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A stable 3,5-diphenyl-1,2-disilabenzene was selectively
synthesized by the reaction between the isolabe disilyne
TbbSi=SiTbb (Tbb = 2,6-[CH(SiMe;),],-4-t-Bu-phenyl) with

phenylacetylenes. Its molecular structure and physical properties
were examined and compared to those of the 1,2-disilabenzene
that was obtained from the reaction between TbhbSi=SiTbb and
acetylene. Moreover, a plausible formation mechanism for this
reaction is discussed.

Among the simple organic hydrocarbon molecules,
benzene occupies a unique position given its characteristic
aromaticity. This aromaticity arises from the delocalization of
its six m-electrons, which is the most distinguishing feature
relative to linear or cyclic m-conjugated systems.1 Benzene
analogues that incorporate at least one heavier group 14
element have generated much interest not only with respect
to a comparison with the all-carbon system of benzene, but
also with regard to creating novel building blocks for
optelectronic materials, regardless of the difficulties
associated with isolating such species on account of their
intrinsically high susceptibility toward seIf-oligomerization.2
Recently, the synthesis and isolation of stable metallabenzenes
that include heavier group 14 elements have been
accomplished by using bulky substituents, which allowed
examining their unique physical and chemical properties.g’4
Among these, 1,2-disilabenzenes are one of the most
fascinating targets, especially with respect to the effect of
replacing a C=C with a Si=Si unit in the 6m aromatic system of
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Si(iPr)[CH(SiMe3)2]2)7 with phenylacetylene.ﬁ"’1
separation and purification of the two-isomers obtained, i.e.,
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benzene, considering the unique mn-electron character of

disilenes (RZSi=SiR2)5 relative to olefins (R,C=CR,). The only
synthetic route to 1,2-disilabenzenes involves the reaction of
an isolable disilyne (RSi=SiR) with acetylenes, i.e., a formal

[2+2+2] cycloaddition (Scheme 1).6 Sekiguchi reported the first

successful isolation of a stable 1,2-disilabenzene from the

Si

Rsi=SiR® (I, R® =
However, the

reaction of the stable disilyne

3,5-diphenyl- and 4,5-diphenyl-1,2-disilabenzene is
problematic due to their instability under atmospheric
conditions.
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Scheme 1. Synthesis of 1,2-disila- and 1,2-digerma-benzenes.

We have already reported the synthesis of stable 1,2-

disilabenzenes®® from the reactions of the stable diaryldisilyne
BbtSi=SiBbt (ll; Bbt = 2,6-[CH(SiMe3)2]2-4-[C(SiMe3)3]-phenyl)8
with
phenylacetylene resulted in the predominant formation of the
corresponding 3,5-diphenyl-1,2-disilabenzene together with
unidentified by-products, which prevented us from purifying
3,5-diphenyl-1,2-disilabenzene
structural information. Conversely, the reaction of the stable

acetylenes. The reaction of disilyne Il with

and acquiring detailed
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diaryldigermyne TbbGe=GeTbb (lll; Tbb = 2,6-[CH(SiMej3),],-4-
tBu-phenyI)9 with phenylacetylene proceeded selectively to
afford the corresponding 3,S-diphenyl-1,2-digermabenzene.10
Thus, the regioselectivity of the formation of 1,2-
dimetallabenzenes should depend on the features of the
substituents on the dimetallyne precursors. Herein, we report
reactions of Tbb-substituted disilyne with acetylenes, which
lead in some cases to the selective formation of 1,2-
disilabenzenes. Calculated mechanisms for the formation of
Tbb- and R®- substituted 3,5- and 4,5-diphenyl-1,2-
disilabenzenes are also described.

In  accordance with the synthetic procedures for
TbbGe=GeTbb (lll), Tbb-substituted disilyne TbbSi=SiTbb (1)
was prepared by the reduction of the corresponding
dibromodisilene 2 (Scheme 2).11 Isolated disilyne 1 was fully
characterized using spectroscopic and X-ray diffraction
techniques. Disilyne 1 exhibits structural features that are
similar to those of the previously reported stable disilynes |
and II,7‘8'12 i.e., 1 exhibits a short SI=Si bond length [2.1050(15)
A] and a considerable trans-bent structure [Si-Si—C angle:
131.42(9)°], suggesting substantial Si=Si triple-bond character.
In solution, the triply bonded silicon nuclei in 1 show a
characteristic *>Si NMR signal at & = 16.2, which is comparable
to that of Il (8s; = 16.7).8 These physical properties of 1 suggest
a negligible electronic perturbation of the Si=Si moiety by the
Tbb groups, which stands in contrast to the case of the Bbt
groups.

Tob Tob
Tbb, Br Thb o
o KCsg N = Si=—Si
Si—Si T» Si=Ssi —h4>
\ exane
Br Tbb 676 Tbb \ /
2 1 Tbb Teb
Ph [ Si—Ssi
e
hexane g\_/)*Ph
P 4

Scheme 2. Synthesis of disilyne 1 and its subsequent reactions
with acetylenes to afford 1,2-disilabenzenes 3 and 4.

Exposure of an n-hexane solution of 1 to acetylene gas (1
atm) at r.t. resulted in a color change from dark to light yellow
within 10 minutes, and 1,2-disilabenzene 3 was isolated in
quantitative yield similar to the case of Il. In contrast to the
reaction of Tbb-substituted digermyne Il with acetylene,
which furnished a 9,10-digermabarrelene by-product,9 no Si-
containing by-product was observed in the crude mixture.
Subsequently, 1 was treated with phenylacetylene in n-hexane
at room temperature. The reaction smoothly furnished 3,5-
diphenyl-1,2-disilabenzene 4 in quantitative yield.

The observed regioselectivity should represent a
manifestation of the remarkable difference between the cases
of silyl-substituted disilyne I and Tbb-substituted disilyne 1.
The reaction mechanism for the formal [2+2+2] cycloaddition
of disilynes with two molecules of phenylacetylene has already
been investigated theoretically. Initially, a formal [2+2]
cycloaddition between the Si=Si moiety of the disilyne and the
C=C moiety of phenylacetylene should afford 3-phenyl-1,2-
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disilacyclobutadienes (Int-1) via the electrophilic attack of the
Si=Si moiety toward the C=C mn-bond followed by an

. . . 4,6a,9b,13
intramolecular ring expansion (Scheme 3)."

A
.—a |:R=RS
Si=Si 1 R=Tob

R
1/ Ph-CCH

\ -
SI—SI\ F!

QL o
Ts-12a s-—s. TS-23a SI—SI

S|—S| TS 34a
Ph TS-1 2b TS-23b TS-34h
Int-0

(i Ph-CCH Ph

RQ A Int-2a: R = RS Int-3a: R = RS Pro-4a. R=RS
Si=Si Int-2b: R = Thb Int-3b: R = Thb Pro-4b: R = Tbb
R R
Fh R R R o
Int-1a: R = RS | TS-56a si—Si TS-67a Si—Si
Int-1b: R = Tbb “si—si TS56b | | Ts-670
N — \
TS5a \" on
TS-15b Ph\ Ph PH on
Int-5a: R = RS Int-6a: R = RS! Pro-7a: R = RSi
Int-5b: R = Tbb Int6b:R=Tbb  Pro-7b: R="Tbb

Scheme 3. Plausible mechanism for the formation of 1,2-
disilabenzenes from a disilyne and phenylacetylene.
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Figure 1. Potential energy surfaces of the reactions of Int-1
with phenylacetylene.14 (a) R = R® (Int-1a) case, (b) R = Tbb
(Int-1b) case.

The subsequent reaction, i.e., the insertion of the C=C
moiety of phenylacetylene into the Si—C bond of Int-1 should
be the regioselectivity-determining step (Scheme 3).14 In both
cases, i.e. R = R* or Tbb, the entire process consists of three
steps: (i) the addition of PhCCH (Int-1 — Int-2/5), (ii) a ring-
closure (Int-2/5 — Int-3/6), and (iii) an isomerization (Int-3/6
— Pro-4/7). According to these processes, the insertion of
phenylacetylene into the 1,4-Si—C bond of Int-1 would furnish
3,5-diphenyl-1,2-disilabenzenes (Pro-4a,b), while that into the
2,3-Si—C bond would generate 4,5-diphenyl-1,2-disilabenzenes
(Pro-7a,b). However, the selectivity can hardly be rationalized
in terms of the thermodynamic stability of Pro-4 and Pro-7,
given that the predominant product for R = R (Pro-4a) is by
5.1 kcal/mol less stable than the minor product Pro-7a.

This journal is © The Royal Society of Chemistry 20xx
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Therefore, we calculated the potential energy surface (PES) for
Int-1 to Pro-4 and Pro-7 for R = R® and Thb (Figure 1). For R =
RSi, the reactions should proceed with almost the same
barriers toward Pro-4a and Pro-7a. However, the barriers in
the final steps, i.e., (iii) the isomerization from disila-Dewar-
benzenes Int-3a/6a to 1,2-disilabenzenes Pro-4a/7a, show a
slight difference, where the process from Int-3a to Pro-4a is by
0.4 kcal/mol more favorable than that from Int-6a to Pro-7a.
These results can be used to rationalize the experimental
results in terms of a competitive formation of Pro-4a and Pro-
7a in a 3:2 ratio in the reaction between disilyne | and
phenylacetylene. Conversely, for R = Tbb, a different reaction
barrier was found in (ii) the ring-closure process from Int-
2b/5b to Int-3b/6b between the PESs for Pro-4b and Pro-7b,
while the barriers in the other steps, i.e., (i) and (iii) are almost
identical for Pro-4b and Pro-7b. Higher barriers were
calculated for the pathway from Int-5b to Int-6b (3.3 kcal/mol)
relative to that from Int-2b to Int-3b (0.3 kcal/mol), and the
difference (3.0 kcal/mol) should be sufficient to afford Pro-4b
exclusively with absolute selectivity.

Figure 2. Molecular structures of 3 (top) and 4 (bottom).
(ORTEP drawings at 50% probability level; solvent molecules
and hydrogen atoms omitted for clarity.)15

The structural parameters of 3 and 4 were unambiguously
determined by single-crystal X-ray diffraction analyses (Figure
2 and Table 1).15 Notably, disilabenzene 3 exhibits a
crystallographic C, axis through the central ring similar to 1,2-
Tbb2-1,2-digermabenzene.9 The bond angle sums around the Si
atoms in the [Si,C,] ring [3: 355.5°; 4: 356.7°/355.7°] indicate
an almost planar geometry as in the case of 1,2-Bbt,-1,2-
disilabenzenes. In addition, the internal angle sums in the six-
membered [Si,C,] rings (3: 719.9°; 4: 719.2°) suggest planarity
that is similar to that in benzene, which stands in contrast to

This journal is © The Royal Society of Chemistry 20xx
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the slightly bent structure of 1,2-Tbb,-1,2-digermabenzene
(8.6").9 The Si-Si, Si—C, and C—C bond lengths fall between the
corresponding single and double bond Iengths,16 suggesting a
partial delocalization of the 67 electrons over the [Si,C,] rings.
Considering these structural parameters in their entirety, it
seems feasible to conclude that these disilabenzenes exhibit
considerable aromaticity on account of the cyclic conjugation
systems with 6m-electrons.

Table 1. Experimentally observed and theoretically calculated
structural parameters.

3 TN 4 b

Sil-Sil/Si2[A]  2.2094(6)  2.2308  2.2093(14)  2.2303
Si1—C1 [A] 18094(12) 17998  1.785(4)  1.7909
S2-C4[A] e e 18334) 18293
c1-C2 [A] 13733(17) 13753  1384(5)  1.3920
C3-C4[A] = e 1.388(5)  1.3940
c2-C2'/c3 [A] 1413(3) 14047  1415(5)  1.4155
internal angles of 719.9 719.8 719.2 7185

the [Si,C4] ring [*]
* calculated at the B3PW91/6-31G(2d,p) level of theory.

The 2°Si NMR spectra of 3 and 4 revealed characteristic
signals for their [Si,C4] rings in the lower-field region (3: 61.7
ppm; 4: 59.7/72.7 ppm). The chemical shifts were reproduced
by GIAO calculations®’ (3: 55.2 ppm; 4: 55.6/74.5 ppm), which
suggests that disilabenzenes 3 and 4 retain in solution the
structures observed in the crystalline state in solution. In
addition, the lower-field shifted NMR resonances for the 'H
and *C nuclei in the six-membered [Si,C,] rings (84 = 7.7-8.1,
3¢ = 131-146) suggest the existence of a ring current in the 1,2-

disilabenzene rings. NICS-scan calculations™®® on the
optimized structures support the considerable aromaticity of
disilabenzene 3 [NICS(0.6) = —8.3, NICS,(1.1) = —20.9].19

Moreover, we carried out TD-DFT calculations,19 which
revealed the electron-transitions of 3., (374 nm, f = 0.227;
368 nm, f = 0.057) and 4., (416 nm, f = 0.159; 385 nm, f =
0.138) that were assigned to the contamination of some n—n*
transitions of the [Si,C,4l These
calculated absorptions are in good agreement with the
observed A, values for 3 (397 nm, € = 5100; 363 nm, €=
8400) and 4 (442 nm, ¢ = 9,300; 385 nm, € = 11,000). The
broadened absorption of the n-hexane solution of 1,2-Bbt,-
1,2-disilabenzene (An.x = 378 nm) should most likely be
interpreted in terms of an overlap of the two characteristic
absorptions similar to the cases of 3 and 4.

disilabenzene moieties.

Conclusions

In summary, we have synthesized and isolated 1,2-
disilabenzenes 3 and 4 from the reactions of the stable disilyne
TbbSi=SiTbb (1) with acetylenes. It should be noted that the
reaction of 1 with phenylacetylene afforded the 3,5-diphenyl-
1,2-disilabenzene selectively, which stands in contrast to the
reaction of the silyl-substituted disilyne with phenylacetylene.

J. Name., 2013, 00, 1-3 | 3
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While the reaction mechanisms are similar to the Tbb- and R®-
substituted cases, the absolute regioselectivity of the former
could be explained based on detailed theoretical calculations.
The experimentally observed physical properties of 3 and 4 as
well as the results from the theoretical calculations suggest
considerable levels of aromaticity.
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(all data) = 0.1594, largest diff. peak and hole 0.815 and —
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