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A Silyl Cation with a Three-Center Si-H-Si
Bond**
Thomas Müller*

Three-center, two-electron bonds involving hydrogen as a
bridging atom are a common feature in the chemistry of early
main group metals. Several hydrido-bridged carbocations
were identified by low-temperature NMR spectroscopy.[1] It
was predicted that the isoelectronic silylium ions will even
interact with methane,[2] and it was suggested that such
interactions between a positively charged silicon atom and
appropriately arranged alkyl groups on its substituents can be

60 kOe, which is very close to the expected value of 7.0 NmB

for a parallel alignment of the magnetic moments of two RuIII

and one MnII ion. Furthermore, a characteristic hysteresis
loop is observed at 1.85 K but with negligible remanent
magnetization (0.06 NmB) and coercive field (6 Oe). Although
ferromagnetic RuIII ± MnII interaction was also observed in
two-dimensional (NBu4)[MnIIRuIII(ox)3] via the oxalato
bridges, no long-range ordering occurs down to 2 K.[4] We
are currently investigating related 3d ± 4d and 4d ± 5d systems
in order to understand the origin of the ferromagnetic
behavior in 2.

Experimental Section

1: trans-Ph4P[RuIII(acac)2Cl2][12] (355 mg, 0.5 mmol) and KCN (325 mg,
5.0 mmol) were heated in refluxing methanol (30 mL) for 24 h. The
solution was evaporated to dryness, and the residue was dissolved in
CH2Cl2 (10 mL). After filtration, the product was precipitated as a dark
purple solid by adding diethyl ether. Yield: 225 mg (65 %). Crystals suitable
for X-ray crystallography were obtained by slow diffusion of diethyl ether
into a solution of 1 in CH2Cl2. IR (KBr): nÄCN� 2099 cmÿ1; UV/Vis
(CH3CN): lmax (lge)� 349 (3.76), 407 sh (3.16), 540 (3.22); elemental
analysis (%) calcd for C36H34N2O4RuP: C 62.60, H 4.96, N 4.06; found: C
62.96, H 5.05, N 4.21.

2 : A mixture of MnClO4 ´ 6H2O (36 mg, 0.1 mmol) and 1 (69 mg, 0.1 mmol)
was stirred in methanol (30 mL) at room temperature. The solution was
filtered after 3 h, and slow evaporation of the filtrate afforded dark purple
crystals. Yield: 34 mg (45 %). IR (KBr): nÄCN� 2125 cmÿ1; elemental
analysis (%) calcd for Ru2MnN4C24O8H28: C 38.05, H 3.73, N 7.40; found:
C 38.24, H 3.82, N 7.56.
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used to stabilize a silylium ion by intramolecular solvation.[3]

More suitable for such interactions than CÿH bonds are the
SiÿH bonds of silanes. Due to the higher lying s-bonding
orbital, the interaction with the empty 3p(Si) orbital is more
favorable. Recently, Wrackmeyer et al. gave convincing NMR
evidence for the presence of an Si-H-B bridge in silylated
vinylboranes.[4] Here we report the synthesis of silyl cation 1
having a symmetrical Si-H-Si bridge, a previously unknown
structural motif in organosilicon chemistry.[5]
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The silyl cation 1 is formed by a hydride transfer[6] from 2,6-
dimethyl-2,6-disilaheptane (2) to trityl tetrakis(pentafluoro-
phenyl)borate (TPFPB) in
[D6]benzene at room tem-
perature. The orange-red
color of the trityl salt instan-
taneously disappears, and
the reaction mixture sepa-
rates into two layers. The
upper layer containing tri-
phenylmethane was separat-
ed from the reaction mix-
ture. 1H, 13C, 29Si, and 19F
NMR spectra of the lower
layer confirm the exclusive
formation of the symmetri-
cal cation 1.[7]

The unusually shielded
1H NMR signal for the SiH
group in 1 (d(1Hbr)� 1.47,
Dd�ÿ2.43 relative to 2) is
indicative of the hydrogen-
bridged structure.[8] The
13C{1H} NMR spectrum
shows, besides the signals
for the anion, only three
signals corresponding to C2

(d� 18.1), C1/3 (d� 14.9),
and the methyl groups (d�ÿ4.0; see Table 1 and Supporting
Information). The single, deshielded 29Si NMR signal at d�
76.7[8] splits in the 1H-coupled spectrum into a broad doublet
with an unusually small coupling constant (1JSi,H� 39 Hz,
Figure 1 a, b). The 29Si signal of the deuterated cation [D1]1[9]

is split into a triplet with 1JSi,D� 6.3 Hz (Figure 1 c), as
expected for the gyromagnetic ratio gH/gD.[10] In arene
solvents, the 29Si NMR signal of 1 shows only minor solvent
dependence (d(29Si)� 77.1 in [D8]toluene). This indicates only
small interactions between the silyl cation and the solvent; in
particular, the formation of a silylated arenium ion 3 can be
excluded, since for trialkylsilyl-substituted arenium ions
solvent effects of Dd� 10 or more are reported.[6a, 11, 12] In
contrast, when acetonitrile is added to a solution of 1 in

[D6]benzene, the silylated nitrilium ion 4 is formed, as shown
by two 29Si NMR signals at d� 32.3 and ÿ14.2 (d, 1JSi,H�
180.6 Hz).[13]

The number of observed NMR signals is in agreement with
the symmetrical structure 1, but a fast degenerate 1,5-H shift
which interconverts two open silylium ions 5 can not be a
priori excluded. The carbocation 6 was shown to be a rapidly
equilibrating system with a barrier of about 5 kcal molÿ1 for

Figure 1. a) 29Si{1H} INEPT NMR spectrum (79.5 MHz) of 1 at 300 K. b) 29Si INEPT� NMR spectrum (49.5 MHz)
of 1 at 300 K. c) 29Si{1H} INEPT NMR spectrum (49.5 MHz) of [D1]1 at 300 K.

Table 1. Measured and calculated (in parenthesis) chemical shifts of silyl
cations 1 and 5b ; j 1J(Si,H) j values in square brackets.

Compound Si C1 C2 C3 Hbr

1[a] 76.7 [39 Hz] 14.9 18.1 14.9 1.47
1[b] 77.0 15.2 18.5 15.2 1.40
1[c] (88.0) (18.6) (22.9) (18.6)
5b[c] (347.9, ÿ13.3) (36.4) (16.0) (25.3)
1[d] (96.5) (20.7) (25.7) (20.7)
1[e] (93.4 [ÿ43.8 Hz[g]]) (18.3) (23.4) (18.3)
1[f] (87.4)

[a] In [D6]benzene at 300 K. [b] In [D8]toluene at 300 K. [c] At the GIAO/
MPW1PW91/6-311G(3d,p)//MP2/6-311G(d,p) level, s(13C, TMS)� 187.51,
s(29Si, TMS)� 339.97.[23, 24] [d] At the SOS/DFPT/IGLO/PW91/BasisIII//
B3LYP/6-311G(d,p) level, s(13C, TMS)� 183.6, s(29Si, TMS)� 346.7.[25, 26]

[e] At the GIAO/MPW1PW91/6-311G(3d,p)//B3LYP/6-311G(d,p) level,
s(13C, TMS)� 186.90, s(29Si, TMS)� 338.76.[23, 24] [f] At the GIAO/MP2/6-
311G(2df,p) (Si), 6-31G(d) (C,H)//MP2/6-311G(d,p) level, s(29Si, TMS)�
370.61.[23, 27] [g] 1J(Si,H) calculated by the SOS/DFPT/IGLO method
utilizing the Perdew ± Wang exchange with Perdew correlation functional
and the basis set III on geometries optimized at the B3LYP/6-311G(d,p)
level.[25, 26]
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the 1,5-H shift, and the symmetry reflected in the NMR
spectra at higher temperatures is therefore time-aver-
aged.[1i, 14] Low-temperature NMR studies at ÿ40 8C with 1
in [D8]toluene showed no kinetic line broadening of the 29Si
NMR signal,[15a] and this suggests a barrier of less than
8.5 kcal molÿ1 for a conceivable degenerate 1,5-H shift in 5.[15b]

An analysis of the NMR data[16, 17] and the use of deuterium
isotope effects on the NMR chemical shift,[14b, 18, 19] however,
provide conclusive arguments for the static structure 1 and
against an equilibrating system 5 : 1) The time-averaged 29Si
NMR signal for equilibrating 5 is expected to be at about d�
168 (average of 348 andÿ13, calculated for 5 b ; Table 1).[16] 2)
The expected value of the time-averaged coupling constant
1JSi,H for 5 is about 90 Hz (average of 180 (RSiHMe2) and
0 Hz (RSiMe2

�)).[16a] 3) The hexadeuterated cation
[(H3C)2Si(CH2)3SiH(CD3)2]� ([D6]1) exhibits two 29Si NMR
signals (d� 77.01, 76.78), that is, the intrinsic isotope effect on
the chemical shift is Ddint�ÿ0.23 and it is constant over the
whole accessible temperature range. This is consistent only
with a single minimum potential (i.e., structure 1).[14b, 18] 4)
When a 1:1 mixture of cations 1 and [D1]1 is generated, a
2H NMR signal at 1.77 is recorded for the bridging deuterium
atom in [D1]1; hence, the primary deuterium isotope effect on
the chemical shift is Dd(1H,2H)�ÿ0.30.[19a] Negative
Dd(1H,2H) values indicate a single-minimum potential[19b]

and are found for symmetrically hydrogen-bridged carbocat-
ions. For example, the tricyclic cation 7 has Dd(1H,2H)�
ÿ0.10.[1k]

(H3C)2Si
H

Si(CH3)2H

7

+
+

8

The experimental characterization of 1 is strongly corrobo-
rated by quantum mechanical calculations[20] at the hybrid
density functional[21] B3LYP/6-311G(d,p)�ZPVE level of
theory. At this level, 1 is more stable than the anti, anti
conformer 5 b by 24.0 kcal molÿ1. The syn, syn conformer 5 a is
not a stationary point on the potential energy surface but
collapses without a barrier to the symmetrical, cyclic isomer 1.
The calculated dipole moment of 1 is rather small due to its
symmetrical structure; in contrast, silylium ions like 5 b have
dipole moments more than an order of magnitude larger
(m(1)� 0.61, m(5 b)� 10.4 Debye, at the B3LYP/6-311G(d,p)
level). Consequently, solvation has a considerable effect on
the relative energy of both isomers, but it does not change the
relative stability order. Thus, according to SCRF theory[22] at
the B3LYP/6-311G(d,p) level, the energy difference for 1 and
5 b decreases to 15.7 kcal molÿ1, whereby cyclic 1 is more
stable.

The association energy EA between 1 and benzene, as
calculated for the complex 8, is relatively small (EA�
3.7 kcal molÿ1). Therefore, it is unlikely that this complex
exists at ambient temperature, and 1 is best described as a free
silyl cation with no direct coordination to the solvent, in

agreement with the negligible solvent effects on d(29Si) in
aromatic hydrocarbons.

Calculations of NMR data[23±27] at several levels of theory
(see Table 1) predict d(29Si)� 87 ± 96 for 1, near to the
observed value. In addition, density functional calculation of
1JSi,H at the SOS/IGLO/DFPT/PP/BasisIII level[25, 26] predict
for 1 a small j 1JSi,H j value of 43.8 Hz, in agreement with the
experiment.

The calculated structure of 1 (Figure 2 a) clearly reveals the
existence of the three-center Si-H-Si bond. Compound 1
adopts a regular chair conformation with long SiÿH bonds

Figure 2. a) Calculated structure (at B3LYP/6-311G(d,p) and MP2/6-
311G(d,p) (underlined) levels) and charge distribution (italics; NBO
analysis[28] at B3LYP/6-311G(d,p)//B3LYP/6-311G(d,p) level) of 1.
b) Orbital plots of the occupied MO (HOMOÿ 4) and of the nonbonding
MO (LUMO) of the Si-H-Si bond.[29]

(1.646 �), and the positive charge is distributed over the two
silicon atoms, while negative charge is accumulated at the
bridging hydrogen atom (see Figure 2 a), as expected for a
three-center, two-electron bond with high electron density on
the m-H atom in the bonding orbital, and a LUMO which is
centered predominantely on the two silicon atoms (Fig-
ure 2 b).
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