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Summary: Effects of bulky aryl groups on silicon-silicon
triple bonds have been investigated using density func-
tional and ONIOM methods to make disilynes syntheti-
cally accessible and isolable in a stable form.

Since the first isolation of a stable disilene (R2Sid
SiR2) in 1981,1 a variety of synthetic methods have been
developed for silicon-silicon double bonds.2 However,
stable disilynes (RSitSiR) are still unknown despite
several attempts.3 It has been repeatedly calculated that
the parent HSitSiH with a trans-bent structure is not
the global minimum on the potential energy surface and
undergoes facile isomerization to more stable 1,2-H
shifted and bridged isomers.4 Accordingly, mono- and
dibridged structures have been detected and character-
ized using spectroscopic methods.5 Upon substitution,
these bridged structures are destabilized for steric
reasons and tend to disappear from the potential energy
surface of Si2R2 as R becomes bulkier.6 Therefore, it is
important to prevent the 1,2-R shift in RSitSiR to
maintain a disilyne structure.

It is an interesting subject whether disilynes can be
synthesized as stable compounds when they are prop-
erly substituted. By providing theoretical insight into
the nature of silicon-silicon triple bonding, we have
recently investigated the effects of silyl substitution and
found that bulky electropositive silyl groups such as
SiDep3 (Dep ) 2,6-diethylphenyl) play an important role
in making disilynes a viable synthetic target.7 We now
report the effects of bulky aryl groups. Geometries were
optimized with density functional theory at the B3LYP
level8 using the Gaussian 98 program.9 Because of the
size of molecules, the 3-21G* basis set10 was employed.

The reliability of B3LYP/3-21G* calculations was cali-
brated in our previous study.7

Among aryl groups, 2,6-bis(2,4,6-triisopropylphenyl)-
phenyl (denoted hereafter simply as Ar*) has served as
a representative bulky substituent useful for the for-
mation and stabilization of multiply bonded systems,
as illustrated in several examples.2c By utilizing the
bulky Ar* group, a formal lead analogue of alkynes,
Ar*PbPbAr*, has very recently been synthesized.11 A
possible triple bond between gallium atoms has been
also realized with the Ar* group in Na2[Ar*GaGaAr*].12

The optimized structure of Ar*SitSiAr* is shown in
Figure 1a, which has C2 symmetry. The central Si-Si
bond is well protected from the attack of reactive
reagents by the two bulky Ar* groups. The Si-Si bond
distance and Si-Si-C bond angle were 2.094 Å and
133.5°, respectively. It is noteworthy that the Si-Si
distance is significantly shorter than the Si-Si double-
bond distances (2.14-2.25 Å) determined up to now
from the X-ray crystal structures of disilenes,2 suggest-
ing that Ar*SitSiAr* has triple-bond character between
the two silicon atoms. This contrasts with the Ar*Pb-
PbAr* case: the observed Pb-Pb distance of 3.188 is
ca. 0.34 Å longer than the Pb-Pb single-bond distances
in diplumbanes such as Ph3Pb-PbPh3 (2.844 Å).11 In
addition, it should be noted that the trans bending in
Ar*SitSiAr* is ca. 40° smaller than that in Ar*PbPbAr*,
where the Pb-Pb-C angle of 94.3° is close to 90°.11

The 1,2-Ar* shifted isomer SiSiAr*2 (shown in Figure
1b) was 12.9 kcal/mol more stable than Ar*SitSiAr*.
As demonstrated for the M2H2 (M ) Si, Ge, Sn, and Pb)
series, the barrier for isomerization of HMtMH to
MMH2 is greatly decreased upon going from Si to Pb.7b

Nevertheless, no isomerization (as well as dimerization)
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has been reported for Ar*PbPbAr*.11 These facts suggest
that the isomerization of Ar*SitSiAr* to SiSiAr*2 is
hindered by a sizable barrier owing to the shifting group
of vast bulk, though we did not attempt to locate the
transition state because of the size of the system.

To further test the effect of bulky aryl groups, TbtSit
SiTbt (Tbt ) 2,4,6-tris(bis(trimethylsilyl)methyl)phenyl)
was investigated. This disilyne is interesting, since it
bears a structural resemblance to TbtSbdSbTbt and
TbtBidBiTbt isolated recently as stable doubly bonded
compounds.13 The optimized Ci structure of TbtSitSiTbt
is shown in Figure 2a. The Si-Si distance and Si-Si-C
angle were calculated to be 2.121 Å and 130.9°, respec-
tively. This distance and trans bending are 0.027 Å
longer and 2.6° larger than those of Ar*SitSiAr*,
respectively; they are 0.049 Å longer and 10.1° larger
than those of Dep3SiSitSiSiDep3

7 because of the elec-
tronegative character of the Tbt group.14 However, it
should be noted that the two bulky Tbt groups help to

destabilize the 1,2-Tbt shifted isomer SiSiTbt2, since
they crowd much more around one end of the Si-Si
bond (Figure 2b).15 Thus, TbtSitSiTbt is 19 kcal/mol
more stable than SiSiTbt2. This energy difference is
sufficiently large to prevent the 1,2-Tbt shift in TbtSit
SiTbt.

The energy required for breaking the central Si-Si
bond in TbtSitSiTbt was 52 kcal/mol. This binding

(13) (a) Tokitoh, N.; Arai, Y.; Okazaki, R.; Nagase, S. Science 1997,
277, 78. (b) Tokitoh, N.; Arai, Y.; Sasamori, T.; Okazaki, R.; Nagase,
S.; Uekusa, H.; Ohashi, Y. J. Am. Chem. Soc. 1998, 120, 433. For the
synthesis by using the Ar* group, see: (c) Twamley, B.; Sofield, C. D.;
Olmstead, M. M.; Power, P. P. J. Am. Chem. Soc. 1999, 121, 3357.

(14) The doublet-quartet energy difference of the SiR part in RSit
SiR decreases as R becomes electropositive. This energy closeness leads
to the decreased trans bending and shorter Si-Si distance.7 The energy
difference of 50 kcal/mol for R ) Tbt (electronegative) is larger than
that of 29 kcal/mol for R ) SiDep3 (electropositive) at the B3LYP/3-
21G* level. Thus, Tbt is unfavorable as an electronic effect but
favorable as a sterically crowding group. On the other hand, the
electropositive SiDep3 decreases the size difference between valence s
and p orbitals on the Si atoms in RSitSiR and makes efficient
hybridization facile. As a result, Dep3SiSitSiSiDep3 has a shorter Si-
Si distance (2.072 Å) than HSitSiH (2.093 Å), the former being 16.1°
less trans bent than the latter with an Si-Si-C angle of 124.9°, despite
the bulkiness of SiDep3. Since the doublet-quartet energy difference
of 9 kcal/mol for R ) Si(t-Bu)3 is smaller than that for R ) SiDep3, the
Si-Si distance of 2.068 Å in (t-Bu)3SiSitSiSi(t-Bu)3 is still shorter than
that in Dep3SiSitSiSiDep3.7

(15) In contrast, in the SiSiAr*2 isomer the left Si atom can interact
weakly in an attractive way with the 2,4,6-triisopropylphenyl on each
Ar* as a result of the sterically crowded space.

Figure 1. Optimized structures of Ar*SitSiAr* (a) and
SiSiAr*2 (b) at the B3LYP/3-21G* level. Silicon atoms are
denoted as red-purple circles.

Figure 2. Optimized structures of TbtSitSiTbt (a) and
SiSiTbt2 (b) at the B3LYP/3-21G* level. Silicon atoms are
denoted as red-purple circles.
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energy is smaller than that of 62 kcal/mol calculated
for HSitSiH because of a steric repulsion between Tbt
groups. However, the still large binding energy suggests
that TbtSitSiTbt does not dissociate to two SiTbt
fragments even in solution, unlike the heavier (Sn, Pb,
and some Ge) analogues of alkenes.2 The same is also
expected for Ar*SitSiAr*, whose binding energy is 39
kcal/mol despite the bulky Ar* group.

Another major difficulty in preparing disilynes is
ascribed to the facile dimerization that leads to tetra-
silatetrahedranes or tetrasilacyclobutadienes (Si4R4).16

Accordingly, it has recently been verified from prelimi-
nary experiments that tetrasilatetrahedranes are readily
obtained when R is as bulky as Si(t-Bu)3.17 In this
context, it is interesting that the first synthesis of a
tetrasilatetrahedrane was performed with Si(t-Bu)3
groups.18 To test if TbtSitSiTbt is stable to dimeriza-
tion, calculations were carried out using the recently
developed two-layered ONIOM (B3LYP/3-21G*:AM1)
method.19 This method can well reproduce the full
B3LYP/3-21G* calculations, when the first layer at the
B3LYP/3-21G* level is large.19b For example, the Si-Si
distance and Si-Si-C angle of 2.112 Å and 131.9° in
TbtSitSiTbt calculated with the ONIOM method agree
well with the values of 2.121 Å and 130.9° at the full
B3LYP/3-21G* level, respectively. The energy difference
of 19 kcal/mol favoring TbtSitSiTbt over SiSiTbt2
calculated with the ONIOM method agrees perfectly
with the full B3LYP value of 19 kcal/mol, while the
binding energy of 50 kcal/mol (ONIOM) for TbtSitSiTbt
differs little from that of 52 kcal/mol (full B3LYP).

Calculations with the ONIOM method predict that
the dimerization of TbtSitSiTbt to tetrasilatetrahe-
drane (Figure 3a) and tetrasilacyclobutadiene (Figure
3b) structures is endothermic by 58 and 42 kcal/mol,
respectively. This confirms that TbtSitSiTbt is stable
to dimerization.20 When the Me groups in Tbt ()C6H2-
2,4,6-{CH(SiMe3)2}3) are replaced by H atoms, dimer-
ization to tetrasilatetrahedrane becomes exothermic by
66 kcal/mol (ONIOM and full B3LYP).21 Upon the
replacement, the 1,2-shifted isomer becomes 7 kcal/mol
(full B3LYP) more stable than the disilyne structure.

It should be also noted that the structure of Ar*Sit
SiAr* is considerably twisted around the Si-Si bond
when the i-Pr groups in Ar* () C6H3-2,4,6-i-Pr3C6H2)
are replaced by H atoms.22 These results indicate that
it is very important to prepare carefully substituent
groups as well as precursors23 in order to make disilyne
structures stable thermodynamically and kinetically.

We conclude that disilynes bearing suitable aryl
groups are interesting synthetic targets worthy of
experimental testing. It is expected that disilynes will
be soon synthesized and isolated as stable triply bonded
compounds, opening a new area of silicon chemistry.
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(16) The dimerization of RMtMR becomes less facile upon going
from M ) Si to M ) Pb (Takagi, N.; Nagase, S. Unpublished results).
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(20) The dimerization of (t-Bu)3SiSitSiSi(t-Bu)3 to a tetrahedrane
structure is exothermic by 78 kcal/mol (ONIOM) and 80 kcal/mol (full
B3LYP). This is because the strain in the tetrahedrane framework is
released to a considerable extent, owing to the electropositive Si(t-Bu)3
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(b) Sekiguchi, A.; Nagase, S. In The Chemistry of Organosilicon
Compounds; Rappoport, Z., Apeloig, Y., Eds.; Wiley: New York, 1998;
Chapter 3, pp 119-154.

(21) Since a total of 72 Me groups are involved in the dimerization
of TbtSitSiTbt, the global energy difference of 124 kcal/mol is formally
ascribed to a contribution of 1.7 kcal/mol per Me group.

(22) It is also interesting that the i-Pr groups in Ar* play an
important role in the synthesis of Na2[Ar*GaGaAr*].12b The same type
of synthetic procedure using Me groups instead of i-Pr leads to a three-
membered gallium ring, not Na2[Ar*GaGaAr*].

(23) For recent undesirable results from the reduction of terphen-
yltrifluorosilanes, see ref 3c.

Figure 3. Tbt-substituted tetrasilatetrahedrane (a) and
tetrasilacyclobutadiene (b) optimized with the ONIOM
method. Silicon atoms are denoted as red-purple circles.
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