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Stable silabenzenes (1a; R = Tbt, 1b; R = Bbt) were synthesized by taking advantage of extremely
bulky and efficient steric protection groups, 2,4,6-tris[bis(trimethylsilyl)methyl]phenyl (Tbt) and 2,6-bis-
[bis(trimethylsilyl)methyl]-4-[tris(trimethylsilyl)methyl]phenyl (Bbt). The structure of Tbt-substituted
1a was determined by X-ray crystallographic analysis, which demonstrated the complete delocalization of
the m-electrons of the silabenzene ring. It was found that silabenzene 1a reacted with C—C and C—-O multi-
ple bond compounds to give the corresponding [4+2]-cycloadducts via 1,4-addition, while 1a underwent
both 1,2- and 1,4-additions by the reaction with methanol. Silabenzene 1a dimerized very gradually to af-
ford its [4+2]-dimer, although 1b showed no change under the same conditions. Photochemical reaction of
1a gave the corresponding silabenzvalene isomer instead of the Dewar silabenzene isomer.

Keywords: Silabenzene; Kinetic stabilization;

Silabenzvalene.

INTRODUCTION

Benzene, a 67t-electron ring system, is one of the most
important and fundamental organic molecules.' Since sili-
con is located just under carbon in the periodic table and is
expected to have similar characters to those of carbon, the
chemistry of silabenzene (silicon analogues of benzene)
has been much focused on and explored in recent decades.
Although aromatic characters of silabenzene were pre-
dicted by theoretical calculations,** little experimental in-
formation has been obtained for silabenzene. Photoelec-
tron, UV and IR spectra of silabenzene were measured in
low-temperature argon matrices or in the gas phase.’ Some
trapping reactions which support the formation of silaben-
zene derivatives were also reported.”

Silabenzene can be regarded as not only an aromatic
compound but also a low-coordinated organosilicon com-
pound. Non-conjugated doubly bonded compounds con-
taining a silicon atom have already been synthesized as sta-
ble molecules by taking advantage of kinetic stabilization,
namely, by introducing bulky substituents around the reac-
tive double bonds.”® Although applications of this method
to stabilize silabenzene have also been reported, no sila-
benzene stable at ambient temperature has ever been re-
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ported until the start of our research. The meta-stable sila-
benzene described is 1,4-di-terz-butyl-2,6-bis(trimethyl-
silyl)-1-silabenzene, which is reportedly stable below —100
°C and observed by low-temperature NMR measurements.*’
However, it was stable only below —100 °C in a special sol-
vent (THF/ether/petroleum ether, 4:1:1) and clearly coordi-
nated with the solvent (most likely THF) as judged by the
relatively high field ’Si chemical shift (8s; = 26.8). Al-
though a more hindered silabenzene, 1-tert-butyl-2,6-bis-
(dimetylisopropylsilyl)-4-trimethylsilyl-1-silabenzene,
was generated under argon flow, it was stable only at —180
°C in argon matrix.*

Although the successful syntheses of anion and dian-
ion species of silacyclopentadienes’ and cyclic diamino-
silylenes® indicated the existence of “silicon-containing ar-

omatic systems”,*

synthesis of silicon analogues of simple
benzenoid aromatic compounds still remains as an impor-
tant subject in organosilicon chemistry. A highly efficient
steric protection group is essential for the synthesis of sta-
ble silabenzenoid compounds, since only one substituent
can be introduced on their reactive silicon center. The use
of 2,4,6-tris[bis(trimethylsilyl)methyl]phenyl (denoted as
Tbt hereafter) and 2,6-bis[bis(trimethylsilyl)methyl]-4-
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[tris(trimethylsilyl)methyl]phenyl (denoted as Bbt hereaf-
ter) groups, which were developed by us’ and successfully
applied to stabilize a variety of low-coordinated main
group element compounds,'® brought good results. Thus,
Tbt or Bbt-substituted silaaromatic compounds such as
silabenzene,'' 1- and 2—silanaphthalenes,12’13 9-silaanthra-
cene,'* 9-silaphenanthrene'® were successfully synthesized
and their detailed properties, especially their aromatic char-
acter, were revealed. Recently, the heavier analogues of
silaaromatics, i. €., germa-16 and stannaaromatics,'” have
also been obtained as stable “heavy aromatics”. While we
have reported the preliminary contributions on the synthe-
sis of a stable silabenzene and its structural determination
by X-ray crystallographic analysis,'' we wish to describe
here the details of the synthesis, structure, and reactivity of
stable silabenzenes bearing 2,4,6-tris[bis(trimethylsilyl)-
methyl]phenyl (Tbt) and 2,6-bis[bis(trimethylsilyl)meth-
yl]-4-[tris(trimethylsilyl)methyl]phenyl (denoted as Bbt)
groups.'®
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RESULTS AND DISCUSSION

Synthesis of Silabenzenes

Many synthetic routes have been developed towards
transient silabenzenes.” Taking the preparative scale syn-
thesis and our successful synthesis of other metallaaro-
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matics into account, we selected halosilacyclohexa-

dienes as the precursors of silabenzenes 1.
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1 X = halogen
R = Tbt, Bbt
Although we first attempted the introduction of a Tbt
group onto 1,1-dihydro- or 1,1-dihalo-1-silacyclohexa-
2,4-diene, the substitutions did not occur efficiently.'” Af-
ter the examinations of several routes, we finally succeeded
in the synthesis of the mixture of silacyclohexadienes 5 and
6 starting from stannacyclohexadiene 2 and bulky trihydro-
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silanes 3 (Scheme I) according to the method similar to that
used for the synthesis of the substituted silacyclohexa-
dienes.”” The mixture of 5 and 6 was subjected to further re-
actions without separation since the mixture was insepara-
ble by any chromatographic methods.

Scheme 1
=\ ,nm-Bu  1q) pBuLi /—\/—\_.R
¢ o _DmBULL L rBuyesd S
— n-Bu 2) RS|H3 H H
3a; R =Thbt
2 3b: R = Bbt 4a,b
_BuLi —\ R —\ R
1) n-BulLi S+ Si @)
2ag. HCl \ /' AT
5a,b 6a,b

The synthesis of silabenzenes 1 was attempted by us-
ing the same method as that for the stable 2-silanaphtha-
lene,"” namely, the bromination of hydrosilanes followed
by the treatment with ~-BuLi (Scheme II). However, the
bromination of 5 and 6 did not take place efficiently and
gave an impure mixture of 7 and 8, the dehydrobromination
of which resulted in the formation of only small amounts of
silabenzenes 1 (~30% as judged by 'H NMR).

Scheme 11
—\ R —\ R —\ R =\ R
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H = H Br — Br
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(impure mixtures)
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Although a mixture of 5 and 6 as well as that of 7 and
8 was inseparable, silanols 9 could be separated and puri-
fied from a crude mixture of the hydrolyzed products of 7
and 8. The hydroxyl groups of 9 were easily converted to
chlorosilanes 10 by the treatment with PCls (Scheme III).

Scheme III
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The treatment of 10a with #-BuLi afforded silaben-
zene 1a and a similar amount of a byproduct as indicated by
the '"H NMR spectrum. The addition of benzophenone to
the reaction mixture followed by chromatographic separa-
tion gave the byproduct 11 (27%) along with 12 (20%), i.e.,
the benzophenone adduct of silabenzene 1a (Scheme IV).
The formation of 11 is most likely interpreted in terms of
electron transfer from 7-BuLi to 10 followed by a radical
coupling reaction (Scheme V), although the mechanism is
unclear at present. After examining several conditions, the
formation of 11 was completely suppressed by using lith-
ium diisopropylamide (LDA) as a base. Thus, the reactions
of chlorosilanes 10a,b with LDA at room temperature pro-
ceeded efficiently to give almost pure silabenzenes 1a,b
(96%).

Scheme IV
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Although 1,4-di-tert-butyl-1-silabenzene was previ-
ously postulated as an initial product in a similar reaction of
the corresponding chlorosilane with LDA, the isolated
product was its dimer.* In contrast, silabenzenes 1, effec-
tively protected by the extremely bulky Tbt or Bbt groups,
have enough stability for the investigation of their detailed
properties as described below.
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NMR Spectra

#Si, *C and '"H NMR chemical shifts of silabenzenes
1a,b are shown in Table 1.>' The silabenzene rings were
symmetric in terms of NMR spectra, which were assigned
by 2D NMR techniques together with decoupling measure-
ments. In Table 1 are also shown the calculated chemical
shifts of the model compounds 1e (the methyl groups of the
Tbt group are replaced by hydrogens) and the real molecule
1a for comparison. The agreement between the observed
and calculated values is fairly good.

As shown in Table 1, *’Si NMR signals of the central
Si atom of silabenzenes 1a,b were observed around 93
ppm. These values are in the low-field area characteristic of
low-coordinate silicon compounds and are also similar to
those of Tbt-substituted silaaromatics (87.3 ppm for 2-
Tbt-2-silanaphthalene, 91.7 ppm for 1-Tbt-1-silanaphtha-
lene, 87.2 ppm for 9-Tbt-9-silaanthracene, 86.9 ppm for
9-Tbt-9-silaphenanthrene). Although Jg; values reported
for stable Si—C doubly bonded compounds are widely scat-
tered depending on the substituents, those of 1 are reason-
ably compared with that (3s; = 77.6) of Mes,Si=C(H)CH,(#-
Bu)* and clearly different from that (8g; = 26.8) of previ-
ously reported marginally stable silabenzene, 1,4-di-tert-
butyl-2,6-bis(trimethylsilyl)-1-silabenzene.*"

We have examined the delocalization of the double
bonds of Tbt-substituted 2-silanaphthalene on the basis of
the Si—C coupling constants (92 and 76 Hz),"> which con-
siderably exceed those of typical Si—C single bonds (~50
Hz).23 The Js;_c» values for silabenzenes 1a,b were mea-
sured to be both 83 Hz. These values are consistent with
the order of bond strengths (Si—C3 of 2-Tbt-2-silanaph-
thalene < 1-Tbt-1-silabenzene < Si—C1 of 2-Tbt-2-sila-
naphthalene) which is analogous to that of benzene and
naphthalene. This order of bond strengths was also sup-
ported by the observed and calculated bond lengths.'*"
The Js;_c values of silabenzene 1 are also similar to that of
(MesSi),Si=C(R)OSiMe; (83-85 Hz),** which has a partial
Si—C double bond character.”

The aromatic characters of silaaromatics have been
discussed on the basis of the low-field shifts of the 'H NMR
signals.”> Approximately 1 ppm low-field shifts were ob-
served for the ring protons upon the aromatization of the
silicon-containing six-membered ring."* In the case of sila-
benzene 1a (Fig. 1), low-field shifts of approx. 1 ppm were
also found upon aromatization. These shifts are similar to
the difference of chemical shifts between cyclohexadiene
(Oy = 5.84) and benzene (6y = 7.34), supporting the aro-



490 J. Chin. Chem. Soc., Vol. 55, No. 3, 2008

Tokitoh et al.

Table 1. Observed and calculated NMR chemical shifts (ppm) of silabenzenes
Compound Si C2 C3 C4 H2 H3 H4

1a (R = Tbt, obsd)” 93.64 12215 14355 116.08 7.11 8.00 6.71
1b (R = Bbt, obsd)” 9293 12125 143.55 11591 7.03 7.98 6.69
le (R =Tbtx, caled)®  89.88  126.67 148.52 121.50 6.99 8.08 6.78
1a (R = Tbt, calcd)® 96.33 12798 14813 11991 6.81 7.99 6.63

* C¢Dg, room temperature.
® GIAO-B3LYP/6-311G(d)(6-311G(3d) on Si)//B3LYP/6-31G(d)

R
Sli
4/C4\C3/02\

|
H3

H H2

matic character of the silabenzene ring.

Structure

The Dg, symmetric hexagonal structure is one of the
most important features of benzene. Although all structural
optimization for silabenzenes indicated delocalized m-sys-

2¢¢ no structural anal-

tems and aromaticity of silabenzenes,
ysis was performed due to their high instability. We have
succeeded in the X-ray crystallographic analysis of the sta-
ble silabenzene 1a for the first time and its structure was
definitely determined (Fig. 2). The sum of the bond angles
around the central Si atom and that of the interior bond an-
gles of the silabenzene ring are 359.8(3)° and 720.0(9)°, re-
spectively, indicating the planar geometry around the cen-
tral silicon atom and the silabenzene ring. The lengths of
two Si—C bonds in the silabenzene ring were found to be es-
sentially equal to each other (1.765(4) and 1.770(4) A) and
in the middle between those of Si—C double and single
bonds (1.70°° and 1.89%" A, respectively). Furthermore, the
C—C bond lengths (1.381(6) ~ 1.399(6) A) in the silaben-
zene ring are almost equal to each other within the error of
temperature factors, and also similar to the C—C length of
benzene (1.39-1.40 A).! Thus, it has experimentally been
demonstrated that the silabenzene has a delocalized 67-

5.92
H __Tbt bt
Si\H i
| —
H = H6 06 H H
. 6.71
6.02 H H 7.11
6.72 8.00
Fig. 1. Chemical shift changes of in 'H NMR upon
aromatization.

electron ring system similar to that of benzene. A slight dif-
ference between C3—C4 and C4—CS5 lengths is probably
due to the packing effect, which causes a close contact
around para-positions of two silabenzene rings (Fig. 3).
Theoretical calculations at the level of B3LYP/6-
311G(d,p) have predicted the Si—C bond length of parent
silabenzene 1¢ to be 1.771 A, which is in good agreement
with the observed value of 1a as shown in Table 2. The cal-
culated C—C bond lengths for 1¢ (1.398 and 1.401 A) are
also close to those observed for 1a. To evaluate the effect of
bulky substituents, we calculated the geometry of the real
molecule 1a and the model compounds 1c-e. At B3LYP/6-
31G(d) level, the bond lengths of the model compound 1e

Fig. 2. Molecular structure of silabenzene 1a (ORTEP,
50% probability).
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Table 2. Observed and calculated bond lengths of silabenzenes

Compound Method Si-C2 C2-C3 (C3-C4
B \ 1.765(4) 1.391(6) 1.399(6)
la (R ="Tbt)  X-ray 1.770(4) 1.397(6) 1.381(6)
le(R=H) B3LYP/6-311G(dp)® 1.771 1398  1.401
le(R=H) B3LYP/6-31G(d)® 1773 1400  1.403
1d (R=Ph) B3LYP/6-31G(d)® 1776 1.400  1.403
le (R=Tbtx) B3LYP/6-31G(d)* 1.777 1401  1.402
la(R=Tbt) B3LYP/6-31G(d)* 1.780 1401  1.402

* This work. ° Ref. 2e.

(R = Tbtx) are almost the same as those of the parent com-
pound 1c¢. Thus, it can be concluded that an extremely
bulky Tbt group exerts essentially no perturbation on the
structure of the silabenzene ring.

UV Spectra

Tbt-substituted silabenzene 1a showed absorption
maxima in the UV-vis spectrum at 260 (sh), 301, 323, and
331 nm, which may be attributable to the several types of
n-n* electron transitions. The comparison of the UV-vis
spectra among benzene — silabenzene — 1,4-disilabenzene
series was also reported.?®

Reactivity

Only limited reactivities of silabenzenes were inves-
tigated using transient species. Although the 2-silanaphtha-
lene was concluded to be highly aromatic, it reacted with
various reagents at its 1,2-position like an unconjugated

Fig. 3. Packing diagram of the silabenzene 1a. Only
two of four molecules in a unit cell are shown
for clarity.
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Si—C doubly bonded compound,? in contrast to the case of
benzene, which is known to be inert toward some organic
reagents such as alcohol, olefins, alkynes, and nitrile ox-
ides. This reactivity can be explained by its structural simi-
larity to naphthalene; the C1-C2 bond of naphthalene has a
stronger double bond character than the C2—C3 bond. On
the contrary, silabenzene 1a has completely delocalized
double bonds like benzene and its detailed reactivity is
interesting.

As mentioned above, silabenzene 1a was trapped by
benzophenone to afford the corresponding adduct 12
(Scheme IV). The structure of 12 was revealed by X-ray
crystallographic analysis (Fig. 4), which clearly indicated
that the silabenzene reacted with benzophenone via [4+2]-
cycloaddition. Furthermore, C—C double and triple bond
compounds were allowed to react with silabenzene 1a to
give the [4+2]-cycloadducts 13—15 as shown in Scheme
VI. The structures of 13—15 were confirmed by X-ray crys-
tallographic analyses (Fig. 5-7, respectively).

Scheme VI
R R
= . 13; R=Ph
[Si /] 14;R = O(t-Bu)
/7
Thbt
Ph—=——H Ph

%
Z/Si 7 s
- Tht
\ Si—Tbt —
C/ MeOD =\ _Tbt =\ bt
———— » D SI\ + \ SI\
Ia —/ OMe OMe
16 17 D

(5:3)

18

Although the reaction of the previously reported sila-
benzenes with methanol afforded the corresponding 1,2-
adduct,3 the reaction of stable silabenzene 1a with metha-
nol gave both 1,4-adduct 16 and 1,2-adduct 17 in a ratio of
5:3. Mesitonitrile oxide reacted with silabenzene 1a to af-
ford the [3+2]-cycloadduct 18, the structure of which was
determined by X-ray crystallographic analysis (Fig. 8).

The products of these reactions indicate that silaben-
zene la can undergo both 1,2- and 1,4-addition reactions.
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These reactivities are quite different from that of the previ-
ously reported Tbt-substituted 2-silanaphthalene'’ and
9-silaanthracene,'* which reacted selectively with some re-
agents only at 1,2-position and 9,10-position giving the
corresponding adducts, respectively. Since these additions
must accompany the destruction of the fused aromatic moi-
ety, it should be energetically unfavorable. This type of en-
ergetic disadvantage for the 1,4-addition is not conceivable
in the case of silabenzene.

Theoretical Investigation on Reactivity
To clarify the reactivity of silabenzene 1a, we theo-
retically investigated the reaction pathways of addition re-

Fig. 4. Molecular structure of benzophenone adduct
12 (ORTEP, 50% probability). Hydrogen at-
oms are omitted for clarity.

Fig. 5. Molecular structure of styrene adduct 13 (ORTEP,
50% probability). Hydrogen atoms, solvent
molecules, and one of the disordered 8-phenyl-
1-silabicyclo[2.2.2]octa-2,5-diene moieties are
omitted for clarity.
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actions of a silabenzene. Addition reactions of the parent
silabenzene 1¢ with acetylene, nitrile oxide, and methanol

Fig. 6. Molecular structure of fer¢-butyl vinyl ether
adduct 14 (ORTEP, 50% probability). Hydro-
gen atoms and one of the disordered oxygen at-
oms and 7-Bu groups are omitted.

Fig. 7. Molecular structure of phenylacetylene adduct
15 (ORTEP, 50% probability). Hydrogen at-
oms are omitted.

Fig. 8. Molecular structure of mesitonitrile oxide
adduct 18 (ORTEP, 50% probability). Hydro-
gen atoms are omitted.
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were selected as typical examples.

The free energy surface of a cycloaddition reaction of
silabenzene 1c¢ with acetylene is shown in Fig. 9. The re-
sults suggested that the 1,4-addition, i.e., [4+2]-cycloaddi-
tion is more favorable than 1,2-addition, i.e., [2+2]-cyclo-
addition as judged by the lower energy of the transition
state of the former than that of the latter by 15.5 kcal/mol,
though the 1,2-adduct is thermodynamically more stable
than the 1,4-adduct by 2.0 kcal/mol. The result of this cal-
culation agrees with the experiments, where the reaction of
1a with phenylacetylene afforded the corresponding 1,4-
adduct exclusively.

In the case of the reaction of 1¢ with nitrile oxide
(Fig. 10), the calculations showed that the transition state
for the 1,2-addition should be more favorable than the
1,4-addition, since the transition state for the 1,4-addition
is less stable than that of the 1,2-addition by 12.9 kcal/mol.
In this case, the 1,2-adduct is also more stable than the
1,4-adduct. The calculated free energy surface supports the
experimental result of the exclusive 1,2-addition of 1a with
MesCNO.

On the other hand, the free energy surface for the ad-
dition reactions of 1¢ with methanol (Fig. 11) seems to be
inconsistent with the experimental result of the reaction of

1.248
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S 39.8

[™] [ —
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243 % 1338
A 1aTs s N 1546
T 1243 -1
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TS: transition state -21.2
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-
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Fig. 9. Free energy surface (kcal/mol) in the reaction
of silabenzene 1¢ with acetylene. Selected bond
lengths (A) are shown. Caluclated at B3LYP/6-
31G(d) level.
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of silabenzene 1¢ with a methanol monomer.
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lated at B3LYP/6-31G(d) level.
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1a with methanol. That is, the calculations showed a lower
transition state for the 1,2-addition than that for the 1,4-ad-
dition, though the treatment of silabenzene 1a with MeOD
afforded 1,4-adduct 16 as a major product along with 1,2-
adduct 17 as a minor product (16 : 17 =5 : 3, vide supra).
Furthermore, we have examined the theoretical calcula-
tions for the free energy surface of the reaction of 1¢ with
methanol trimer connected with hydrogen bondings as a
model of methanol oligomer, since a methanol generally
exists as an oligomer in solution due to hydrogen bondings
(Fig. 12). Fig. 12 shows that the transition state for the 1,4-
addition (1,4-TS) has a lower energy than that for the 1,2-
addition (1,2-TS) by 4.6 kcal/mol in contrast to the case of
the reaction of 1¢ with a methanol monomer. That is, the se-
lectivity between 1,2- and 1,4-additions of silabenzene and
methanol should be susceptible to the situation of aggrega-
tion of methanol molecules with hydrogen bondings. The
experimental results suggested that the methanol domi-
nantly reacts with silabenzene 1a as an oligomeric structure
with hydrogen bondings.

The aromatic character of a silabenzene was also in-
vestigated on the basis of the reaction energies. Compari-
sons of the potential energy surfaces of silabenzene and
silene in the addition reactions with acetylene and nitrile

TS: transition state Y o 1.463

o Si1.778
o e— ¢
0o e Tf{::"\
—._.-_',",":'_':::..----"""""" % Y 1,2-TS
19 %,
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700 ¢ o o 0% Bt
2061 \o g /1.934 ", - 9‘;(
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1,4-TS il
1,4-adduct
b‘\; sl %-26.6
» \—
.l P 695 —
X & -28.0
© 1,2-adduct
1,2-adduct

Fig. 12. Free energy surface (kcal/mol) in the reaction
of silabenzene 1¢ with a methanol trimer. Se-
lected bond lengths (A) are shown. Calculated
at B3LYP/6-31G(d) level.
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oxide are shown in Figs. 13 and 14, respectively. The acti-
vation energies are higher in the reactions of silabenzene,

1,2-TS

31.0

TS

214

\ /SIH + HC=CH

HyC=SiH, HC=CH : ‘12-adduct -35.4

* adduct —66.8
Fig. 13. Potential energy surface of the reactions of
silabenzene and silene with acetylene calcu-
lated at B3ALYP/6-31G(d) level.

1,2-TS
0 , 3.9
IN 15 :
—  —— = 0.0
1.9 8
QS +HoNo
H,C=SiH, HCNO :

| 12-adduct 354

adduct —66.8
Fig. 14. Potential energy surface of the reactions of
silabenzene and silene with HCNO calculated
at B3ALYP/6-31G(d) level.
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and there are large differences in the stability of the prod-
ucts. The adducts of silene are more stable than those of
silabenzene, reflecting the loss of aromaticity in silaben-
zene in these addition reactions.

Stability

Silabenzene 1a showed no change in solution even at
100 °C. Furthermore, the 2Si NMR chemical shift of 1a
(8si=93.4) in THF/C4Dg (6:1) did not differ from that mea-
sured in C4Dg (8s; = 93.6). As mentioned above, the 28
NMR chemical shift of Mérkl’s silabenzene measured in
THEF/Et,O/petroleum ether (4:1:1) is at much higher field
(8si=26.8)* than that of 1a, indicating that it is coordinated
with the solvent molecule, most likely with THF, and hence
stabilized only in such a mixed solvent. The absence of
such a complexation with the solvent in 1a suggests the re-
markable effectiveness of Tbt as a steric protection group.

Although we have reported that silabenzene 1a is sta-
ble for many weeks,"'
dimerization (~50% conversion after 4 months) at room

1a was found to undergo gradual

temperature in benzene to afford the corresponding [4+2]-
dimer 19a (Scheme VII). The structure of 19a was deter-
mined by X-ray analysis (Fig. 15). It is surprising that sila-
benzene 1a dimerized even with an extremely bulky Tbt
group. This fact strongly indicates the extremely high reac-
tivity of silabenzene towards dimerization®’ and reason-
ably explains why no stable silabenzene had been reported
before 1a was synthesized. Interestingly, dimer 19a was
thermally labile to undergo dissociation into silabenzene
1a on heating at 80 °C for 9 h. This result means that the
dimer 19a should be thermodynamically less stable than
monomer la, and the generation of 19a at room tempera-
ture should be explained by the high crystallinity and low
solubility of 19a in benzene. Thus, Tbt group is a “mar-
ginal” substituent where both silabenzene and its dimer can
be obtained. By contrast, Bbt-substituted silabenzene 1b
did not dimerize at all under the same conditions. Since Bbt

Scheme VII
- ﬂ\ ot 80 °C
i— S|
\ Vs Tot 4months [S| h la
la
19a
B Bbt —t__ no change
\ // = 4 months
1b

J. Chin. Chem. Soc., Vol. 55, No. 3, 2008 495

group has one more trimethylsilyl group at its para-posi-
tion, Bbt group may be slightly bulkier than Tbt group
probably due to the buttressing effect.*

Theoretical calculations on the dimerization reaction
of parent silabenzene 1¢ were performed. The potential en-
ergy surface of dimerization reactions of 1¢ showed that the
[4+2]-dimerization should be the most favorable among
the [2+2]- and [4+2]-self-dimerization reactions as shown
in Fig. 16, supporting the experimental results. In addition,
calculations for the dimerization reactions of real mole-

cules 1a,b suggested that the activation energy of [4+2]-

Fig. 15. Molecular structure of silabenzene dimer 19a
(ORTEP, 50% probability). Hydrogen atoms
and one of the disordered parts are omitted.
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Fig. 16. Potential energy surface (kcal/mol) in the di-
merization reactions of silabenzene 1c. Se-
lected bond lengths (A) are shown. Calculated
at B3LYP/6-31G(d) level.
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dimerization reaction of Tbt-substituted silabenzene 1a
should be lower than that of Bbt-substituted silabenzene
1b,*' while [4+2]-dimer 19a (dimer of 1a) is thermody-
namically more stable than 19b (dimer of 1b) (Fig. 17).

Photochemical Reaction

It is well established that photochemical reaction of
benzene affords interesting isomers, such as Dewar ben-
zene or benzvalene. Although the photochemical isome-
rization of the parent silabenzene to Dewar silabenzene has
already been studied in an argon matrix, the characteriza-
tion of the Dewar silabenzene was based only on the Si-H
stretching frequency in its IR spectrum which shifted from
that of Si(sp”)—H to that of Si(sp”)—H (Scheme VIII).*

Scheme VIII

<_> hv /7 N\
\ /SIH 320 nm N SiH

1c Dewar silabenzene

Photoirradiation of the stable silabenzene 1a using a
solution filter which is transparent at 290-350 nm** re-
sulted in the formation of a new compound, which showed
a *Si NMR signal of its central silicon atom at —71.6 ppm.
This signal cannot be assignable to that of Dewar silaben-
zene, since it appears in a high field region characteristic

1.982

01
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e —
Thtdimer ~  Teeseess
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0.0 1
—_— ) . 1.975
o RN
y L /‘gQ A ST I

1987
Tht-silabenzene dimer
Fig. 17. Potential energy surface (kcal/mol) in the di-
merization reactions of silabenzenes 1a,b. Se-
lected bond lengths (A) are shown. Calculated
at B3LYP/6-31G(d) level.
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not of four-membered ring silicon compounds but of three-
membered ones.”® Several new signals appeared in the 'H
NMR spectrum (two in the sp” region and two in the sp” re-
gion in 1:2:1:1 ratio). Furthermore, silanol 22 having a
three-membered ring was isolated from the reaction mix-
ture (the structure of 22 was determined by X-ray analysis,
Fig. 18). Thus, the product of the photoirradiation of sila-
benzene 1a is not Dewar silabenzene derivative 21 but
silabenzvalene 20 (Scheme IX). No other isomer was ob-
served.”

Scheme IX
o Si—Tbt L Si—Tbt [No _ Si—Tbt
N\ /> 290-350 nm  \__ /> _
1a (8g; 93.6) 20 (8g; —71.6) 21
moisture . /Tbt
<~"oH
22

Although no silabenzvalene derivative has been re-
ported to the best of our knowledge, a stable disilabenz-
valene bearing four trimethylsilyl and two phenyl groups
was reported by Ando et al.”” *’Si NMR chemical shift cor-
responding to the two Si atoms of the disilabenzvalene was
reported to be —61.9 ppm, which is very similar to that of
silabenzvalene 20. It was indicated by theoretical calcula-

Fig. 18. Molecular structure of 22(ORTEP, 50% prob -
ability). Hydrogen atoms, solvent molecules,
and one of the disordered 2-hydroxy-2-silabi-
cyclo[3.1.0]-hex-3-ene moieties and p-bis(tri-
methylsilyl)methyl groups of Tbt are omitted.
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Fig. 19. Calculated relative energies of silabenzene
isomers (B3LYP/6-31G(d), kcal/mol).

tions that the energy difference between the parent disila-
benzvalene and its Dewar disilabenzene isomer should be
small. In contrast, previous theoretical studies on silaben-
zene isomers were concentrated only on Dewar silaben-
zene and the possibility of silabenzvalene was not taken
into consideration.*® Although high-level calculations in-
cluding a silaprismane isomer were recently reported, they
still neglected a silabenzvalene isomer.>” We performed,
therefore, B3LYP/6-31G(d) calculations on all the con-
ceivable silabenzene isomers. The possibility of the forma-
tion of silabenzvalene was supported by a small energy dif-
ference between Dewar silabenzene and silabenzvalene
(Fig. 19), though further investigation on the transition
states of the photochemical reaction is required to reveal
the origin of the selectivity.

The use of stable silabenzene 1a as a substrate en-
abled us to perform the detailed investigation on the photo-
chemical reaction product of this unique class of ring sys-
tems, leading to the evidence for the photochemical va-
lence isomerization of silabenzene into silabenzvalene. In
view of the results here obtained, the previous report on the
formation of Dewar silabenzene™ should be reinvestigated
since the possibility of the formation of silabenzvalene was
disregarded. It should be noted, however, that the effect of
the large substituent of 1a might not be negligible.

CONCLUSION

The stable silabenzenes were successfully synthe-
sized by taking advantage of extremely bulky Tbt or Bbt
groups. The synthesis of these fundamental silaaromatic
compounds enabled us to compare carbon and silicon ana-
logues in aromatic systems, a