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Abstract—The first cyclic w-conjugated silylium ion, the silatropylium ion 5 annelated with three bicyclo[2.2.2]octene units having a
mesityl group on the silicon atom, was prepared with tetrakis(pentafluorophenyl)borate (TPFPB) as a counter anion in CD,Cl, at —50°C by
hydride abstraction from the corresponding silacycloheptatriene (silepin). The observed chemical shifts of 'H, "*C, and *’Si NMR for cation 5
were in agreement with the calculated values. These results and NICS calculations indicated that cation 5 has the aromaticity approaching
that of the tropylium ion. When cation 4 having a methyl group instead of a mesityl group and cation 5 were generated in the presence of two
equivalents of acetonitrile, the acetonitrile complexes 16 and 17 with considerable covalent-bond character were formed. For the complexes
16 and 17, the exchange process of acetonitrile was observed for the first time as an acetonitrile complex of a silyl cation, and the
intermediacy of a pentavalent silicon was demonstrated. When cations 4 and 5 were generated by the use of triphenylmethyl perchlorate
instead of triphenylmethyl TPFPB, covalent perchlorate esters 18 and 19 having the O—Si covalent bond were formed instead of ionic salts.
By treatment with water, the perchlorate ester 18 was found to undergo a novel rearrangement to give a cyclopentene derivative 20a spiro-

connected with bicyclo[2.2.2]octane at the 3-position. © 2001 Elsevier Science Ltd. All rights reserved.

1. Introduction

From the viewpoint of the comparison between the chem-
istry of carbon and that of silicon, a trivalent silyl cation (a
silylium ion) has attracted great interest of the organic and
organometallic chemists, and many efforts have been
devoted to synthesize the silylium ion in condensed phases
during the last decades. However, most of the claims on
the proof for the silylium ion®™* were challenged.’™"! For
example, much debate®™'! has been made whether [Et;Si
(toluene)] "B(CgFs),~ prepared by Lambert® and -
Pr;Si*CB;HgBrs prepared by Reed* have silylium ion
character or not. The first ‘free’ silylium ion was reported
by Lambert and Zhao in 1997, that is, the trimesitylsilylium
ion stabilized mainly by the steric protection of the silicon
atom by bulky substituents.'” Also a cation having a non-
classical delocalized structure was shown to be free from
coordination with solvents or counter anion."’ More
recently a salt of a homocyclotrisilenylium ion was isolated
by Sekiguchi and was found to have no interaction with
counter anion from the X-ray structural analysis.'* In this
case, the aromatic homoconjugation as observed in the
carbon analog is supposed to stabilize the silylium ion
center.
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Then a question arises if the silylium ion can be stabilized
by the aromatic conjugation with 2p orbitals of carbons. The
recent achievement of silaaromatic compounds' such as
silabenzene,'® silanaphthalene,'” and silacyclopentadienyl
dianion'" has revealed that the aromatic conjugation
between the 3p orbital of silicon and 2p orbitals of carbons
is possible. However, there has been no study to con-
vincingly answer the question as to the cationic conjugated
systems involving the silylium ion. The early theoretical
calculations at a very low level on silacyclopropenylium
ion indicated the absence of any significant aromatic stabili-
zation.”” However, in the same paper, the silacyclopenta-
dienyl anion was also shown to be non-aromatic,’ which
contradicts the recent results of calculations at a higher
level.?! More adequate calculation method would be
required for a reliable conclusion on the aromaticity of sila-
cyclopropenylium ion to be reached.

As another potentially aromatic system, a silicon analog of
the tropylium ion (1), i.e. the silatropylium ion (2), is also a
good candidate for the examination of the above question.
However, the attempted preparation of the dibenzosilatro-
pylium ion (3) by Olah’s group was not successful and they
concluded that silylium ions are not stabilized in solution by
incorporation of the silicon atom into a potentially aromatic
ring system.”® Even in the gas phase, a recent suggestion of
the silatropylium ion (2) as one of the C¢H,;Si* isomers
observed in an FT ICR mass spectrum® was disproved
by a subsequent experimental study showing that it was a
rearranged isomer, C6H6-SiH+.23 Theoretical studies have
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indicated that cation 2 is less stable than ‘silabenzyl cation’
by 9 kcal mol ™~ '** Thus the synthesis and characterization
of the silatropylium ion remains as a major challenge in
organosilicon chemistry.

The attempted observation of cation 3 was performed in
acetonitrile with perchlorate as a counter anion® before a
recent guideline was established for the possible generation
of silylium ion in condensed phase. The guideline is that (1)
the silylium ion center should be surrounded by bulky

Figure 1. ORTEP drawings (50% probability) showing the X-ray crystal
structures for 9 (a) and 10 (b).

MeSiHCl,

40% 90%
10

substituents and (2) the cation should be prepared in the
presence of a low-coordinating counter anion and (3) in a
low coordinating solvent.'*"'* In addition, the annealation
with benzene ring(s) is known to thermodynamically
destabilize the tropylium ion (1),” and therefore would
not be appropriate for the study of the silatropylium ion.
For the realization of the silatropylium ion, we designed
a modification of the seven-membered ring with rigid
o-frameworks, that is, annealation with bicyclo[2.2.2]-
octene (abbreviated as BCO) units. In our previous study,
such structural modification with BCO units was found to be
the most effective in stabilizing the tropylium ion.”® In the
present paper are described the detailed accounts on the
preparation and characterization of the first silatropylium
ion derivative 5 stabilized by such a structural modification
and the presence of a bulky mesityl group on silicon;?’ also
an attempt made to prepare a derivative with a methyl group
on silicon (4) and the reactions of 4 and 5 with acetonitrile
or perchlorate ion are described together with the results of
theoretical calculations.

R-SITCES

4 R=Me
5 R=Mes

2. Results and discussion

2.1. Preparation and characterization of the
silatropylium ion 5

For the preparation of silatropylium ions 4 and §, the precur-
sor silacycloheptatrienes (silepins) 7° and 10 were prepared
from the dibromide of BCO trimer 6> in the following way,
as shown in Scheme 1. Dibromide 6 was dilithiated with
4 equiv. of +-BuLi at —60°C and then allowed to react
with dichloromethylsilane or with tetrachlorosilane to give
silepin 7 in 66% or dichlorosilepin 8 in 55% yield, respec-
tively. Dichlorosilepin 8 was allowed to react with mesityl-
lithium to give mesitylchlorosilepin 9 in 40% yield, which
was then reduced to silepin 10 in 90% yield by treatment
with LiAlH,. The molecular structures of silepins 9 and 10
determined by X-ray crystallography are shown in Fig. 1. In
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the crystal, the mesityl group takes the ‘axial’ position for 9
and the ‘equatorial’ position for 10. The molecular structure
of 10 with the ‘equatorial’ mesityl group might be unfavor-
able for the hydride abstraction by such a bulky reagent like
triphenylmethyl cation for steric reasons. In solution,
however, the rapid ring inversion should take place®® to
bring the mesityl group to the axial position for the hydride
abstraction from the Si—H bond to proceed readily.

First the hydride abstraction was attempted in the presence
of a non-coordinating anion in a non-coordinating solvent.
When an attempt was made to generate the silatropylium ion
4 or 5 by hydride abstraction from the silepin 7 or 10 with an
equivalent of triphenylmethyl tetrakis(pentafluorophenyl)-
borate (TPFPB) in toluene-dg (C;Dg) under vacuum at
—50°C, only a ring contraction occurred to show the 'H
NMR signals for the BCO-annealated benzene 11 (Scheme
2), possibly via a non-classical ion, 11-R—Si™", which corre-
sponds to C¢He-SiH" observed in the gas phase.” On the
other hand, when the hydride abstraction was conducted in
dichloromethane-d, (CD,Cl,) at —50°C, the reaction of sile-
pin 10 gave the *°Si, 'H and *C NMR signals corresponding

(@)

350 300 250 200 150 100 S0

T T T T T
0 -50 -100
8 (ppm)
(b) .
T
# 9.
=
=
T *
< sain 5
#1% BEY || —
* @) M
. L_ Alk d ror AV“ S
7 6 5 4 3 2 I 0
3 (ppm)

Figure 2. (a) 2Si NMR (72.5 MHz) and (b) 'H NMR spectra (400 MHz) for
5 at —50°C in CD,Cl,. The signals marked with +, *, and # correspond to
those for 11, mesitylene, and triphenylmethane, respectively.

to silatropylium ion 5, as shown in Fig. 2 and Table 1. Here,
apparently a bulky substituent such as a mesityl group was
necessary for stabilizing the silatropylium ion.* At tempera-
tures higher than —50°C, silatropylium ion 5 decomposed to
give benzene 11 as was observed in C;Dg at low tempera-
tures. Thus, CD,Cl, with its medium polarity and small size
is favorable for approaching the silylium ion center to
weakly coordinate to it and preventing the rearrangement
at the temperature below —50°C while C;Dg with its lower
polarity and a larger molecular size cannot stabilize the
cationic species by coordination®!! even at low temperatures.

The 2°Si NMR signal of silatropylium ion 5 was observed at
6 1429 ppm in CD,Cl,, which is 192.2 ppm downfield
shifted compared with the precursor silepin 10 (6 —49.3).
This is taken as clear evidence for the silylium ion character
of 5. The observed *°Si chemical shift is also in fair agree-
ment with the value calculated for 5 (6 159.9; GIAO/HF/6-
311+G(2df,p)(Si), 6-31+G*//B3LYP/6-31G").*®  This
method of calculation is known to reproduce the experi-
mental value observed for the trimesitylsilylium ion.*" The
»Si chemical shift of 5 is 28 ppm downfield shifted
compared with the solid-state *’Si NMR chemical shift (&
115) of i-Pr;Si"CB,H¢Cls , which was shown to have
some interaction between the silylium ion center and the
chlorine atom of the counter ion.*¢ Thus, the interaction
between the silylium ion center of 5§ and CD,Cl, should
be smaller than the case for i-Pr;Si"CB;HsCls .

The chemical shift of the BCO bridgehead (bh) protons is
useful for judging the presence of a diamagnetic ring current
because they are rigidly fixed in the same plane as a
silatropylium ion ring.*? As shown in Fig. 2b, the signals
for these protons of § were observed at 6 3.70, 3.64, and
3.21 ppm. These signals except for the signal at 6 3.21 were
0.8-0.9 ppm downfield shifted compared with those for the
neutral precursor 10 (6, 2.81 (4H), 2.61 (2H)), indicating
the presence of a diamagnetic ring current and thus aroma-
ticity in 5. The signal at § 3.21 is assigned to the proton (H*)
which sticks out in the shielding zone of a mesitylene ring.
This upfield shift of ca. 0.4 ppm due to the mesityl group
was also reproduced by the calculations (6y;, 3.2, 3.2, 2.8;
GIAO/HF/6-311+G(2df,p)(Si), 6-31+G"//B3LYP/6-31G").

7 At the hydride abstraction reaction, ca. 0.5 equiv. of trityl cation was not
consumed and about 6% of 11 and mesitylene were also formed. The fate
of the possible species such as Mes—Si* generated upon the ring contrac-
tion of 5 is not known, but such a species and its degradation products
would also work to abstract hydride from 10.

* When the hydride abstraction of the methyl-substituted silepin 7 was
conducted in CD,Cl,, the NMR measurements at room temperature (‘H
NMR 8 3.54 (s, 6H), 2.03 (d, 12H), 1.62 (d, 6H), 1.28 (d, 6H): *C NMR &
34.5, 26.9, 24.8; the signal for the sp2 carbon could not be identified)
revealed that the product was not the silatropylium ion 4 but presumably
the rearranged isomer with a non-classical structure, i.e. 11-Me—Si* or
11-Me-SiCl,*. Further characterization will be reported elsewhere.
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Table 1. The 'H, °C, and ’Si NMR chemical shifts (8, ppm) for 5, 7, 10, and 16-19 in CD,Cl,

Compd 'H NMR BC NMR »Si NMR
Mes-H SiH CH CH, CH; Tropyl Aryl CH CH, CH; CN
5 _ 3.70 1.85 2.41 175.9 144.8 36.8 25.1 25.9 142.9
(2H) (12H) (6H) 153.2 143.8 35.1 242 21.4
3.64 1.30 2.36 149.7 128.0 34.9 23.9
(2H) (12H) (3H) 118.7
3.21
(2H)
7° 4.47 2.80 1.7-1.0 0.22 151.2 342 26.8 —-0.6 -
(1H) (4H) (24H) (3H) 141.4 33.9 26.7
2.74 134.5 33.0 26.5
(2H) 26.3
25.8
25.7
10° 6.78 4.81 2.81 1.8-1.0 2.40 152.0 138.7 34.4 27.1 24.6 —49.3
(2H) (1H) (4H) (24H) (6H) 145.5 128.2 335 26.7 20.8
2.61 2.22 141.8 127.9 33.1 26.0
(2H) (3H) 25.9
252
16%¢ 2.95 1.8-0.9 2.61 159.1 326 25.9 25.9 120.4 -1
(2H) (24H) (3H) 141.1 31.3 25.3
2.90 0.83 130.0 25.1
(2H) (3H) 25.0
2.74 24.6
(2H) 24.0
17 6.70 2.85 1.8-1.0 3.07 153.6 142.4 324 28.2 225 125.6 -15.9
(2H) (2H) (18H) (3H) 145.8 130.1 323 25.7 20.8
2.76 1.0-0.6 225 141.4 128.8 31.7 252 5.4
(2H) (4H) (6H) 118.7 24.6
2.65 0.17 2.13 23.1
(2H) (2H) (3H)
18 2.93 1.8-0.9 0.80 157.2 335 26.6 5.7 8.9
(2H) (24H) (3H) 141.1 33.4 26.1
2.91 135.4 324 255
(2H) 25.3
2.85 252
(2H) 24.5
19 6.71 3.10 1.8-1.2 2.36 151.6 1413 33.0 28.5 243 —6.0
(2H) (2H) (18H) (6H) 146.5 135.4 329 26.6 20.9
2.74 1.1-0.7 2.20 141.5 128.9 31.6 26.0
(2H) (4H) (3H) 123.0 252
2.67 0.59 25.1
(2H) (2H) 24.9

* A signal for the two mesityl ring protons is overlapped with signals for triphenylmethane.

b In C6D6'

¢ The signal could not be observed.

4 There is some overlap in '*C NMR signals.
¢ At —80°C.

The *C NMR signals for the sp2 carbons of 5 in CD,Cl, (6
175.9, 153.2, 149.7 ppm; Table 1) showed downfield shifts
compared with the signals of silepin 10 in CD,Cl, (6 152.0,
145.5, 141.8), indicating considerable positive-charge
delocalization in the seven-membered ring. The most down-
field shifted signal (6 175.9) is assigned to the (3-carbon
based on the calculated chemical shifts for 5 (a-C,
147 ppm; B-C, 185; v-C, 150). These results imply that a
contribution of the sila-allylic resonance structure is import-
ant for the positive-charge delocalization.

In order to estimate the structure and aromaticity of the
silatropylium ion and the degree of interaction between
the silatropylium ion and CH,Cl,, theoretical calculations
were performed for Me;Si*, tropylium ion (1), silatropyl-
ium ion (2), and BCO-annealated silatropylium ion 5,
together with the CH,Cl, complexes, i.e. Me,Sit-CH,Cl,,

2.CH,Cl,, and 5-CH,Cl,. As shown in Fig. 3a and b, while 2
took a completely planar conformation, the central seven-
membered ring of the optimized structure for 5 at B3LYP/6-
31G" level was not planar but in a boat form. This non-
planarity of the seven-membered ring in 5 is apparently
due to the steric repulsion between bridgehead protons at
the stern part. The bending angles at the bow and the stern
parts were 12° and 27°, respectively. Like the other struc-
tural features of 5, the three carbon atoms around the silicon
atom were located in almost the same plane with silicon (the
sum of the bond angles, 359°) and the mesitylene ring was
perpendicular to the mean plane of the silatropylium ion
ring.

In spite of the non-planarity of the central ring in 5, the nucleus
independent chemical shifts*'® at 1 A above and below the
ring (NICS(1); GIAO/HF/6-31+G"//B3LYP/6-31G") for 5
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Figure 3. The optimized structures of 2 (a), 5 (b), Me;Si*-CH,Cl, (c), 2-CH,Cl, (d), and 5-CH,Cl, (e) at B3LYP/6-31G(d) level. The Si—Cl distances and

Mulliken charges on silicon atoms and other units are given.

were —6.5 and —7.5, respectively, which are comparable to
those of 2 (NICS(1)=-—7.3). This result supported the
conclusion that the observed downfield shifts of bridgehead
protons for 5 were due to a diamagnetic ring current on a
silatropylium ion ring. For the estimation of the aromaticity
of 5, the downfield shifts of the bridgehead protons were
compared with those for the carbon analog, 12. The down-
field shifts for 12 upon going from the neutral precursor (8bh
2.88 (2H), 2.67 (4H)) to the ion (&, 4.09, 4.06, 3.17)**

were 1.2—1.4 ppm except for H*. Thus, the downfield shifts
in 5 (0.8-0.9 ppm except for H*) were somewhat smaller
than the values in 12, probably due to the less effective
aromatic conjugation between the 3p orbital of silicon and
2p orbitals of carbons, but the aromaticity of § is com-
parable to that of 2 as mentioned above. Based on the theo-
retical indices for aromatlclgy i.e. NICS(1) and magnetic
susceptlblhty exaltation (A)> for unsubstituted tropylium
ion (1) and silatropylium ion (2), the aromaticity of 2
(NICS(1)=-7.3, A=—15.6) could be roughly estimated
to be about 70% of that of 1 (NICS(1)=—10.7, A=—20.1).

OS54,
‘ 12

As concerns the subject of the interaction between the
silylium ion center and the solvent, CH,Cl,, the Si—Cl
distance for 2-CH,Cl, (Fig. 3d) was calculated to be consid-
erably longer (2.735 A) than that for Me;Si—Cl (2.112 A) as
a model compound for the covalent molecule. This Si—Cl
distance for 2-CH,Cl, is still 0.33 A longer than that for
Me;Si*-CH,Cl, (2.407 A Fig. 3c), and also the Mulliken
charge on CH,Cl, in 2-CH,Cl, (+0.17) is less than that in
Me;Si*-CH,Cl, (+0.28). Furthermore, the stabilization
energPr for CH,Cl, coordination in 2-CH,Cl, (7.7 kcal
mol ') as estimated from the energy difference between
2-CH,Cl, and the sum of 2 and CH,Cl, is smaller than the
case for Me;Si*-CH,Cl, (18.2 kcal mol_l). Thus, the cyclic
conjugation of the silatropylium ion apparently reduces the
interaction between the silylium ion center and CH,Cl,.

In addition, the optimized structure of 5-CH,Cl, showed that
the Si—Cl distance (5.390 A) was further elongated. The
Si—Cl distance is much longer than the sum of the van der
Waals radii of silicon and chlorine (3.8—4.0 A) indicating
no direct interaction between the silylium center and
CH,Cl,. The absence of the interaction would be ascribed
not only to the bulky substituent on the silicon atom but also
to the thermodynamic stability of 5§ caused by annelation
with BCO units. From the comparison of the charge on
silicon of 2 (+0.56) and 5 (+0.39), BCO units are shown
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to be effective in further delocalizing the positive charge on
silicon. On the other hand, the stabilization energy esti-
mated from the energy difference between 5-CH,Cl, and
the sum of 5 and CH,Cl, was not negligible (2.5 kcal
mol !). This stabilization energy would be caused mainly
by the dipole interaction between S and the CH,Cl, mol-
ecule and would be important for the stabilization of 5 in
solution.

The silatropylium ion 5 is stable at temperatures below
—50°C, but it slowly abstracts the chloride ion from
CD,Cl, to furnish dichlorosilepin 8 at —50°C (¢;,~6 h).
The possible mechanism is illustrated in Scheme 3. First,
the chloride ion is abstracted slowly from the solvent by 5 to
produce silepin 9 and the chloromethyl cation. Such an
abstraction of the chloride ion from CH,Cl, by the silylium
ion has been reported previously.**** Then the produced
chloromethyl cation exerts an electrophilic aromatic sub-
stitution on the mesitylene ring of 9 to cleave the Si—Mes
bond to generate the highly reactive chlorosilatropylium ion
13 and (chloromethyl)mesitylene 14. The second chloride
abstraction by 13 from 14 furnishes dichlorosilepin 8 and
the benzyl cation 15. Finally, the benzyl cation 15 abstracts
hydride from triphenylmethane which was generated upon
the formation of 5. In support of the above mechanism, the
formation of tetramethylbenzene-d, (C;oH;;D,) was
confirmed by GC-MS analysis.

2.2. Reaction of the silatropylium ions with acetonitrile

When the hydride abstraction of silepin 7 or 10 using tri-
phenylmethyl TPFPB was conducted in CD,Cl, in the
presence of 2 equiv. of CH;CN, the 29Si, 'H and *C NMR
signals corresponding to the CH;CN complex, 16 or 17,
were observed (Table 1). Upon comparison of the NMR
data of 17 with the silatropylium ion 5 and with the pre-
cursor silepin 10, the chemical shifts of 17 were closer to
those of 10 rather than 5. The °Si NMR signal of 17 showed
only 33.4 ppm downfield shift from that of 10. The bridge-
head protons and the sp” carbons also showed only a slight
downfield shift from those of 10. These results indicate that
the diamagnetic ring current in 5 was quenched by coordi-
nation with CH;CN and the positive charge is delocalized
not into the seven-membered ring but into CH;CN. The
complexes 16 and 17 were found to be stable at room

(lsl
. Si A<

@ CD2

9 cl

<|:|

Si

ol N=_) + QCDQ‘”

8 15

temperature under inert atmosphere: even the methyl sub-
stituted derivative 16 did not undergo the rearrangement as
was observed in CD,Cl, in the absence of CH;CN.

CH3CT ] TeFPE”
/Si A4 <
R — 16 (R = Me)
17 (R =Mes)

As shown in Fig. 4, the optimized structure of 17 at the
B3LYP/6-31G(d) level demonstrates that a CH;CN mol-
ecule is strongly coordinated to the silicon atom of 5, in
contrast to the case of 5:CH,Cl,, due to the much greater
nucleophilicity of CH3CN. Also the calculated Mulliken
charge on total BCO units (+0.10) supports the conclusion
derived from the NMR results described above that the
positive charge is not substantially delocalized into
the seven-membered ring carbons. On the other hand, the
Mulliken charge of CH;CN in 17 (+0.29) and the stabili-
zation energy for CH3;CN coordination on 5 (14.2 kcal
mol "), estimated from the energy difference between 17
and the sum of 5 and CH;CN, were smaller than the cases
for Me;Si*-CH;CN (+0.36, 51.3 kcal mol ') and 2-CH;CN
(+0.36, 34.6 kcal mol_l). Also the distance of Si-N
(1.926 A) for 17 was 0.03 A and 0.01 A longer than the
calculated Si—N distance for Me;Si-CH3CN (1.894 A) and
for 2-CH;CN (1.916 A), respectively. These results indicate
that the interaction of the BCO-annelated silatropylium ion

Figure 4. The optimized structure of 17 at B3LYP/6-31G(d) level. The Si—
N distance and Mulliken charges on silicon atoms and other units are given.
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Figure 5. The expanded 'H NMR spectra and their simulations (a)—(c) for 16 and (d)—(f) for 17 at various temperatures. The signals with arrows are for the

methyl groups of complexed and free acetonitrile.

5 with CH3CN is somewhat reduced due to the presence of
BCO units and the mesityl group. However, the combi-
nation of these effects was not sufficient for making the
silylium ion 5 free from the interaction with CH3CN.

For the CH;CN complexes 16 and 17, the exchange between
the free and complexed CH;CN was found to be observable
with the variable temperature "H NMR technique as shown
in Fig. 5. Such dynamic behavior of the CH;CN exchange
on silylium ion in solution is of interest in connection with
the mechanism of the reaction involving a recently reported
chiral and Lewis- a01dlc silyl cationic catalyst having a 1,1'-
binaphtyl backbone.”® A claim for the silyl cation as the
catalyst was contradicted by Olah et al., who concluded
that the catalyst is not the silylium ion but the silylnitrilium
% Once the transition state for the exchange of CH;CN
in a trlalkylsﬂylated acetonitrilium ion was suggested to
involve the dlSSOClathIl process forming free CH;CN and
the silylium ion.”’ If this is the case, the catalyst would also
involve the silylium ion state. However, as described below,

our dynamic NMR experiment on 16 and 17 showed the
opposite result; the transition state involves the association
process, probably via a pentacoordinated silicon.

In the 'H NMR for 17 at —20°C (Fig. 5f), two sharp signals
for the free and complexed CH;CN were observed with the
integrated ratio of 1:1. This shows that 1 equiv. of CH;CN
was coordinated to 5 forming a silylium ion—CH;CN 1:1
complex as shown in the above calculations and not a 1:2
complex having a pentavalent silicon. As the temperature
was raised (Fig. 5d and e), broadening of the signals was
observed, indicating that the free and complexed CH3;CN
molecules were exchanging rapidly on an NMR time
scale. In this system, however, the coalescence point
could not be reached due to the low boiling point of the
solvent (CD,Cl,). On the other hand, in the case of 16, the
independent signals for free and complexed CH;CN, which
were observed at low temperatures (e.g. —90°C; Fig. 5c¢),
were coalesced and became a single signal at room tem-
perature. From the line shape analyses and Arrhenius

CCHy
N
:
— R ?l
CH4CN . =
| \
SIAA < CCHy
H —
+ CHyCN Q{k\ RS

+ 2 CHsCN

Scheme 4.
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plots, activation parameters for the exchange process were
determined to be AH1=5.7i.0.5 kcal mol ' and AS*=
—19.5+2eu for 16 and AH*=7.3+0.5kcal mol' and
AS*=—25.0+2eu for 17. The large negative values of
AS* clearly indicate that the transition-state structure is
highly ordered with much steric constraint for both cases
and should involve the pentacoordinated silicon as shown in
Scheme 4.

The formation of a pentacoordinated silicon at the transition
state would be caused by the high Lewis acidity of the
silicon atom in silylnitrilium ions 16 and 17. Such a penta-
valent silyl cation coordinated with two CH;CN molecules
was previously suggested to form in an equilibrium
with tetracoordinated species when an excess amount of
CH;CN was present.7 In addition, the dissociation of the
complex into CH3CN and silylium ion requires more
energy for the non-m-conjugated silylium ion than for
the m-conjugated one (see above). Thus, the mechanism
of the CH;CN exchange for the silylium ion with non-
m-conjugation would also not involve the trivalent silylium
ion state but the pentavalent state, and hence the
catalyst having a binaphthyl backbone would be best
described as the silylnitrilium ion and not the silylium ion,
as pointed out by Olah.*

2.3. Reaction of the silatropylium ions with perchlorate
ion

In contrast to the ionic salt of triphenylmethyl perchlorate,
triphenylsilylium ion reacts with the perchlorate ion to give
the covalent perchlorate ester.>® In order to examine again if
the combination of aromatic stabilization and steric pro-
tection in silylium ion 5 prevents the formation of such a
covalent bond, the hydride abstraction from silepins 7 and
10 was conducted using triphenylmethyl perchlorate at low
temperatures to room temperature. For both reactions, the
»Si, 'H and '*C NMR signals of the products 18 and 19
(Table 1) showed only small downfield shifts from the
neutral precursors 7 and 10 as in the cases of CH;CN
complexes 16 and 17, indicating that the silatropylium ion
character was lost and covalent perchlorate esters were
formed. These esters 18 and 19 were also stable at room
temperature under inert atmosphere.

c|>c|o3
Si
/

18 (R=Me)
19 (R = Mes)

As shown in Fig. 6, the optimized structure of ester 19 at the
B3LYP/6-31G(d) level indicates that the distance of Si—O is
1.787 A; which is 0.105 A longer than that for Me;SiOH
(1.682 A) as a model compound for the covalent compound.
Also, this distance is 0.021 and 0.027 A 1ongero than the
calculated Si-O distance for Me3SiClO, (1.766 A) and for
2-ClO4 (1.760 A), respectively. The stabilization energy for
the formation of a covalent bond between silatropylium ion
5 and the perchlorate ion (104.7 kcal mol_l), estimated
from the energy difference between 19 and the sum of 5
and the perchlorate ion, was smaller than the cases for
Me;Si-CIO, (152.1 keal mol_l) and 2-ClO, (133.7 kcal

Figure 6. The optimized structure of 19 at B3LYP/6-31G(d) level. The Si—
O distance and Mulliken charges on silicon atoms and other units are given.

mol ~!). Thus, the cyclic conjugation and steric congestion
in § again reduced the interaction between the silylium ion
and perchlorate ion, but the combination of these effects was
not sufficient for making the silylium ion free from the
interaction with the perchlorate ion.

The perchlorate ester 18 was found to react with water
causing a novel rearrangement with ring contraction to
give a new polycyclic hydrocarbon. Based on 'H and "*C
NMR spectra with DEPT measurements, mass spectrum,
and elemental analysis, the product (60% yield) was
assumed to have a cyclopentene structure with a spiro-
connected bicyclic framework. The possible structure of
this product appeared to be either the isomer 20a or 20b,
and the NMR analysis revealed that the product was
composed of a single isomer. Its structure was finally deter-
mined by X-ray crystallography to be 20a, as shown in Fig. 7.

20a 20b

The possible mechanism for the formation of 20a is
depicted in Scheme 5. First, water attacks the highly
Lewis acidic silicon atom of 18 to give hydroxysilepin
and perchloric acid, which protonates the triene part to
form the Int-1. The PM3 calculations indicated that the
Int-1 would rearrange to the Int-2, in which a double bond
is strongly coordinated to the silyl cation with the carbon
atoms charged negatively. Then the second attack of water

Figure 7. ORTEP drawing (50% probability) showing the X-ray crystal
structure of 20a.
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~Si-OH
Me

Scheme 5.

molecule occurs to give the Int-3, which has the pentadienyl
cation m-system. The thermal electrocyclization of the Int-3
proceeds in a conrotatory fashion, thus establishing the
stereoselectivity at the spiro-junction carbon in the Int-4.
For the moment we do not have good reasoning for the
following process, but apparently two hydrogen atoms are
required to replace the siliconium ion in the Int-5 to furnish
hydrocarbon 20a.

3. Conclusion

We have succeeded in the first NMR observation of the
silatropylium ion derivative 5 with the aid of annealation
with rigid BCO frameworks and of placement of a bulky
substituent on silicon. This study revealed not only that the
silatropylium ion is aromatic but that the aromatic stabili-
zation is effective for reducing the interaction between the
silylium ion center and a solvent having weak nucleo-
philicity like CH,Cl,. On the other hand, when a solvent
with stronger nucleophilicity such as CH;CN was added
or the perchlorate ion was present instead of TPFPB as a
counter anion, the combination of the aromatic stabilization
and steric protection could not prevent the formation of a
covalent bond between the silylium ion center and CH;CN
or the perchlorate ion.

For the CH3CN complexes 16 and 17, the exchange process
of CH;CN could be observed with the dynamic NMR tech-
nique. Such a measurement on the exchange of CH;CN on a
silylium ion was performed for the first time. The exchange
process was found to proceed through a highly ordered
transition state, which would involve the pentacoordinated
silicon atom. On the other hand, the reaction of perchlorate
ester 18 with water caused a novel rearrangement with a
ring contraction to give hydrocarbon 20a. This novel reac-
tion is considered to be triggered by the attack of water on
silicon atom of 18. In conclusion, both the CH;CN exchange
reaction in 16 and 17 and the rearrangement observed for 18
are due to the high Lewis acidity of silicon atom in 16—18.

Thus, although these compounds did not show any silylium
ion character, they still have unique properties which were
not observed in the neutral precursors, silepins 7—-10.

4. Experimental
4.1. General

Melting points were measured on a Yanaco MP-500D appa-
ratus and are uncorrected. Elemental analyses were
performed at the Microanalysis Division of Institute for
Chemical Research, Kyoto University. 'H, '*C and *Si
NMR spectra were recorded on a Varian Mercury-300
(*H, "*C) or a JEOL JNM-GX 400 ('H, "*C, *Si) spectro-
meter. GC-MS spectrum was measured on a Shimadzu QP
5050A system. Preparative GPC separation was performed
with a JAI LC-908 chromatograph equipped with JAIGEL
1H and 2H columns using toluene as eluent. THF was
distilled over sodium benzophenone ketyl. Dibromide of
BCO trimer (6) was prepared following the literature pro-
cedure.” All the reagents used were commercial materials
unless otherwise noted.

4.1.1. 1-Hydro-1-methyl-2,3:4,5:6,7-tris(bicyclo[2.2.2]-
octeno)silacycloheptatriene (7). To a stirred solution of
dibromide 6 (210 mg, 0.44 mmol) in THF (10 mL) at
—60°C was added dropwise a solution of 1.47N ¢-BuLi in
pentane (1.2 mL, 1.76 mmol). Addition of each drop of
-BuLi solution caused yellow coloration. After stirring
for 15min at —60°C, dichloromethylsilane (0.08 mL,
88 mg, 0.77 mmol) was added dropwise to the reaction
mixture, which gradually turned colorless. After being
stirred for 30 min at —60°C, the mixture was allowed to
warm to room temperature. The solvent was then removed
by evaporation and the crude product was extracted with
hexane. The extract was purified by preparative GPC eluted
with toluene to give 7 (105 mg, 66%) as a white solid. 7: mp
>300°C (dec). For NMR data, see Table 1. Anal. Calcd for
Cy5sH34Si: C, 82.80; H, 9.45. Found: C, 83.00; H, 9.43.
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4.1.2. 1,1-Dichloro-2,3:4,5:6,7-tris(bicyclo[2.2.2]octeno)-
silacycloheptatriene (8). To a stirred solution of dibromide
6 (204 mg, 0.43 mmol) in THF (10 mL) at —50°C was
added dropwise a solution of 1.5N #-BuLi in pentane
(1.14 mL, 1.7 mmol). After stirring for 15 min at —60°C,
tetrachlorosilane (0.06 mL, 89 mg, 0.52 mmol) was added
dropwise to the reaction mixture, which gradually turned
colorless. After being stirred for 30 min at —50°C, the
mixture was allowed to warm to room temperature. The
solvent was then removed by evaporation and the crude
product was extracted with hexane. The extract was purified
by preparative GPC eluted with toluene to give 8 (98 mg,
55%) as a white solid. 8 mp 194-195°C; 'H NMR
(300 MHz, C¢Dg) 6 3.30 (s, 2H), 2.78 (s, 2H), 2.70 (s,
2H), 1.1-1.5 (m, 24H); "*C NMR (67.8 MHz, C¢Ds, 25°C)
0 155.1, 141.8, 139.3, 33.7, 32.4, 32.3, 26.3, 25.9, 25.2.
Anal. Calcd for C,4H;3¢Cl,Si: C, 69.05; H, 7.24. Found: C,
68.53; H, 7.37.

4.1.3. 1-Chloro-1-mesityl-2,3:4,5:6,7-tris(bicyclo[2.2.2]-
octeno)silacycloheptatriene (9). A solution of mesityl-
lithium (0.18 mmol), prepared from bromomesitylene in
THF and two equivalents of 7-butyllithium in pentane, was
added to a stirred solution of dichlorosilepin 8 (50 mg,
0.12 mmol) in THF (3 mL). The solution was stirred for
0.5 h at room temperature. The volatile compounds were
removed in vacuo and the resulting pale yellow mixture
was extracted with hexane and the insoluble materials
were removed by filtration. The filtrate was subjected to
preparative GPC eluted with toluene. Separation was
effected by recycling the crude products eight times to
give 9 (24 mg, 40%) as a white solid. A single crystal was
obtained by slow recrystallization from pentane. 9: mp 167—
168°C. "H NMR (400 MHz, CD,Cl,) & 6.64 (s, 2H), 3.17 (t,
2H), 2.72 (t, 2H), 2.63 (s, 2H), 2.31 (s, 6H), 2.17 (s, 3H),
1.8-1.4 (m, 16H), 1.18 (d, 2H), 0.94 (m, 2H), 0.76 (m, 2H),
0.31 (d, 2H); *C NMR (100 MHz, CD,Cl,) § 149.5, 144.7,
141.2, 139.7, 137.7, 129.6, 128.7, 33.5, 33.4, 32.0, 29.1,
27.1, 26.6, 25.8, 25.6, 24.7, 21.1; *°Si NMR (78.5 MHz,
CD,Cl,) 6 —11.2. Anal. Calcd for C;3H4ClISi: C, 79.08;
H, 8.25. Found: C, 79.11; H, 8.26.

4.1.4. 1-Hydro-1-mesityl-2,3:4,5:6,7-tris(bicyclo[2.2.2]-
octeno)silacycloheptatriene (10). A THF solution of
LiAIH; (1M, 0.250 mL, 0.25 mmol) was added to 9
(50 mg, 0.10 mmol) in THF (1.5 mL). The reaction mixture
was stirred at 40°C for 18 h. The volatile compounds were
removed in vacuo and the resulting mixture was extracted
with hexane and the insoluble materials were removed by
filtration. The filtrate was subjected to preparative GPC
eluted with toluene to give 10 (42 mg, 90%) as a white
solid. A single crystal was obtained by slow recrystalli-
zation from pentane. 10: mp 185°C (dec). For NMR data,
see Table 1. Anal. Calcd for C33Hy,Si: C, 84.91; H, 9.07.
Found: C, 84.52; H, 9.29.

4.1.5. Preparation of silatropylium ion 5 in CD,Cl,. A
10 mm diameter Pyrex glass tube, which was connectable
to a vacuum line and equipped with a 5 mm diameter NMR
tube as a side arm, was prepared. Into the Pyrex glass tube
were placed 10 (15.4 mg, 0.0330 mmol) and triphenylmethyl
tetrakis(pentaxﬂuorophenyl)borate38 (30.8 mg, 0.0330 mmol),
and the tube was connected to a vacuum line. CD,Cl,

(0.75 mL), dried with CaH, overnight and with P,O5 for
1 h, was transferred into the Pyrex glass tube cooled with
liquid nitrogen under vacuum, and the glass tube was sealed
off. The reaction mixture was stirred at —50°C for 0.5 h.
Then the solution was transferred into the side arm at
—78°C. The cooled NMR tube was sealed off and was
subjected to the NMR measurements.

4.1.6. Preparation of acetonitrile complexes 16 and 17 in
CD,Cl,. Into a 5 mm diameter NMR tube which was
connectable to a vacuum line, 7 or 10 (0.050 mmol) and
triphenylmethyl tetrakis(pentafluorophenyl)borate (46 mg,
0.050 mmol) were placed, and the tube was connected to
a vacuum line. CD,Cl, (0.75 mL) and two equivalents of
CH;CN (5.2 pL, 0.10 mmol), dried with CaH, overnight
and with P,Os for 1 h, was transferred into the NMR tube
cooled with liquid nitrogen under vacuum. The cooled
NMR tube was sealed off, shaken well, and subjected to
the NMR measurements.

4.1.7. Preparation of perchlorates 18 and 19 in CD,Cl,.
Into a 5 mm diameter NMR tube which was connectable to a
vacuum line, 7 or 10 (0.050 mmol) and triphenylmethyl
perchlorate (17 mg, 0.050 mmol) were placed, and the
tube was connected to a vacuum line. CD,Cl, (0.75 mL),
dried with CaH, overnight and with P,Os for 1 h, was trans-
ferred into the NMR tube cooled with liquid nitrogen under
vacuum. The cooled NMR tube was sealed off, shaken well,
and subjected to the NMR measurements.

4.1.8. Reaction of perchlorate 18 with water. Into a stirred
CD,Cl, solution (0.75 mL) of 18 generated from 7 (9.6 mg,
0.026 mmol) and triphenylmethyl perchlorate (9.1 mg,
0.026 mmol), 10 wL (0.56 mmol) of water was added via
a microsyringe. After a few minutes, the reaction mixture
was evaporated in vacuo and separated with preparative
HPLC (SiO,) eluted with hexane to give 20a (5.0 mg,
60% yield) as a white solid. A single crystal was obtained
by slow recrystallization from pentane. 20a: 'H NMR
(300 MHz, C¢Dg) 6 2.79 (dd, 1H), 2.73 (q, 1H), 2.48 (q,
1H), 2.28 (d, 1H), 1.9-1.1 (m, 30H); '*C NMR (100 MHz,
CsDg) 6 150.7 (C), 143.4 (C), 53.0 (C), 49.6 (CH), 48.2
(CH), 37.3 (CH), 34.3 (CH,), 31.5 (CH), 30.1 (CH), 29.6
(CHy), 28.7 (CHy), 27.6 (CH), 27.3 (CH,), 27.1 (CH), 26.8
(CH,), 26.5 (CHy), 26.1 (CH,), 25.9 (CH), 25.9 (CH,), 25.8
(CHy), 25.0 (CH,), 24.3 (CH,), 22.9 (CH,), 21.5 (CH,).
Anal. Calcd for CyHsy: C, 89.37; H, 10.63. Found: C,
89.29; H, 10.66.

4.1.9. X-Ray crystallography of 9, 10, and 20. Data for
compounds 9 and 10 were collected on a Rigaku AFC7R
with graphite monochromated CuKa radiation and data for
20 were collected on a Bruker SMART APEX with graphite
monochromated MoKa radiation.

Crystal data for 9 are as follows: C;33HyCISi; space group
P-1; a=15.584(2) A, b=17.833(3) A, ¢=9.974(1) A, B=
91.77(1)°; V=2770.6(6) A*; Z=4; D.=1.202gcm ;
W(CuKa)=17.62 cm ! total of 8238 reflections within
260=120.1° and I>30(l). The final R factor was 4.7%
(Rw=5.4%).

Crystal data for 10 are as follows: Cs3H4,Si; space group
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P2y/n; a=11.9511(8) A, b=16.2109(9) A, c=14.168(1) A,
B=91.262(1)°; V=2744.2(3) A*; Z=4; Dyc=1.130 g cm >;
P(CuKa)=8.70 cm™ ! total of 5276 reflections within
I>20(I). The final R factor was 5.1% (R,=5.0%).

Crystal data for 20 are as follows: CyHjy; space group
P2i/n; a=6.2598(9) A, b=18.285(3) A, ¢=15.499(2) A,
B=93.963(3)°; V=1769.8(4) A*; Z=4; Dy.=1.210 g cm >;
p(MoKa)=0.067 mm™'; total of 2507 reflections within
I>20(I). The final R factor was 8.0% (WR°=21.0%).

All of these structures were solved by direct methods and
expanded using Fourier techniques. The non-hydrogen
atoms were refined anisotropically. Hydrogen atoms were
geometrically calculated and fixed.
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