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The 29Si chemical shifts in substituted disilynes have been analyzed by quantum-chemical
studies using a detailed breakdown of paramagnetic contributions into couplings of occupied
and virtual canonical molecular orbitals. The results give indications of substituent effects
on shielding and confirm the importance of energy denominators in the equation for σp in
symmetrical substituted disilynes (H3SiSiSiSiH3 and H3CSiSiCH3) on their chemical shifts.
In the unsymmetrical substituted disilyne H3CSiSiSiH3 the energy denominators are identical
for both sites and thus cannot explain the widely different chemical shifts. It turns out that
the asymmetric charge distribution (reflected in both occupied and virtual MOs and sampled
by the PSO matrix elements) allows more efficient couplings at the methyl-substituted silicon
side. Furthermore, shielding values in disilynes depend strongly on the size of the trans-
bent angle æ, as indicated clearly by analyses of the 29Si chemical shifts in the model
H3SiSiSiSiH3 at selected values of æ. Small changes in æ influence the 29Si shielding values
appreciably. At lower values of æ, couplings between bonding and virtual MOs exhibit
stronger deshielding caused by significantly lower energy denominators.

Multiple bonds between non-first-row main-group
elements have long been considered to be unstable. This
assumption s known as the “double bond rule” s was
disproved by the synthesis and structural characteriza-
tion of doubly bonded tin-tin,1a silicon-silicon,1b and
silicon-carbon1c-e compounds in the late 1970s and
early 1980s. In the case of disilenes, more than 50
examples have been successfully synthesized so far,2
despite the complexity of their preparation. On the basis
of these results and on the predicted stability of disi-
lynes by quantum-chemical studies,3 the synthesis and
structural characterization of a related silicon-silicon
triple bond was a long-sought goal. Early reports merely
indicated the formation of disilynes as intermediates.4
The first experimental indication of a stable disilyne was

given by Wiberg in 2002 by NMR analysis (29Si NMR:
91.5 ppm) and mass spectrometry (M+ ) 1 + O2) of 1.
However, the compound was very sensitive and could
not be isolated and characterized further.5 In 2004 two
groups almost simultaneously reported successful syn-
theses of compounds with a silicon-silicon triple bond.
Wiberg and co-workers confirmed the formation of 1 by
NMR analysis and trapping reactions (e.g. 2 + 2
cycloaddition with ethylene),6 while Sekiguchi et al.
succeeded in completely characterizing disilyne 2 by
crystal structure analysis and NMR spectroscopy (cf.
Figure 1).7

System 2 exhibits a characteristic trans-bent struc-
ture (æ ) 137.4°), which may be rationalized by the
CGMT (Carter-Goddard-Malrieu-Trinquier)9 donor-
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Figure 1. Structures and 29Si NMR shifts of experimen-
tally investigated disilynes.6-8
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acceptor model.10 The 29Si NMR resonance signals of the
central silicon atoms in 2 appear at 89.9 ppm and are
in good agreement with the values observed for 1. In
addition, quantum-chemical studies on 1 indicated a
trans-bent angle of 148.0° and 29Si NMR shifts of 111.2
ppm for the central silicon atoms.8

29Si NMR spectroscopy is the most important diag-
nostic tool for the characterization of disilynes such as
1 and 2. An initial interpretation of the 29Si NMR
chemical shifts of disilynes was obtained by comparison
with acetylene systems.7 As an understanding on the
basis of this comparison is not sufficient, we decided to
analyze the 29Si NMR chemical shifts in more detail.
In this context an important question is how sensitive
the 29Si NMR shifts in disilynes are to changes of the
trans-bent angle æ.11

Theoretical Background

The proper basis for interpretation is provided by
Ramsey’s equation,12 i.e., by second-order perturbation
theory (unless relativistic effects become important13).
Except for proton NMR, it is usually assumed that
changes in chemical shifts are due to changes in
paramagnetic shielding, σp. When using Hartree-Fock
or density functional theory (DFT), one may rewrite the
term for paramagnetic shielding in Ramsey’s equation
as a double sum over occupied and virtual molecular
orbitals φk and φa, respectively (u and v represent
Cartesian components):14

The two matrix elements in the numerators reflect
interactions with (a) the external magnetic field (“orbital
Zeeman term”, OZ) and (b) the magnetic moment of the
nucleus in question (the paramagnetic nuclear spin
electron orbit term, PSO).14 On the same grounds as
detailed in our previous study of disilene chemical
shifts,15 our analysis will be based on a gradient-
corrected density functional calculation with a common
gauge origin (CGO) at the midpoint of the two central
silicon atoms.16 As previously described, this method of
analysis allows a breakdown of σp into individual
contributions from occupied and unoccupied molecular
orbitals (MOs) within a DFT framework.15

Computational Details

Structure optimizations and harmonic vibrational frequency
analyses (to establish the nature of stationary points on the
potential energy surface) were performed at the MP2/
6-31+G(d) level, using the Gaussian98 program package.17 All
model systems were optimized without symmetry. Chemical
shifts were initially calculated with Gaussian98 at the BP86-
GIAO gradient-corrected DFT level,18 using extended IGLO-
III basis sets.19 Calculated absolute shieldings σ were con-
verted to relative shifts δ via calculated shieldings for
tetramethylsilane (TMS) at the same level (σcalc(Si) 327.5
ppm for the BP86-GIAO/IGLO-III//MP2/6-31+G(d) level). Iso-
tropic shieldings and shifts are the average of the three
principal tensor components.

Subsequent analyses of the individual contributions to σp

for 3-5 were carried out at the BP86-CGO/IGLO-III level
(Figure 2). We used Kohn-Sham orbitals obtained with
Gaussian98 and transferred them to the in-house property
program MAG-ReSpect20 by an interface routine.21 MAG-
ReSpect20 allows the detailed analysis of individual contribu-
tions to nuclear shieldings as discussed above.

Natural population analyses22 employed the built-in NBO-
3.0 subroutines of the Gaussian98 program and were per-
formed on the BP86/IGLO-III wave functions.

Results and Discussion

Early quantum-chemical studies on the Si2H2 model
system indicated a trans-bent structure as a reasonable
structure proposal for disilynes.23 This was confirmed
by calculations on larger, substituted systems, e.g. on
1,8 and also by crystal structure analysis on 2.7 Our
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Figure 2. Calculated 29Si chemical shifts (BP86-GIAO/
IGLO-III//MP2/6-31+G(d)) and trans-bent angles æ (MP2/
6-31+G(d)) of model systems 3-5.
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structure optimizations of model systems 3-5 (cf. Table
1 in the Supporting Information for structural param-
eters24) are in line with these results. In analogy to
recent computations on disilene model systems,15 the
unsymmetrical disilyne 5 is significantly more bent at
the silyl-substituted center (Si(2)). This can be rational-
ized by considering the natural charge distribution for
5 (cf. Figure 3a): the silyl-substituted “silylyne” frag-
ment is negatively charged. According to the CGMT
donor-acceptor model,9 the methyl-substituted frag-
ment acts more as a donor, while the silyl-substituted
fragment is a net electron acceptor. This behavior may
be understood by electrostatic preferences, as the un-
equal charge transfer leads to a favorable alternation
of negative and positive charges. In consequence the
silyl-substituted side is more bent (æ ) 117.9°) than the
methyl-substituted side (æ ) 137.6°).

Comparison of BP86-CGO/IGLO-III and BP86-GIAO/
IGLO-III shieldings (cf. Table 1) shows notable but
acceptable differences. In particular, all trends and
substituent effects are reproduced at the common-gauge
level. This allows us to perform the shielding analysis
of models 3-5 at the BP86-CGO/IGLO-III//MP2/6-
31+G(d) level. Contributions to σp were broken down
into individual terms of eq 1 related in each single case
to the coupling of one occupied with one virtual MO.
We note that for all three models the dominant contri-
butions arise from couplings of the three highest oc-
cupied molecular orbitals (cf. Figures 4 and 5 and Tables
2, 3, and 5 for isosurface plots) to virtual MOs. For
reasons of clarity, Tables 2, 3, and 5 generally list only
the major contributions to σp.

In 3, the σ(Si-C) and σ(SitSi) bonding MO 21
dominates contributions to σp. Magnetic couplings of this

MO are distributed over a series of appropriate combi-
nations. The largest involve virtual MOs 24 and 25. In
general, a large contribution of a coupling to σp arises
when (a) the energy denominator is sufficiently small
and (b) both matrix elements in the numerator are
sufficiently large (cf. eq 1). The latter requires that
angular momentum (present in both OZ and PSO
operators) transforms an occupied MO to a form that
overlaps well with the appropriate unoccupied MO. This
corresponds to a paramagnetic ring current in the plane
containing the two MOs involved, with the correspond-
ing major contribution to σp pointing perpendicular to
this plane and therefore along the axis of rotation.

In model system 3 this can be illustrated easily, e.g.
by comparing MO 21 to the LUMO 24. Rotation of MO
21 around the σ1 axis (perpendicular to the plane of the
two silicon and two carbon atoms; cf. Figure 4) results
in a transformed MO that matches nicely with the
LUMO 24. As the corresponding energy denominator
is relatively small (∆E(21f24): -4.30 eV; cf. Table 2)
this coupling exhibits a significant deshielding contribu-
tion along the z axis (σ1; cf. Table 2), making it the
overall largest individual coupling in 3. However, MO
21 also contributes strongly along the y axis (σ2; cf. Table
2), by a good match with the LUMO+1 25, despite the
relatively large energy denominator (-6.19 eV; cf. Table
2). Both couplings may be described more or less as
σ-π* couplings (MO 24 is not a pure π*-type MO but
has a slightly more complicated character), consistent
with previous studies on doubly and triply bonded
compounds.15,25

In disilyldisilyne (4) the coupling of the corresponding
σ(Si-Si) and σ(SitSi) bonding MO 29 with LUMO 32
(Table 3) is larger and thus to a large extent is
responsible for the more pronounced deshielding (again
via σ1). The virtual MO 32 involved in this coupling
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(b) Binkley, J. S. J. Am. Chem. Soc. 1984, 106, 603. For a summary
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Chem. Soc. 1997, 119, 4972. (b) Zilm, K. W.; Conlin, R. T.; Grant, D.
M.; Michl, J. J. Am. Chem. Soc. 1980, 102, 6672. (c) Beeler, A. J.;
Orendt, A. M.; Grant, D. M.; Cutts, P. W.; Michl, J.; Zilm, K. W.;
Downing, J. W.; Facelli, J. C.; Schindler, M. S.; Kutzelnigg, W. J. Am.
Chem. Soc. 1984, 106, 7672.

Figure 3. (a) Calculated natural charges for central silicon
atoms and substituents in 5. The silylyne fragment charges
are as follows: MeSi, +0.19; H3SiSi, -0.19. (b) Approxi-
mate bonding scheme for 5 (following the CGMT model)
with two donor-acceptor bonds (indicated by arrows) and
one π bond between p orbitals (indicated by the line).9,10

Table 1. Influence of Gauge Treatment on 29Si
Shielding Tensorsa

model gauge σ1 σ2 σ3 σiso

3 GIAO -43.7 159.9 786.5 300.9
CGO -36.4 162.4 785.8 303.9

4 GIAO -155.7 52.3 802.6 233.1
CGO -124.8 79.5 805.4 253.4

5 (Si1) GIAO -209.4 30.3 735.1 185.3
CGO -195.2 37.1 736.6 192.8

5 (Si2) GIAO 86.8 228.4 852.9 389.4
CGO 110.7 247.5 854.6 404.3

a MAG-ReSpect results at the BP86/IGLO-III level in ppm.

Figure 4. Isosurface plots ((0.05 au) of selected MOs (for
reasons of clarity MO 25 is displayed after rotation around
the Si-Si axis) for model 3.26
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resembles the virtual MO 24 in dimethyldisilyne (3)
(and MO 33 is analogous to MO 25 in the latter
molecule). While the product of the OZ and PSO matrix
elements for this coupling is also slightly larger in 4
than in 3, the main difference is caused by the
smaller energy denominator (∆E(21f24) in 3, -4.30 eV;
∆E(29f32) in 4, -3.39 eV; see also Tables 2 and 3). This
behavior is due to the higher energy of MO 29 (-7.29
eV) and lower energy of MO 32 (-3.89 eV) in 4 when
compared to the energies of MOs 21 (-7.73 eV) and 24
(-3.43 eV) in 3. The fact that the silyl-substituted
system 4 exhibits a smaller energy denominator is
consistent with the results from prior work on disilenes
by West et al.25 and by us.15 Closer comparison of Tables
2 and 3 shows that the 29f32 and 29f33 couplings in
4 are enhanced (along σ1 and σ2) in comparison to the
analogous 21f24 and 21f25 couplings in 3. However,
as contributions to σ3 are reduced, σiso differs less than
σ1 and σ2 might suggest (Table 1).

We further emphasize that changes in the trans-bent
angle æ influence the paramagnetic shielding σp sig-
nificantly. A lower value of 110° results in significantly
decreased σ values, while a more “linear” structure (æ
) 160°) causes the opposite effect (cf. Table 4). This
trend is dominated by the 29f32 and 29f33 couplings,
which exhibit clearly smaller energy denominators upon
a decrease of æ to 110° (cf. Table 5). An increase of æ to
160° affects the MO energies appreciably (e.g. MO 29

is lowered while MO 32 rises notably; see ref 3c for a
thorough discussion of the effects of the trans-bent angle
on MO energies). Furthermore, the contributions by the
29f32 and 29f33 couplings start to converge toward
each other as the virtual MOs 32 and 33 approach
degeneracy (Table 6). Obviously, at æ ) 160° the virtual
MOs 32 and 33 begin to resemble the π* virtual orbitals
in linear triply bonded systems such as acetylene.

The situation changes significantly for the unsym-
metrical 1-silyl-2-methyldisilyne (5). The large differ-
ence in isotropic shifts of the two silicon atoms is most
obvious: the silicon center on the silyl-substituted side
(Si(2)) is over 200 ppm more shielded than that on the
methyl-substituted side (Si(1)) (cf. Table 7). In compari-
son to the corresponding sites in the symmetrical
systems 3 or 4, the methyl-substituted Si(1) is roughly
110 ppm more deshielded, while the silyl-substituted
Si(2) is roughly 150 ppm more shielded.

Table 7 shows clearly that the major differences in
shielding are caused by the couplings of MO 25 to higher
virtual orbitals.27 However, one may not argue via
different energy denominators for the different sites, as

(26) Flükiger, P.; Lüthi, H. P.; Portmann, S.; Weber, J. MOLEKEL
4.3; Swiss Center for Scientific Computing, Manno, Switzerland, 2000-
2002.

(27) The effect is additionally enhanced by contributions of lower
lying bonding MOs. For a detailed overview on all effects by contribut-
ing MOs, see the Supporting Information.

Table 2. Analysis of the Major Contribution to σp Values of 3a

a Isosurface plots ((0.05 au) of selected MOs (for reasons of clarity MO 22 is displayed after rotation around the Si-Si axis). Shielding
contributions are given in ppm, OZ matrix elements in mHartree/Zeeman, and PSO matrix elements in 10-3 Zeeman. b Selection of largest
contributions (up to three). c Main direction(s) to which this coupling contributes. d ∆E ) εa - εk in eV.
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both the interacting orbitals and their corresponding
energy denominators are identical. Even the OZ matrix
elements are identical (they describe the interaction of
the MOs with the external magnetic field), and hence,
we have to focus on variations in the PSO matrix

element. The difference between the contributions from
MO 25 for the two sites is roughly 136 ppm. Sizable
differences in the contributions from the π-bonding MOs
26 and HOMO 27 cancel largely (cf. Table 7). Obviously,
the shapes of MO 25 and of the corresponding virtual
MOs allow overall more efficient couplings (after rota-
tion of MO 25 around σ1 or σ2, respectively) at the
methyl-substituted silicon (Si(1)) site. This reflects the
unsymmetrical charge distribution (cf. Figure 3) and the
related polarizations of both occupied and virtual MOs
(see Table 7 and Figure 5). Similar results have been
obtained for unsymmetrically substituted disilenes.15 In

Table 3. Analysis of the Major Contribution to σp Values of 4a

a Isosurface plots ((0.05 au) of selected MOs (for reasons of clarity MO 31 is displayed after rotation around the Si-Si axis). Shielding
contributions are given in ppm, OZ matrix elements in mHartree/Zeeman, and PSO matrix elements in 10-3 Zeeman. b Selection of largest
contributions (up to three). c Main direction(s) to which this coupling contributes. d ∆E ) εa - εk in eV.

Table 4. Influence of the Trans-Bent Angle æ on
the σ Values in 4

trans-bent angle æ σ trans-bent angle æ σ

110.0 112.8 140.0 295.7
120.0 203.4 150.0 333.3
129.3 253.4 160.0 366.5

Table 5. Analysis of the Major Contribution to σp

Values of 4 at 110°a

orbital no. contribn couplings to MOb dirc ∆Ed OZ PSO

29 -653.1 32: -433.2 σ1 -2.23 3.91 6.82
33: -265.3 σ2 -4.07 4.10 7.27
36: +42.9 σ1 -6.53 -2.71 2.88
rest: +2.5

30 -62.5 35: -69.6 σ1 -6.16 3.80 3.17
rest: +7.1

31 -56.9 34: -6.9 σ23 -4.17 0.29 2.82
35: -34.1 σ3 -4.90 1.40 3.76
38: -6.5 σ23 -5.57 1.47 1.20
rest: -9.4

a Shielding contributions are given in ppm, OZ matrix elements
in mHartree/Zeeman, and PSO matrix elements in 10-3 Zeeman.
b Selection of largest contributions (up to three). c Main direction(s)
to which this coupling contributes. d ∆E ) εa - εk in eV.

Table 6. Analysis of the Major Contribution to σp

Values of 4 at 160°a

orbital no. contribn couplings to MOb dirc ∆Ed OZ PSO

29 -462.7 32: -240.8 σ1 -4.81 4.58 6.97
33: -218.0 σ2 -4.98 4.31 6.95
rest: -3.9

30 -25.6 38: +11.9 σ1 -5.36 -1.96 0.90
42: -30.7 σ! -7.37 1.91 3.26
rest: -6.8

31 -37.2 34: -17.8 σ23 -2.57 0.55 2.33
35: -23.5 σ23 -5.10 1.85 1.83
38: +11.9 σ2 -5.19 -1.70 1.12
rest: -7.8

a Shielding contributions are given in ppm, OZ matrix elements
in mHartree/Zeeman, and PSO matrix elements in 10-3 Zeeman.
b Selection of largest contributions (up to three). c Main direction(s)
to which this coupling contributes. d ∆E ) εa - εk in eV.
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the latter case, the analysis was slightly more straight-
forward, as a smaller number of virtual orbitals were
involved. Here we see sizable differences between the
two sites for contributions, not only from the lowest
lying π*-type MOs 28 and 29 but also from a number of
higher lying virtual MOs. Nevertheless, the predomi-

nance of the PSO matrix elements shows beyond doubt
that it is the polarization of the charge distribution
toward Si(2) that enhances the σp contributions at the
Si(1) site. The positive charge at Si(1) is reflected in a
larger r-3 factor. Parts of the differences between Si(1)
and Si(2) shieldings are due to the positive sign of the

Table 7. Analysis of the Major Contribution to σp Values of 5a

a Isosurface plots ((0.05 au) of selected MOs (for reasons of clarity MO 27 is displayed after rotation around the Si-Si axis). Shielding
contributions are given in ppm, OZ matrix elements in mHartree/Zeeman, and PSO matrix elements in 10-3 Zeeman. b Selection of largest
contributions (up to three). c Main direction(s) to which this coupling contributes. d ∆E ) εa - εk in eV.
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25f31 and 25f32 couplings (as well as of remaining
smaller contributions) for the Si(2) site, whereas similar
contributions on the Si(1) site are all negative. Such
positive contributions are generally due to strongly off-
center couplings. The virtual MOs involved (not shown)
are largely delocalized between the Si(2) center and its
silyl substituent: i.e., they reflect also the polarity of the
SitSi bond.

Conclusions

Detailed quantum-chemical analyses of the 29Si chemi-
cal shifts in substituted disilynes have allowed the
rationalization of substituent effects on the shieldings
of the central silicon centers. The results confirm the

importance of energy denominators in the equation for
σp (eq 1) for the shifts in symmetrically substituted
disilynes such as 3 and 4. Furthermore, the shielding
values depend strongly on the size of the trans-bent
angle æ. Small changes in æ have a significant influence
on the 29Si shielding values. At lower values of æ,
couplings between bonding and virtual MOs exhibit
more deshielding because of significantly lower energy
denominators.

In unsymmetrically substituted disilynes the energy
denominators are identical for both sites and thus
cannot explain the widely different chemical shifts. It
turns out that the asymmetric charge distribution,
which is reflected in both occupied and virtual MOs and
is sampled by the PSO matrix elements, allows more
efficient couplings at the methyl-substituted silicon side.

The rationalization of the 29Si shifts in both sym-
metrical and unsymmetrical disilynes by this MO-by-
MO analysis will hopefully aid in future experimental
characterizations of further related systems.
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Figure 5. Isosurface plots ((0.05 au) of selected MOs (for
reasons of clarity MO 29 is displayed after rotation around
the Si-Si axis) for model 5.26
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