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Reaction of trimethylsilylacetylenes Me3SiCtCR with
SbF5 in the solid state was investigated using matrix
isolation infrared spectroscopy and quantum-mechanical
calculations. Two reaction pathways were detected.
Replacement of the trimethylsilyl group with SbF4 pro-
duces neutral antimony acetylides F4SbCtCR. Acety-
lenic bond protonation produces silyl cation 6-R, fully
bridged for R=H and SiMe3. High total charges on the
bridging SiMe3 group and low Me3Si-C bond orders to
acetylenic moiety, both calculated at the MP4(SDQ)/
6-311G(d,p) level of theory, indicate high silyl cation
character of these species.

One of the challenging goals in organosilicon chemistry is
isolation of free planar tricoordinated silyl cation in the

condensed phase, analogous to carbocations which have
long been known and characterized as free species.1-16

Although silyl cations are thermodynamically more stable
than their carbon counterparts, at the same time they are
very reactive due to their high inherent electrophilicity and
ability to produce hypervalent coordination. Since smaller
steric hindrance makes them more sensitive to solvation and
other environmental effects, the observation of free silyl
cations in the condensed phase proved to be very difficult.
Most such species observed so far had more or less reduced
degrees of silyl cation character.

In this paper, we report the isolation and silyl cation
character of species formed by reactions of trimethylsilyl-
acetylenes 1-3 with superacid SbF5 in the solid state using
matrix isolation infrared spectroscopy combinedwith quantum-
mechanical calculations.17-19

Me3Si-CtC-H
1

Me3Si-CtC-Me
2

Me3Si-CtC-SiMe3
3

Under such conditions, bearing in mind that SbF5 con-
tains traces of moisture, it is reasonable to expect acetylenic
bond protonation20,21 and formation of some of silyl vinyl
cations 4-7 (R=H,Me, SiMe3). Since all of themhave vinyl
stretching frequencies in the IR spectral region free from
other vibrations, comparison of corresponding experimental
and calculated frequencies should allow simple identification
of formed species.

Experimental IR spectra of acetylenes 1-3 codeposited
with SbF5 at temperature of liquid nitrogen are given in
Figure 1. In all three cases, immediately after deposition and
later during matrix warming, new bands appear in the CtC
bond stretching spectral region. Since the protonation of the
triple bond reduces its bond order, lower frequency bands
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can be ascribed to already mentioned cationic species or
species formed by their rearrangements.

On the other hand, appearance of new higher frequency
bands at first looks unusual. The case of symmetrical 1,2-bis-
(trimethylsilyl)acetylene (3) provides the key to understanding
reactions that take place. Immediatelly after the deposition, a
new band in the IR spectrum of 3 appears, 10 cm-1 higher than
itsRamanCtCstretching frequency, indicating facile formation
of compound with nonsymmetrically substituted triple bond.
We suggest that in all three cases trimethylsilylacetylenes react
withSbF5producing specieswithaSb-Cbond, similar to8or9.

Calculations at the MP2(fc)/6-311þG(d,p) level of theory
demonstrated that the reactions of trimethylsilylacetylenes
1-3 with (SbF5)n or (SbF5)nF

- (n = 1 or 2), producing
Me3SiF and neutral or negatively charged species containing
a RCtC group bonded to antimony, are exothermic in all of
the examined cases.

ðSbF5Þn þMe3SiCtCR f ðSbF5Þn- 1SbF4CtCRþMe3SiF

ðSbF5ÞnF-þ Me3SiCtCR f ðSbF5ÞnCtCR-þ Me3SiF

For the same R, reaction energies almost do not depend
on the value of n. For the different R’s, energies for the first
reaction vary between -17 and -21 kcal/mol and for the
second one between -1.7 and -6.6 kcal/mol, suggesting
preferential formation of neutral species. There are almost
no differences in calculated triple bond stretching frequen-
cies between SbF4CtCR and Sb2F9CtCR, and most
importantly, calculated frequencies are in a good agreement
with the tentatively assigned experimental values (Table 1).

NBO analysis at the MP2(fc)/6-311þG(d,p) level of the-
ory showed that Sb-C bond in these compounds has bond
order of 0.95, 55% ionic character, and total charge of-0.51
on the CtCR group. Interestingly, these values are very
similar to values obtained for the Si-C(tC) bond in com-
pounds 1-3 (0.99, 50%, and -0.48, respectively).

In conclusion, the examined trimethylsilylacetylenes 1-3

react with SbF5 producing SbF4CtCR (or Sb2F9CtCR).
Bands at 2063 cm-1 in the case of 1 and 2200 cm-1 in the case
of 2 can be ascribed to CtC stretching vibrations of
SbF4CtCH and SbF4CtCMe, respectively. However, the
reaction of 3 with SbF5 is somewhat more complex. As
initially produced SbF4CtCSiMe3 (2120 cm-1) gradually
disappears, a new band appears at 2065 cm-1, i.e., at the
same frequency as the band assigned to CtC stretching of
SbF4CtCH. Plausible explanation is that initially formed
SbF4CtCSiMe3 in the second step undergoes acid catalyzed
desilylation, producing the same compound (SbF4CtCH)
as does the direct reaction of 1 with SbF5. One cannot
exclude the parallel formation of double substitution product,

FIGURE 1. (A) IR spectra of Me3SiCtCH (a) at room temperature, (b) after codeposition with SbF5 at 77 K, and (c, d) during matrix
warming from 77 K to rt. (B) IR spectra ofMe3SiCtCMe (a) at rt, (b) after codeposition with SbF5 at 77 K, and (c, d) during matrix warming
from 77K to rt. (C) (a) Raman spectra ofMe3SiCtCSiMe3 at rt, (b) IR spectra ofMe3SiCtCSiMe3 after codeposition with SbF5 at 77K, and
(c) during matrix warming from 77 K to rt.
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F4SbCtCSbF4, which cannot be detected because it does
not have a CtC stretching band in the IR spectrum.

As already mentioned, bands with frequencies lower than
the CtC stretching frequencies of parent acetylenes 1-3 can
be tentatively ascribed to cationic species. Primarily, these
are the 1942 cm-1 band in the case of compound 1 and the
2018 cm-1 band in the case of compound 2. In some of the
spectra collected during deposition of 3, weak short-lived
bands were observed in the same region, but they were not
reproducible enough for serious consideration. With rising
temperature, 1942 and 2018 cm-1 bands gradually disappear,
and in all three cases new bands appear in the 1600 cm-1

region.
To identify the corresponding species, we conducted an

exhaustive search for minima on potential energy surfaces
belonging to the protonated trimethylsilylacetylenes 1-3,
using B3LYP/6-311G(d,p) and MP2(FC)/6-311G(d,p), two
levels of theory often used in carbocation chemistry. In
almost all of the cases themost stable unrearranged structure
is bridged cation 6, 7-16 kcal/mol more stable than the
second most stable one, which at the B3LYP level is R-silyl
vinyl cation 4, and at theMP2 level hydrogen-bridged cation
7. The only exception is protonation of acetylene 3, where
B3LYP predicts the β-silyl cation 5 to be 1.2 kcal/mol more
stable than cation 6. There are numerous other differences
between the results obtained by this two methods, with the
common characteristics that MP2 structures have a higher
degree of bridging than the corresponding B3LYP struc-
tures. Such a behaviorwas knownpreviously and is generally
indicative of flat regions of potential energy surfaces.22

While at both levels of theory structure 6-H has the
calculated CtC stretching frequency close enough to the
experimental value of 1942 cm-1, corresponding frequencies
of 6-Me significantly differ from the 2018 cm-1 value found
in the spectra of 2 (Table 1). For that reason, we decided to
use a higher correlated method and reoptimized all of the
structures located thus far at the MP4(SDQ)/6-311G(d,p)

level of theory.23 It turned out that theMP4 potential energy
surface is simpler than the other two surfaces. Some of the
shallow minima disappeared, and the bridged cation 6 is
8-11 kcal/mol more stable than the other unrearranged
structures. The optimized geometries of 6 are shown in
Figure 2.

Since the MP4 CtC stretching vibration frequencies of
both 6-H and 6-Me are in excellent agreement with the
experimental values, we can safely conclude that under our
experimental conditions acetylenic bond protonation of 1
and 2 initially leads to the bridged structure 6.

While 6-H and 6-SiMe3 cations are fully bridged, the
degree of bridging in 6-Me is smaller, but significant. The
geometric parameters alone indicating the nature of these
silyl cations are convincing: small Si-CtC angles (symmetri-
cally bridged 6-H would have angle of about 75�), elongated
Si-C bonds (corresponding bonds in 1-3 are in the
1.842-1.850 Å range), and only slightly changed CtC bond
lengths in comparison to the ones in 1-3 (1.221-1.231 Å).
Likewise, high NBO charges on the bridging SiMe3 group
(0.70-0.76) and low bridging Si-C NBO bond orders
(0.03-0.09 except 0.31 for shorter bond in unsymmetrical
6-Me) also indicate high silyl cationic character of these
cations.

There are two possible explanations for the appearance of
the new bands in the 1600 cm-1 spectral region. The most
stable species located on all three levels of theory are various
silaallyl cations (10-12), which can be formed by methyl
shifts from initially formed protonated species (Scheme 1).
As the calculated allyl group stretching frequencies of sila-
allyl cations belong to the same range of frequencies (1660-
1580 cm-1), it is reasonable to assume that such reactions
indeed take place. However, one cannot ignore the possibil-
ity that these bands actually belong to fluoroalkenes formed
by addition of HF to the acetylenic bond, since these

TABLE 1. Average Experimental Wavenumbers of Bands in

2200-1900 cm-1 IR Spectral Region after Deposition, Corresponding

Scaleda Values Calculated at B3LYP/6-311G(d,p), MP2(fc)/6-311G(d,p),
and MP4(sdq)/6-311G(d,p) Levels of Theory and Assigned Species

b

R exptl B3LYP MP2 MP4 species

H 2037 2050 2005 2029 Me3SiCtCH
2063 2070 2040 SbF4CtCH
1942 1948 1913 1932 6-H

Me 2186 2173 2166 2169 Me3SiCtCMe
2200 2187 2197 SbF4CtCMe
2018 1986 2087 2027 6-Me

SiMe3 2110c 2106 2057 Me3SiCtCSiMe3
2120 2118 2088 SbF4CtCSiMe3
2065 2070 2040 SbF4CtCH

aScaling formulas given in Supporting Information. bAverage rms
deviation of all measured wavenumbers is about 6 cm-1. cValue from
Raman spectra.

FIGURE 2. Geometries of silyl cations 6-R (R = H, Me, SiMe3)
fully optimized at MP4(SDQ)/6-311G(d,p) level of theory (bond
lengths in Å).
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silylacetylenes in details in a full paper to be submitted.
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compounds also have CdC stretching frequencies in this
very region of the IR spectra.

Experimental Section

All reagents were p.a. grade commercially available chemicals.
Matrix isolation experiments were performed by standard

techniques using a closed cycle cryostat cooled by liquid nitro-
gen and connected to the vacuum line.17-19 Matrices were pre-
pared on a CsI window at 77 K and vacuum of 10-3 Torr. Used
flasks were previously evacuated, and gaseous trimethylsilyl-
acetylenes and SbF5 codeposited at the volume ratio of aproxi-
mately 1:5. Their mixing and deposition speed was regulated by
specially constructed valve with magnetic gate programmed to
open at desired time intervals. In all of the experiments, prior to
evaporation, SbF5 was briefly allowed to come into contact with
air and thus acquire some moisture, later serving as source of
protons.

Changes in the IR spectrumbrought about by gradual warming
of the matrix up to the room temperature were followed by a
Perkin-Elmer 1725xFTIRspectrometer at 2 cm-1 resolution in the
range of 1000-4000 cm-1.

Computational Details

The geometry of all of the examined species were fully
optimized at MP2(fc)/6-311G(d,p) and B3LYP/6-311G(d,p)
levels of theory using tight convergence criteria and, in the case
of B3LYP calculations, more accurate numerical integration
grid (int = ultrafine). In the case of species containing Sb, the
LanL2DZdpECPbasis set24,25 was used for Sb atom(s). At each
stationary point frequency calculation was performed at the
same level of theory, both to characterize the geometry either as
a minimum or a saddle point and to compare the calculated

frequencies with the experimental values. The most interesting
minima were also reoptimized at the MP4(SDQ)/6-311G(d,p)
level of theory, and afterward, frequencies were calculated at the
same level of theory.

Allof the reportedenergies in thispaperarezero-pointvibrational
energy (ZPVE) corrected, using appropriate scaling factors.26

To find a reliable way of comparing calculated and experi-
mental frequencies, we have compared known frequencies of
19 neutral compounds and ions having multiple CC bond stretch-
ing frequencies in the 1600-2400 cm-1 spectral region, includ-
ing five trimethylsilylacetylenes,27 eightacetylenesanddiacetylenes,28

four allyl cations,29-31 2-propenyl cation,30 and acetylide anion,32

with the corresponding calculated values. At all levels of theory
used, linear relationships were detected, with very good correla-
tion parameters for the B3LYP (s=18 cm-1, F=4937) and
MP4(SDQ) (s=18 cm-1, F=3708) frequencies and not as good
for MP2(fc) frequencies (s=37 cm-1, F=919). The obtained
relationships (see the Supporting Information) were then used
for scaling of appropriate calculated stretching frequencies of all
found minimum energy species.

All of the calculations were carried out with the Gaussian 09
program,33 except NBO/NRT analyses, which were performed
with the NBO 5.0 module34 embedded into the Gaussian 03
program.35
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