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Synthesis and Crystal Structure of a Silyl-Stabilized Allyl Cation
Formed by Disruption of an Arene by a Protonation–Hydrosilylation
Sequence**
Simon Duttwyler, Yun Zhang, Anthony Linden, Christopher A. Reed,* Kim K. Baldridge,* and
Jay S. Siegel*

Dedicated to Josef Michl on the occasion of his 70th birthday

Allyl cations, which are well-known primarily from solution
NMR spectroscopy in traditional superacidic media,[1] have
remained elusive in crystalline form. Indeed, these rare guests
in the chemist�s lab have normally arrived unannounced
during attempts to prepare other reactive species.[2] Recent
investigations focused on the conversion of silane 1 into the
silylium ion 2+, which is stabilized by Si–p interactions
(Scheme 1).[3] A side path of these studies led to the isolation

of a crystalline bicyclic allylic cation 3+ that is formed with
concomitant disruption of an aromatic ring. Invited or not, the
solid-state structure of 3+ teaches us much about this
important class of organic intermediates and suggests an
intricate stereochemistry, which reveals a likely mechanism
for this unexpected transformation.

A generally successful method for producing silyl cation
reactive intermediates involves the abstraction of hydride

from a silane by the trityl cation. To that same end, treatment
of terphenylsilane 1 with the trityl salt [Ph3C][CHB11Me5Br6]
afforded, in addition to the intended silylium carborane
2[CHB11Me5Br6], a small amount of a second compound, as
indicated by NMR spectroscopy.[3] Attempts to crystallize
pure 2[CHB11Me5Br6] from ortho-dichlorobenzene/hexane
yielded instead yellow prisms of the minor product
3[CHB11Me5Br6] (Scheme 1), the identity of which was
determined by X-ray crystallography (Figure 1).[4]

The crystal structure of 3[CHB11Me5Br6] consists of well-
separated cations and anions, and 3+ can be described as a
silabicyclo[3.3.1]nonenyl cation with the formal positive
charge distributed over a five-atom unit Si-C18-C19-C20-
C21. Selected bond lengths and angles are given in Table 1.
The unusually short sp3–sp2 C18–C19 bond, and unusually
long Si–C18 bond relative to normal lengths, set up a long-
short-long-short distortion pattern from C18 to C21. Carbon
atoms C16, C18–C21, C23, and C24 all lie in the mean plane
through them within 0.025(4) �, and the sum of angles around
C19 and C21 is 360.0(4)8 for each atom, indicating trigonal
planar coordination.

Computations emulate well the experimental structure
and provide insight into the orbitals over which the positive
charge is distributed. The structure suggests an interaction of
the Si�C s bond with the allyl p system. b-Silyl stabilization of
carbenium ions has much precedence and has been exploited
synthetically.[6]

One hypothesis to account for the formation of 3+

involves a protonation/hydrosilylation mechanism

Scheme 1. Formation of 2+ and 3+ by hydride removal from silane 1.
Ar= 2,6-(2,4,6-trimethylphenyl)phenyl.

Figure 1. ORTEP of 3+ with ellipsoids set at 30 % probability. Hydrogen
atoms are omitted for clarity (except for those at C16 and C17).
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(Scheme 2). If a mesityl ring of 1, the most basic component in
the mixture, reacts with a proton source at the ipso position, a
Wheland intermediate 4+ would form. The acid source could

be a protonated silanol formed from 2+ and trace water. H3O
+

is known to protonate mesitylene in benzene solution.[7] A
subsequent intramolecular hydride transfer from silicon to an
ortho carbon atom of 4+ affords silylium ion 5+. This formal
silylium ion–diene system collapses to give cation 3+. The
proposed reaction sequence offers an explanation for the
observed connectivity and relative stereochemistry in the
product; external protonation with concomitant intramolec-
ular hydride transfer leads to the observed configuration with
an exo H at C16 and endo H at C17.

A test of this mechanistic hypothesis comes from inten-
tional treatment of 1 with strong Brønsted acids. In contrast to
the mechanistic hypothesis, addition of 1 equiv of triflic acid
(TfOH) in benzene—one of the strongest oxyacids[8]—did not
give 3[OTf], but afforded the silyl triflate ArSiMe2OTf in
quantitative yield. Apparently, the negatively polarized Si�H
hydrogen atom acts as a Brønsted base towards triflic acid,
and trapping of a silylium ion species by the coordinating
triflate anion occurs at a much faster rate than ring
protonation/hydrosilylation.

An acid that would function as proposed in Scheme 2
would be an arenium carborane [arene-H][CHB11X5Y6] (X =

H, Me, halogen, Y= halogen), a class of redox-inert protic
acids that are even stronger than triflic acid and with less
coordinating anions, and which are capable of protonating a

mesityl ring to a high degree.[9] Would such an arenium
species such as the toluenium ion (CH3C6H6

+) convert 1 into
3+? Indeed, treatment of 1 with 1 equiv of [CH3C6H6]-
[CHB11Me5Br6] afforded 3[CHB11Me5Br6] as the single prod-
uct [Eq. (1)]. It was isolated as a yellow powder in high yield
and characterized by a second X-ray crystallographic analysis,
NMR spectroscopy (1H, 13C, 29Si, 11B), and IR spectroscopy.
GC-MS analysis of the reaction quenched with different
nucleophiles supports the formation of neutral compounds
that are consistent with 3+ as the precursor.

One- and two-dimensional NMR experiments in
[D2]dichloromethane allowed a detailed characterization of
3[CHB11Me5Br6] in solution (Table 2). Carbon atoms C19,
C20, and C21 resonate at 225, 129, and 197 ppm, respectively.

The deshielding is slightly less pronounced than in compara-
ble allyl cations,[1c] a fact that might be a result of s–p

conjugation between the Si�C bond and the allyl p system.
Carbon atom C18 resonates at 69 ppm, which is shifted
downfield in comparison to the other saturated carbon atoms
and is not in the range of usual sp3 13C signals.[10] This
observation might again be attributed to a certain diene
character of the C18–C21 system. Yet, to depict the silyl
fragment as cationic ArMe2Si+ is not justified: the 29Si NMR
shift of 3+ is found at d =�4.2 ppm, a value typically found in
tetracoordinate, neutral silicon species.[11]

Experiments with deuterated reactants or reagents were
carried out to gain further insight into the mechanism that
leads to 3+. According to Scheme 2, acidic [D9]toluenium ion
(CD3C6D6

+) would afford a product with deuterium at the
C16 exo position but not at C17. Conversely, deuterated silane
[D]-1 in combination with toluenium ion (CH3C6H6

+) should
give rise to the cation labeled only at C17.

Table 1: Selected bond lengths [�] and angles [8] for the calculated and
the single-crystal X-ray structure of 3+.

Parameter Expt Calcd[a] Parameter Expt Calcd[a]

C18�C19 1.414(5) 1.4136 C19-C23 1.486(5) 1.4871
C19�C20 1.426(5) 1.4213 C21-C24 1.489(6) 1.4863
C20�C21 1.359(6) 1.3620 C21-C16 1.506(6) 1.5124
Si�C18 1.966(4) 2.0278 C19-C20-C21 120.4(4) 121.13
Si�C1 1.892(4) 1.8797 C18-C19-C20 120.9(4) 120.92
Si�C25 1.869(4) 1.8647 C23-C19-C20 117.3(4) 118.06
Si�C26 1.868(4) 1.8609 C20-C21-C16 121.8(4) 121.06
C16�C17 1.526(5) 1.5336 C20-C21-C24 120.6(4) 121.58
C17�C18 1.545(5) 1.5326 C1-Si-C18 104.4(2) 102.18
C17�C22 1.526(5) 1.5297 Si-C18-C19 107.8(3) 103.30

[a] Computed at the M06-2X/DZ(2df,pd) level of theory (see Ref. [5]).

Scheme 2. Proposed protonation/hydrosilylation mechanism for the
formation of 3+.

Table 2: Experimental and calculated 13C and 1H NMR shifts of 3+.

Carbon atom 13Cexpt
[a] 13Ccalcd

[c] 1Hexpt
[a,b] 1Hcalcd

C16 54.5 55.6 (53.8) 3.78 3.36 (3.47)
C17 40.6 42.1 (41.5) 3.11 2.76 (2.74)
C18 69.3 71.4 (69.2) 4.03 3.76 (3.84)
C19 225.2 210.2 (208.6) – – –
C20 129.4 121.2 (120.4) 6.98 6.28 (6.45)
C21 196.8 193.0 (189.7) – – –
C22 21.3 20.8 (20.7) 1.39 1.31 (1.16)
C23 34.6 31.6 (31.2) 2.78 2.41 (2.33)
C24 29.0 27.8 (27.2) 2.65 2.49 (2.35)

[a] Determined by HSQC and HMBC experiments and given in ppm with
respect to solvent peaks of CD2Cl2 (54.0 ppm for 13C, 5.32 ppm for 1H).
[b] H attached to the corresponding carbon atom. [c] M06-L/DZ+
(2df,pd)//M06-2X/DZ(2df,pd); number in parentheses is in dichloro-
methane. C22, C23, C24 hydrogen values averaged: C22: 1.24, 1.30, 1.39
(1.06, 1.13, 1.28); C23: 2.01, 2.48, 2.74 (1.94, 2.38, 2.67); C24: 2.05, 2.93,
2.49 (1.94, 2.71, 2.39); see also the Supporting Information.
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The reaction of [D]-1 under protic conditions yielded only
the product endo-deuterated at C17 (Scheme 3a). The
negatively polarized deuterium atom in [D]-1 does not seem

to be involved in Brønsted acid–base chemistry and acts
exclusively as a reducing agent towards the Wheland inter-
mediate 4+ when arenium acids are used.

In the experiment with acidic [D9]toluenium, positions
C16, C18, and C20 were partially deuterated, and the meta
positions of the mesityl ring were fully deuterated
(Scheme 3b). The degree of deuteration was inferred from
integration of 1H NMR spectra and from 2H and 13C NMR
measurements.[12] Reversible protonation of the mesityl rings
of 1 leads to H/D scrambling and some “washing in” of H to
the toluenium species. This scrambling accounts for the
presence of some H in the ipso position of the cationic ring of
3+. After the hydride transfer has taken place, H/D exchange
continues on the unchanged mesityl ring,[13] which is most
likely due to a slight excess of toluenium ions. The central ring
is not deuterated under the reaction conditions. Orbital
analysis supports this observation; the basic HOMO of 3 is
expressed predominantly on the unchanged mesityl ring.

The question arises as to whether 3+ is best described as a
silyl-stabilized allyl cation or a diene-coordinated silylium ion
(Scheme 4). From a valence bond perspective the principal

resonance structures of 3+ to consider are 3a+, 3 b+, and 3c+.
As pointed out above, the long-short-long-short pattern along
Si-C18-C19-C20-C21 and the 13C NMR signals of C18–C21
are in agreement with a certain silylium ion–diene character,
3c+. However, the observed structure deviates little from the
hypothetical ideal allylic cation depicted by only 3a+ and 3b+.

Silylium ions stabilized by p systems exhibit Si–C distances of
more than 2.1 � and chemical shifts d(29Si)> 55 ppm;[3, 14]

neither is the case for 3+.
A natural bond orbital (NBO) analysis of 3+ allows a

segmentation of the Si-C18-C19-C20-C21 fragment into
Lewis forms with a p orbital cation acceptor on C19 interact-
ing strongly with the Si-C18 s bond and the C20-C21 p bond
as donors. The analysis indicates significant delocalization of
4 electrons among three orbitals (s, p, and p), with occupan-
cies of 1.67, 0.67, and 1.71 electrons, respectively. The
effective polarization of the Si�C bond results in a percentage
contribution of 23% from Si and 77% from C compared to a
normal Si�C bond with around 30% from Si and 70 % from
C. The overall NBO picture of the cation is one in which
resonance form 3b+ dominates but 3 a+ and 3 c+ are significant
contributors of roughly equal importance.

The reactivity of 3+ further supports silyl-stabilized allyl
cationic character. Treatment of 3+ with nucleophiles of
different hardness (CN� , H2O, or F�) affords elimination
products formed by proton abstraction at C23 and C24, as
evidenced by 1H NMR spectroscopy and GC-MS; addition to
the silicon nucleus is not observed. Cations with a higher
silylium ion character, such as 2+, give addition products
R3SiNu exclusively upon treatment with nucleophiles.[3, 15] In
conclusion, although 3c+ has to be considered as a resonance
structure to account for the observed bond lengths and the
13C NMR spectrum, other data suggest its relevance is limited.
The picture of a silyl-stabilized allyl cation is more apposite.
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