as Mes;Si* (Mes = mesityl =
2,4,6-Me;C¢H,) have been unambiguously characterized as
a discrete three-coordinate cation planar at Si, with the
[HCB;;Me;sBrg]~ counterion for the only solid-state struc-
ture." " Trialkylsilylium cations have only been isolated as
very weak adducts, coordinated typically to a halogen atom
on the carborane anion, an arene solvent, or a trialkylsi-
lane.**124 These salt-like compounds [R;Si][HCB;X;]
have some of the highest levels of acidity achievable in
well-defined systems under preparatory laboratory conditions
and their full potential is yet to be exploited."”! As an example
of their unique capacity, they have recently been utilized as
catalysts for the very challenging C—F conversion reactions of
aliphatic and aromatic compounds.!'*!”!

Silylium cations can be particularly useful in synthesis
where abstraction of a halide or pseudohalide is critical for
generation of a new highly unsaturated cation.>'3" Their
chloride-abstracting ability is far superior®® to that of the
commonly used Ag"™ and is free of redox complications.

To contrast with the two-component cation—anion combi-
nations, we wished to explore the possibility of a single-
component, neutral molecule endowed with the Lewis acidity
of a silylium cation. Preferably, such a molecule would cleanly
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convert into a robust WCA upon halide abstraction and not
generate another by-product. There are currently no neutral
Lewis acids of silylium-class strength that fit this description.
Classical strong inorganic Lewis acids (for example, AIC;,
SbFs) result in anions that are relatively coordinating, prone
to rearrangements, and/or are redox non-innocent.
Tris(pentafluorophenyl)boron [B(C4Fs);] is a notable non-
oxidizing Lewis acid that has found widespread use,”? but it
does not have the Lewis acidity of a silylium-like cation. The
tris(perfluoroalkoxy)aluminum Lewis acid AlI(OC(CF;);); is
a powerful example,”>> although this construction is not
immune to degradation and redistribution. We envisaged
a zwitterion in which the silylium cation site is connected to
the anionic carborane core by an inert covalent linker. The
silane precursor anion 2 (Scheme 1) was synthesized by

i)

Si-Zwi

Scheme 1. Syntheses: i) Treatment of 1 with NaH and CICH,SiMe,H in
THF for 48 h at 40°C followed by precipitation of 2 with [nBu,N]Cl.

ii) [PhsC][B(C4Fs)4] in a 3:2 toluene/1,2-difluorobenzene mixture with
precipitation of Si-Zwi. iii) Treatment of Si-Zwi with tert-butyl chloride
in liquid SO, at —70°C. iv) Trapping of Si-Zwi with [Ph,P][Cl] in
dichloromethane to form the [CISiMe,CH,CB;,Cl};]™ anion. v) Inde-
pendent synthesis of the [CISiMe,CH,CB,,Cl};]” anion by treatment of
2 with N-chlorosuccinimide in dichloromethane.

deprotonation of the carbon vertex of the known [Me;NH]
[HCB,,Cl;;] (1) followed by alkylation with CICH,SiMe,H.
We recently reported similar alkylation reactions of
[HCB,,Cl,,]~ with simple alkyl iodides.”" The desired pre-
cursor anion [HSiMe,CH,CB,,Cl;;]- was isolated as its
tetrabutylammonium salt 2 in excellent yield.

Treatment of 2 with [Ph;C][B(C.Fs),] in a toluene/1,2-
difluorobenzene mixture resulted in the abstraction of the
silicon-bound hydride by the Ph;C* cation and precipitation
of the desired zwitterion Si-Zwi, which was isolated in 46 %
yield upon workup. Under slow diffusion conditions, this
reaction produced a single crystal suitable for a structural
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Figure 1. A) ORTEP diagram of the structure of Si-Zwi in the solid state. Si1---Cl1 2.304(8) A; sum of C-Si-C angles 351(2)°. B) ORTEP diagram of
the observed disorder in the crystal, consisting of two superimposed orientations of the molecule related by a 180° rotation around a pseudo-C,
axis passing through the center of the cage and the silicon site. In both instances the ellipsoids were set at 50% probability, with the hydrogen
atoms omitted for clarity. C) Charge density plot for Si-Zwi. D) Three-dimensional packing diagram of Si-Zwi in the crystal.

study by X-ray diffractometry (XRD). The solid-state struc-
ture contained crystallographic disorder derived from the
random swapping of the C1-C2-Si1(C3), and B1-CI1-Si1(C3),
moieties (Figure 1A, B). The silylium center in Si-Zwi is
stabilized by the weak coordination of a proximal chlorine
atom located at a distance of 2.304(8) A. The significant
silylium character of Si-Zwi is supported by only modest
pyramidalization at Si: sum of C-Si-C angles around Si is
351(2)°. These parameters are similar to those found in
adducts of R;Si* cations with chlorocarboranes.””! For exam-
ple, the Si—Cl distance was found to be 2.3044(13) A or
2.2815(11) A (two crystallographically independent ion pairs)
in Et;Si[HCB,,H;Cl,],*! 2.323(3) A in iPr;Si[HCB,,;H;Cl,]"*?
and 2.334(3) A in Et;Si[HCB,,Cl,;],!™) whereas the values for
the sum of the C-Si-C angles in these compounds fall into
345-351° range.

Si-Zwi proved to be unexpectedly poorly soluble in 1,2-
difluorobenzene, a solvent that is typically quite capable of
dissolving organic salts of carborane anions. We were able to
shed light on the low solubility and on the observed disorder
in the solid-state through density functional theory (DFT)
calculations on an isolated gas-phase molecule of Si-Zwi. The
calculated structure matched the XRD structure closely,
lending extra credence to the model of the crystallographic
disorder, and revealed a nearly C,,-symmetric distribution of
charge density in Si-Zwi (Figure 1 C). We posit that it is the
origin of the crystallographic disorder: Si-Zwi packs in the
crystal as though it were a C,,-symmetric molecule. The
dipole moment of Si-Zwi is very high (15.2 D, by DFT) and
the “head-to-tail” packing with alternating stacking of layers
(Figure 1 D) presumably results in a high lattice energy that
disfavors dissolution.

DFT calculations on the gas phase Si-Zwi also accurately
predicted its Si NMR chemical shift. Si-Zwi resonated at 6 =
137.4 ppm in the solid-state *Si NMR spectrum; DFT calcu-
lation yielded 6 =140.7 ppm. The degree of the downfield
¥Si NMR chemical shift has been used to characterize the
degree of silylium character. The Si-Zwi value is farther
downfield than the values for adducts of R;Si* with chlor-
ocarboranes and is comparable to [Me;Si][EtCBF;;] (0=
138 ppm), for which ionicity was demonstrated in the
melt.”! Consistent with the postulated significant silylium
character, the lowest unoccupied molecular orbital (LUMO)
of Si-Zwi is predominantly based on silicon (Supporting
Information, Figure S17, and table of contents graphic).
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Si-Zwi rapidly reacted with (CH;);CCl in liquid SO, at
—70°C to produce the [(CH;);C]* cation complemented by
the [CISiMe,CH,CB,;Cl;;]” anion (compound 3, Scheme 1).
The identity of the anion was confirmed by independent
syntheses (Scheme 1): [Ph,P][CISiMe,CH,CB;;Cl;;] (4) was
cleanly obtained in the reaction of Si-Zwi with [Ph,P][Cl],
while the reaction of 2 with N-chlorosuccinimide produced
[nBu,N][CISiMe,CH,CB,Cl;;] (5). Compounds 3, 4, and 5
were quite soluble in liquid SO, or dichloromethane (for 4
and 5). The tert-butyl cation in 3 was identified in SO, solution
at —60°C or below based on the characteristic resonances”’ >
in the *C{'H} (6 =334.5 and 49.0 ppm) and 'H (6 =4.53 ppm)
NMR spectra.’””) This reaction demonstrates the prowess of
Si-Zwi as a powerful Lewis acid and that the WCA generated
from Si-Zwi upon chloride abstraction is compatible with
a reactive carbocation. Our findings demonstrate the poten-
tial for design of powerful charge-neutral Lewis acids based
on zwitterionic construction with the carborane cage as the
anionic component. This approach is conceptually related to
the use of neutral carborane radical MeCB,;Me,; as a one-
electron oxidant that converts to a weakly coordinating anion
upon accepting an electron.*3!
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