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Abstract

The steric and electronic effects of bulky aryl and silyl groups on the Si-Si triple bonding in RSi=SiR and the short Ga—Ga distance
in Nay[RGaGaR] are investigated by density functional calculations. As typical bulky groups, Tbt = C¢H,-2,4,6-{ CH(SiMes),} 3,
Ar’ = CgH3-2,6-(CgH3-2,6-iPr5),, Ar* = CgH3-2,6-(CgH,-2,4,6-iPr3),, SiMe(SifBus),, and SiiPrDis, (Dis = CH(SiMej3),) are investigated
and characterized. The importance of large basis sets is emphasized for density functional calculations.
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1. Introduction

Multiple bonds between heavier main group elements
have long attracted widespread interest, as summarized in
reviews [1]. Among these, triple bonds between heavier
group 14 elements have been the focus of interest as chal-
lenging synthetic targets [1]. The major difficulty in the syn-
thesis and isolation of the heavier analogues of alkyne
(RE=ER: E =Si, Ge, Sn, and Pb) as stable compounds
is ascribed to the high reactivities toward isomerization
and dimerization. To suppress these reactivities, substitu-
ent effects have been extensively investigated by theoretical
calculations [2]. Bulky aryl groups such as Tbt = C4H,-
2,4,6-{CH(SiMC3)2}3 and Ar' = C6H3-2,6-(C6H2-2,4,
6-iPr3), have been suggested as sterically promising substit-
uents [2]. By using these bulky aryl groups as well as the
slightly different groups, the Ge [3,4], Sn [5], and Pb [6] ana-
logues of alkyne have been successfully synthesized and
isolated.
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Theoretical calculations have shown that electropositive
silyl groups are electronically more effective in synthesizing
a less trans-bent RE=ER structure with a short E-E bond
[2]. Therefore, the availability of silyl groups, which are
bulky enough to prevent isomerization and dimerization,
has been anticipated. By developing the so-called megasilyl
group, SiMe(SitBus),, the probable synthesis of (SizBus),-
MeSiSi=SiSiMe(SiBus), has been suggested from *°Si
NMR, mass spectrometry, and trapping experiment
[7,2£,8], though its isolation has been unsuccessful. In
contrast, Sekiguchi and co-workers have recently achieved
the first isolation and characterization for Dis,iPrSiSi=Si-
SiiPrDis, (Dis = CH(SiMej3),) [9]. On the other hand, the
synthesis and isolation of RSi=SiR have not been reported
for R = bulky aryl groups.

In 1997, Robinson and co-workers reported the synthe-
sis and isolation of a novel compound, Na,[Ar*GaGaAr™],
as the first example of a triple bond between heavier group
13 elements [10]. Although the Ga—Ga distance of 2.319 A
is the shortest on record, the simple assignment of a Ga-Ga
triple bond has been repeatedly debated [11]. We have dis-
closed that several factors play an important role in the
short Ga—Ga distance and the heart of the compound is
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Chart 1.

a Ga,Na, cluster rather than a simple Ga—Ga bond [12]. A
number of theoretical calculations have been performed for
the simple model systems where the bulky Ar* group is
replaced by small groups such as H, CH3, and Ph, because
of the size of Na,[Ar*GaGaAr*] [11]. However, the short
Ga-Ga distance of 2.319 A has never been well reproduced
by model calculations.

In this study, we have investigated systematically the ste-
ric and electronic effects of bulky aryl and silyl substituent
groups on the Si-Si triple bonding in RSi=SiR (disilyne)
and the short Ga—Ga distance in Na,[RGaGaR] using den-
sity functional calculations with large basis sets. For this
purpose, Tbt = CgH,-2,4,6-{CH(SiMe3),}3, Ar’ = C¢Hs-
2,6-(C¢H3-2,6-iPr5),,  Ar* = CgH3-2,6-(CsH»-2,4,6-iPr3),,
SiMe(SitBus),, and SiiPrDis, (Dis = CH(SiMes;),) are
investigated as typical bulky groups (see Chart 1).

2. Computational methods

Geometries were fully optimized with hybrid density
functional theory at the B3LYP [13,14] and B3PWO9l
[13,15] levels using the caussiaN 98 and 03 programs [16].
Many basis sets were tested for B3LYP and B3PW91 calcu-
lations. As the reasonable basis sets, 6-311+G(2df) for Si
and Ga, 6-311G(d) for Na, and 6-31G(d) for C and H were
employed: all these basis sets are incorporated in the
GAUSSIAN package [16].

3. Results and discussion
3.1. Substituent effects on RSiI=SiR

We have first carried out the geometry optimization of
RSi=SiR for R = SiiPrDis,, since its structure has been

determined by X-ray crystal analysis [9]. The crystal struc-
ture shows that Dis,iPrSiSi=SiSi/PrDis, has C, symmetry.

Table 1 .
Bond distances (A) and angles (°) of the C, structure of RSi=SiR
(R = SiiPrDis;) at several levels of theory

Si-Si  /Si-Si-R  /R-Si-Si-R
B3LYP

3-21G* 2072 1373 172.4
6-31G(d) 2093 1368 173.7
6-311G(d)[Si]:6-31G(d)[C,H] 2091 1364 1777
6-311G(2d)[Si]:6-31G(d)[C,H] 2090 1366 178.3
6-311+G(2d)[Si:6-31G(d)[C.H]  2.088 1372 173.9
6-311G(2d)[Si}:6-31G(d)[C.H] 2084 1379 1754
6-311+-G(2dN[Si]:6-31G(d)[C.H]  2.082 1364 175.7
6-311G(3d)[Si]:6-31G(d)[C,H] 2085 1373 175.4
6-311+G(3d)[Si:6-31G(d)[C.H] ~ 2.085 1372 173.6
6-311G(3d)[Si}:6-31G(d)[C.H] 2083 1378 179.3
6-311+-G(3dN)[Si]:6-31G(d)[C.H]  2.081  138.0 173.3
B3PW9I

321G 2070 1372 179.6
6-31G(d) 2086  138.0 169.7
6-311G(d)[Si}:6-31G(d)[C.H] 2082 1382 170.0
6-311G(2d)[Si]:6-31G(d)[C,H] 2081 1386 171.2
6-311+G(2d)[Si:6-31G(d)[C,H] ~ 2.081  138.5 169.8
6-311G(2dN)[Si}:6-31G(d)[C,H] 2077 1392 171.0
6-311+GdN[Si}:6-31G(d[C.H]  2.077  139.0 169.7
6-311G(3d)[Si]:6-31G(d)[C,H] 2078 1385 170.7
6-311+G(3d)[Si:6-31G(d)[C,H] ~ 2.078 1384 169.7
6-311G(3df)[Si}:6-31G(d)[C.H] 2076 139.0 179.2
6-311+G(3dN[Si}6-31G(d)[C.H] 2075  139.2 169.6
Expl.® 2062 1374 179.5

# Taken from Ref. [9].

However, the structure with C; symmetry was also opti-
mized as an energy minimum. Key geometrical parameters
optimized for the C, and C; structures are summarized in
Tables 1 and 2, respectively, together with the experimental
values. At any level of calculations, the C, and C; struc-
tures differ little in the central Si-Si bond distance and
Si-Si-R bond angle, except the difference of ca. 10° in
the R-Si-Si-R dihedral angle. In addition, it was calcu-
lated that the energy differences between the C, and C;
structures are only 0.1-0.5 kcal/mol. Therefore, we focus
on the C, structure that is observed in the crystal structure.

As Table 1 shows, the central Si-Si bond distance opti-
mized with the small 3-21G" basis set agrees rather well
with the experimental value, though this agreement is prob-
ably due to basis set superposition errors. The larger 6-
31G(d) basis set makes the Si-Si distance significantly
longer than the experimental value, though it is generally
employed as a standard basis set. As the basis set on Si
becomes larger, the Si—Si distance becomes shorter and clo-
ser to the experimental value. In contrast, the basis-set
dependence is very small for the Si-Si-R and R-Si-Si-R
angles. As is apparent from Table 1, B3PW91 gives a better
result than B3LYP. It can be calculated at the B3PW91/6-
311+G(2df)[Si]: 6-31G(d)[C,H] level that the Si-Si distance
is only 0.015 A (0.013 A with 6-311+G(3df) on Si) longer
than the experimental value. The slightly shorter Si-Si dis-
tance in the crystal structure is probably ascribed to pack-
ing forces because of the bulk of the SiiPrDis, group, as
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Table 2 .
Bond distances (A) and angles (°) of the C; structure of RSi=SiR
(R = SiiPrDis;) at several levels of theory

Si-Si /Si-Si-R ZR-Si-Si-R AE*

B3LYP
321G 2.072 1360 180.0 ~0.37
6-31G(d) 2.092 1362 180.0 —0.12
6-311G(d)[Si}:6-31G(d)[C.H] 2.088 136.0  180.0 ~0.06
6-311G(2d)[Si]:6-31G(d)[C,H] 2.087 1364  180.0 ~0.10
6-311+G(2d)[Si:6-31G(d)[C,H] ~ 2.088 136.3 180.0 ~0.23
6-311G(2dN[Si}:6-31G(d)[C.H] ~ 2.084 137.0  180.0 +0.09
6-311+G(2dN[Si}:6-31G(d)[C.H]  2.083 137.0  180.0 ~0.23
6-311G(3d)[Si]:6-31G(d)[C,H] 2.084 1364  180.0 +0.02
6-311+G(3d)[Si:6-31G(d)[C,H] ~ 2.084 1360  180.0 —0.24
6-311G(3dN[Si]:6-31G(d)[C.H] ~ 2.081 137.0  180.0 +0.08
6-311+G(3dN[Si}6-31G(d)[C.H]  2.081 137.2  180.0 —0.18
B3PW9I

321G 2.068 137.6  180.0 ~0.10
6-31G(d) 2.085 137.3 180.0 —0.41
6-311G(d)[Si}:6-31G(d)[C.H] 2.081 1372 180.0 —0.46
6-311G(2d)[Si]:6-31G(d)[C,H] 2.080 137.6  180.0 —0.44
6-311+G(2d)[Si:6-31G(d)[C,H] ~ 2.082 137.9 180.0 ~0.40
6-311G(2dD[Si:6-31G(d)[C.H]  2.076 1382  180.0 ~0.45
6-311+G(dN[Si}6-31G(d)[C.H]  2.077 1382 180.0 ~0.50
6-311G(3d)[Si]:6-31G(d)[C,H] 2.077 137.6  180.0 ~0.46
6-311+G(3d)[Si:6-31G(d)[C,H] ~ 2.078 137.4  180.0 ~0.52
6-311G(3dD)[Si}6-31G(d)[C.H]  2.074 138.7 180.0 ~0.37
6-311+G(3dN[Si}6-31G(d)[C.H]  2.074 1384  180.0 —0.47

* AE = E(C; structure) — E(C, structure) in kcal/mol.

will be discussed latter for the Ga-Ga distance in
Na,[Ar"GaGaAr™].

The structures of RSi=SiR optimized for R = Tbt, Ar"
and SiMe(SizrBuj), as well as R =SiiPrDis, at the
B3PW91/6-3114+G(2df)[Si]:6-31G(d)[C,H] level are shown
in Fig. 1. Key geometrical parameters, natural charge den-
sities, binding energies, and isomerization energies are sum-
marized in Table 3. The central Si-Si distances of 2.077 and
2.080 A calculated for R =Si/PrDis, and SiMe(SizBus),
are 0.05-0.06 A shorter than those of 2.128 and 2.138 A
for R = Tbt and Ar". This reflects that the SiiPrDis, and
SiMe(SizBus), groups are electropositive while Tbt and
Ar” are electronegative, as indicated by the natural charge
densities (Qs;) on the central Si atoms. The Si-Si distance in
RSi=SiR is also correlated with the doublet-quartet
energy difference (AEpg) of the SiR component
[2a,2b,2¢,2f]. As is shown in Table 3, the AEpq values of
18.9 and 25.6 kcal/mol calculated for R = Si/PrDis, and
SiMe(SizBu3), are much smaller than those of 43.7 and
48.1 kcal/mol for R = Tbt and Ar*. The smaller AEpq val-
ues for R = SiiPrDis, and SiMe(SizBus), are due to the
electropositive character that helps to decrease the size dif-
ference between the valence s and p orbitals on the Si atom
of SiR [2a,2b,2¢,2f].

For comparison, the geometrical parameters of
RSi=SiR optimized for R = H, Me, and SiH; are also
given in Table 3. It is interesting that the Si-Si distances

Fig. 1. The optimized structures of RSi=SiR (R = Tbt (a), Ar* (b), SiMe(SiBus), (c), and SiiPrDis, (d)) at the B3PW91/6-311+G(2df)[Si]:6-31G(d)[C,H]

level.
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Table 3

Geometrical parameters, binding energies (BE), natural charge densities (Qs;), and isomerization energies (IE) of RSi=SiR at the B3PW91/6-

311+G(2d0)[SiL:6-31G(d)[C,H] level

R H CHj; SiH; Bulky aryl groups Bulky silyl groups

Thbt Ar* SiMe(SitBus), SiiPrDis,
Symmetry Cyy, C, Cyy, C; C, C, C,
Si-Si (A) 2.093 2.103 2.082 2.128 2.138 2.080 2.077
ZSi-Si-R (°) 125.5 130.0 130.6 134.8 131.6 148.8 139.0
/R-Si-Si-R (°) 180.0 178.7 180.0 180.0 171.8 180.0 169.7
Osi* 0.120 0.360 —0.044 0.355 0.432 —0.074 —0.126
BE (kcal/mol)® 62.1 58.2 71.3 43.0 32.1 49.7 66.6
AEpq (kcal/mol)° 37.3 41.2 21.2 43.7 48.1 25.6 18.9
IE (kcal/mol)® -7.5 -7.0 -4.9 30.2 44.7 33.7 34.9

% The natural density on the central Si atom.
® BE = 2E(SiR) — E(RSi=SiR).

¢ AEpq = E(quartet SiR) — E(doublet SiR).
4 IE = E(SiSiR,) — E(RSiI=SiR).

of 2.077 and 2.080 A for R = SiiPrDis, and SiMe(SiBus),
are rather shorter than those of 2.093, 2.103, and 2.082 A
for R = H, CH3, and SiH3, respectively, despite the bulk
of the SiiPrDis, and SiMe(SitBus), groups. This is because
SiiPrDis, and SiMe(SifBus), groups are more electroposi-
tive than SiHj, while H and Me are electronegative. SiiPr-
Dis, and SiMe(SitBus), groups have a higher SOMO level
than SiHj3, and the /PrDis, and Me(SifBus), parts in SiiPr-
Dis, and SiMe(SirBus), are more negatively charged than
the H; part in SiHj3. It should be noted that the AEpq value
for the most electropositive SiiPrDis, is smaller than those
of 21.2, 37.3 and 41.2 kcal/mol for SiH;, H, and Me.

It may be argued that RSi=SiR has a tendency to dis-
sociate in solution, as R becomes bulkier. Therefore, the
binding energies (BE) required to cleave the central Si-Si
bond (leading to two SiR fragments in the ground doublet
state) were calculated, as shown in Table 3. The BE values
are 66.6 and 49.7, and 43.0 kcal/mol for R = SiiPrDis,, and
SiMe(SitBus),, and Tbt, respectively, confirming that the
central two Si atoms are strongly bonded. It is interesting
that BE is also correlated with AEpq, as shown in Table
3. The BE value for R = Ar" is somewhat smaller but still
as large as 32.1 kcal/mol.

Obviously, bulky groups help to destabilize the 1,2-R
shifted isomer SiSiR,, because two bulky R groups crowd
more around one end of the Si-Si bond. Thus, RSi=SiR
was calculated to be more stable than SiSiR, by 30.2,
33.7, 34.9, and 44.7 kcal/mol for R = Tbt, SiMe(SirBus),,
SiiPrDis,, and Ar*, respectively. These energy differences
are large enough to prevent isomerization as well as dimer-
ization (the dimerization leading to a cyclobutadiene ana-
logue was calculated to be 25, 42, 50, and 82 kcal/mol
endothermic for R = SiiPrDis,, Tbt, SiMe(SizBus),, and
Ar” at the B3LYP/3-21G™ level, respectively.).

As well known, RC=CR has a linear structure owing to
sp hybridization, and the C—C triple bond consists of one o
bond and two ©t bonds. However, silicon has a low tendency
to form ideal sp hybrid orbitals because of the size difference
between valence s and p orbitals [2a,2b,2¢,2f]. As a result,
RSi=SiR prefers to take a trans-bent structure. In the

trans-bent structure, the central Si-Si bond consists of a
somewhat distorted ¢ bond, an out-of-plane =, bond,
and a slipped in-plane 7;, bond. The slipping of m;, is due
to the fact that the low-lying vacant ¢* orbital is mixed into
T, upon trans-bending, as known as a second-order Jahn-
Teller effect. The mixing of ¢* into T, contributes to the sta-
bilization of the trans-bent structure, but makes the © bond
weakened because of the antibonding character of ¢*. As a
result, the total Si—Si bond order becomes less than three.
Therefore, there has been much debate on the bonding con-
tribution of the slipped m;,, bond (for very recent arguments
of the nature of the triple bond in RE=ER, see Ref. [17]).
As Fig. 2 shows, it is interesting that the slipped 7, orbitals
of RSi=SiR for R = SiiPrDis, and SiMe(SifBus), have
more significant bonding character between the central Si
atoms, as a result of the smaller AEpqg values of the SiR
components [2a,2b,2¢,2f], than those for R =Tbt and
Ar”, which help to form a triple bond.

The energy levels of g, 7y, and =, orbitals as well as
the counterparts ¢”, moy", and ;" are shown in Fig. 3.
Substituent effects on the reactivities of RSi=SiR toward
reagents will be discussed elsewhere in due course.

3.2. Substituent effects on Na,[ RGaGaR]

The X-ray crystal study of Na,[Ar*"GaGaAr*] by Robin-
son and co-workers showed that the Ga-Ga distance is as
short as 2.319 A [10]. A close value of 2.324 A was also
reported by Power and co-workers from the X-ray crystal
study [18]. A number of theoretical calculations were per-
formed to discuss the nature of the Ga-Ga distance by
replacing the bulky Ar* group by small groups such as H,
CHj;, and Ph [11]. All the Ga-Ga distances calculated for
the simplified model systems are 0.1-0.2 A longer than the
experimental values, when calculations were done at high
levels with large basis sets. Cotton and co-workers carried
out calculations for the more realistic model system by
replacing the iPr groups on Ar* by H atoms (i.e., using
C¢Hs-2,6-Ph,), and suggested that attractive interactions
between Na cations and terphenyl groups shorten the Ga—
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R =Tbt

R = SiiPrDis,

Fig. 2. The 0, Toy, and m, orbitals of RSi=SiR at the B3PW91/6-311+G(2df)[Si]:6-31G(d)[C,H] level, plotted with a value of 0.05 a.u.

Ga distance [19]. By performing calculations with large basis
sets, Xie et al. showed that the Ga-Ga distance is shortened
to 2.404 A [20]. A very similar Ga—Ga distance of 2.402 A
was also calculated in our previous study [12]. However,
these Ga—Ga distances are still 0.08-0.09 A longer than
the experimental values of 2.319 [10] and 2.324 [18] A Tt
has been suggested that inclusion of the iPr groups is impor-
tant in shortening the Ga—Ga distance [12].

Thus, we have carried out geometry optimization for the
real compound, Na[Ar*GaGaAr*], at the B3PW91/6-
311+G(2df)[Gal:6-311G(d)[Na]:6-31G(d)[C,H] level, as
shown in Fig. 4. Key geometrical parameters are given in
Table 4, together with the experimental values by Robin-
son [10] and Power groups [18]. The Ga—Ga distance was
calculated to be 2.344 A, this being closer to the experimen-

tal values of 2.319 [10] and 2.324 A [18], but still 0.02—
0.03 A longer. This discrepancy may be ascribed to an
error in calculation methods. However, it is important to
note that the optimized structure of Nay[Ar*GaGaAr™]
has C, symmetry and its two Ga-Ga-Ar" angles are equiv-
alent (133.5°), while the Ga-Ga—Ar" angles are not equiv-
alent (128.5° vs. 133.5°[10] and 125.9° vs. 134.0° [18]) in the
crystal structures as a result of molecular deformations due
to crystal packing effects.

In the meantime, Power and co-workers synthesized the
closely related compound, Na,[Ar'GaGaAr'], and deter-
mined its structure by X-ray crystal analysis [21]. The Ar’
and Ar* groups differ in the fact that Ar’ (=CgHs-2,6-
(CgH3-2,6-iPr5),) has no iPr group at the para-positions
in both terminal sides of the terphenyl group. Therefore,
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Fig. 3. Orbital levels (eV) of RSi==SiR at the B3PW91/6-311+G(2df)[Si]:6-31G(d)[C,H] level.

Fig. 4. The optimized structures of Na,JRGaGaR] (R = Ar* (a) and Ar’ (b)) at the B3PW91/6-311+G(2df)[Ga]:6-311G(d)[Nal]:6-31G(d)[C,H] level.

the spatial expanding of Ar’ is smaller than that of Ar*. It is
noticeable that Na,[Ar'GaGaAr’'] has C, symmetry even in
the crystal structure, unlike the Ar* case. Geometry optimi-
zation also shows that Nay[Ar'GaGaAr'] has C; symmetry.
The optimized Ga-Ga distance of 2.342 A agrees within
0.005 A with the experimental value of 2.347 A in the crys-
tal structure of Na,[Ar'GaGaAr']. In addition, the opti-
mized Ga-Ga—R angle of 133.9° agree well with that of
130.7° in the crystal structure. These indicate that the pres-
ent calculations are sufficiently reliable, and suggest that
the crystal structure of Na,[Ar"GaGaAr*] is much more

affected by packing forces. Thus, the difference of 0.023 A
in the experimental Ga—Ga distances of Na,[Ar'GaGaAr’]
and Naz[Ar*Ga}GaAr*] agree very well with the discrep-
ancy of 0.020 A between experiment and calculation for
Na,[Ar*GaGaAr™]. The present calculations suggest that
Na[Ar'GaGaAr’] and Na,[Ar*GaGaAr®] have almost
the same Ga—Ga distance in the absence of crystal packing
forces [22].

In an attempt to assess how Na,[Ar"GaGaAr™]is struc-
turally pliable, geometry optimization was carried out by fix-
ing the Ga-Ga distance and Ga-Ga-Ar" angles at the
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Table 4

Key geometrical parameters and natural charge densities (Q) of Na,[RGaGaR] (R = Ar* and Ar’) at the B3PW91/6-311+G(2df)[Gal:6-311G(d)[Na]:6-

31G(d)[C,H] level

Ar* Ar’

Expl.* Expl.° Calc. Expl.° Calc.
Symmetry C, C, C, C, C,
Ga-Ga (A) 2.319 2.324 2.344 2.347 2.342
Ga-Na (A) 3.078, 3.085 3.065, 3.103 3.094 3.058 3.082

3.056, 3.106 3.085, 3.102 3.100 3.101 3.091
/Ga-Ga-R (°) 128.5, 133.5 125.9, 134.0 133.5 130.7 133.9
/R-Ga-Ga-R (°) 174.9 176.5
0Ge —0.328 -0.314
OnNa 0.899, 0.904 0.894, 0.897

% Taken from Ref. [10].
® Taken from Ref. [18].
¢ Taken from Ref. [22].

experimental values. The resultant structure is only 0.7 kcal/
mol less stable than the fully optimized structure. This sug-
gests that the potential energy surface is very flat for the
changes in the Ga-Ga distance and Ga-Ga-Ar" angles.
Therefore, it is natural that the Ga—Ga distance of Na,[Ar*-
GaGaAr™]is significantly affected by crystal packing forces,
because Ar” is bulkier, though the reasons for the different
Ga-Ga distances in the crystal structures of Na,[Ar*Ga-
GaAr"] and Na,[Ar'GaGaAr'] have remained obscure [21].

4. Conclusion

For disilyne (RSi=SiR), several effects of bulky aryl
(Tbt and Ar™) and silyl (SiiPrDis, and SiMe(SitBus),)
groups are disclosed and characterized by density func-
tional calculations with large basis sets. Silyl groups help
to make the Si-Si triple bond shorter. However, the aryl-
substituted disilyne is also an interesting synthetic target.
For the short Ga-Ga distance observed for Na,[Ar*Ga-
GaAr™), it is revealed that crystal packing forces as well
as other factors such as attractive interactions between
Na and Ar” play an important role, as suggested by the
density functional calculation showing that Na,[Ar*Ga-
GaAr®] and Nay[Ar'GaGaAr'] have almost the same
Ga—Ga distance. In general, crystal structures (as well as
crystallization) are significantly affected even by delicate
changes in the bulk of substituent groups.
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