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The 2°Si chemical shift tensors in both symmetrically and unsymmetrically substituted
disilenes have been analyzed by quantum chemical calculations. A detailed breakdown of
the paramagnetic contributions to nuclear shielding into individual sum-over-states terms
allows new insights into the interrelations between bonding and chemical shifts in these
unsaturated compounds. While the substituent effects in symmetrically substituted systems
may be understood to a large extent from the energy denominators of the perturbation
expression, the very different shifts for the two silicon nuclei in unsymmetrically substituted
systems are mainly due to the spatial extent and orientation of the occupied and unoccupied
molecular orbitals, as sampled by the matrix elements of nuclear magnetic moments at both
silicon sites. The unequal shifts may thus be understood and could serve as a diagnostic
tool to distinguish between symmetrically and unsymmetrically substituted disilenes.
Furthermore, unequal charge transfer and an alternating charge distribution can rationalize
unexpectedly larger pyramidalization of the silyl-substituted silicon center in unsymmetri-

cally substituted systems.

Introduction

Since the discovery of the first stable disilene, tetra-
mesityldisilene,! in the early 1980s, a variety of differ-
ently substituted systems have been synthesized.?~12
The preparation of such double-bonded silicon systems
still poses a great challenge to the synthetically working
chemist. In particular, unsymmetrically substituted
systems are complicated to obtain, and therefore only
a few examples have been described so far.#71011 The
bonding situation in compounds of this type has been
investigated by various methods, including crystal
structure analysis, UV/vis spectroscopy, and liquid and
solid-state NMR spectroscopy.24~17 Of the applied ana-
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Figure 1. 2°Si NMR shifts of selected disilenes (Mes =
2,4,6-trimethylphenyl, Is = 2,4,6-triisopropylphenyl).

lytical methods, 2°Si NMR spectroscopy has frequently
been the method of choice. Indeed, solid-state 2°Si NMR
has provided not only isotropic shift values but also the
detailed shift tensors.” The observed chemical shift (CS)
values of symmetrical disilenes may be classified by
the substitution pattern around silicon and fall in
distinct ranges: 56.2—66.5 ppm (aryl-substitued di-
silenes),246.7.13-17 87 1—-96.9 ppm (mixed aryl/alkyl sys-
tems),25915 94.2—-97.8 ppm (mixed aryl/silyl systems),>617
and 141.9—154.5 (silyl systems).8:10.17

The experimentally determined shift tensors encode
important electronic structure information. However,
due to the complexity of the shift tensor, the relation to
structure and bonding is not easy to establish and
requires usually explicit quantum chemical analyses.
To understand the observed chemical shifts (CS) in
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disilenes, quantum chemical calculations have been
performed by some authors.'>17 The proper basis for
interpretation is provided by Ramsey’s equation!® (eq
1), i.e., by second-order perturbation theory (unless
relativistic effects become important!®). Except for
proton NMR, it is usually assumed that changes in
chemical shifts are due to changes in paramagnetic
shielding, oP:20

1 W, LW EW, Ly T W, O
— +cc (1)

oy =

2c%1= E, - 'E,
Here, Wy and W, are the many-electron wave functions
of the ground and nth excited singlet state, respectively,
and Eq and 'E,, provide the corresponding energies. The
two matrix elements in the numerators reflect interac-
tions with (a) the external magnetic field (“orbital
Zeeman term”, OZ) and with (b) the magnetic moment
of the nucleus in question (the paramagnetic-nuclear-
spin-electron-orbit term, PSO).20

West et al.1” related the main substituent effects on
isotropic 2°Si shifts to the most deshielded component
(01) of the shielding tensor and attributed the changes
to the energy denominator of the sum-over-states ex-
pression in eq 1, more precisely to the interaction
between the ground state and the o(Si=Si) — 7*(Si=Si)
excited state. Experimentally determined 2°Si NMR
shifts of various symmetrically substituted disilenes
appear to confirm this behavior, for example when one
compares alkyl- and aryl-substituted systems (62°Si
56.2—96.9 ppm) with tetrasilyl-substituted compounds
(0%°Si 141.9—154.5 ppm). West et al. suggested that
electropositive substituents decrease the AE(o—x*)
values and therefore increase oP.’

However, this argument may not be used to explain
shieldings in unsymmetrically substituted disilenes.
While the unsymmetrical, but only aryl-substituted,
disilene (Mes),Si=Si(ls),’ (Is = 2,4,6-triisopropylphenyl)
exhibits almost identical 2°Si NMR shifts (57.9, 59.4
ppm) for both silicon centers, the unsymmetrically
substituted compound (IPr3Si),Si=Si(Mes),!* shows a
very large difference between the 2°Si NMR chemical
shifts of the two central silicon atoms [(Pr3Si),Si=
Si(Mes),: 152.3 ppm for (Mes),Si; —0.8 ppm for
(PrsSi),Si; further examples see ref 21]. The reasons
for these “... Unusual 2°Si NMR Chemical Shifts ...” (title
of ref 11) have not yet been understood.

If o(Si=Si)—x*(Si=Si) coupling is responsible for the
shifts of both Si centers, the energy denominator of this
excitation has to be the same in both cases and cannot
account for the observed differences. To achieve a better
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understanding of the substituent effects on 2°Si shifts
in both symmetrically and unsymmetrically substituted
disilenes, we have now carried out a quantum chemical
analysis of the individual contributing terms in the sum-
over-states expression (eq 1) for oP. The analysis method
implemented for this purpose allows a breakdown of oP
into individual contributions by occupied and un-
occupied molecular orbitals (MOs) within a density
functional theory (DFT) framework. As described in the
following, this breakdown has been performed in un-
precedented detail.

Theoretical Background

When using a wave function Wy that consists of a
single Slater determinant of molecular orbitals (MOs),
as in Hartree—Fock or density functional theories, we
may rewrite eq 1 as a double sum over occupied and
virtual molecular orbitals ¢x and ¢4, respectively (u and
v represent Cartesian components):2°

2 ocevac[gp, | Io,u|(paE|Eba| IN,v'r;13|¢kD

ok =— 2
N,uv szg AEkﬂa ( )

In the case of local (LDA) or gradient-corrected (GGA)
density functional calculations, the energy denominators
simplify further to differences between occupied and
virtual Kohn—Sham orbital energies (uncoupled DFT
— UDFT?), whereas coupling terms have to be taken
into account in the case of Hartree—Fock or hybrid-DFT
calculations.?3 Note that eq 2 refers to a common gauge
origin, but it can be extended easily for other choices of
gauge.2324

Depending on the computational framework used, the
occupied orbitals entering eq 2 may either be localized
MOs or canonical MOs, whereas the virtual MOs are
normally always taken to be canonical, i.e., delocalized.
Analyses of eq 2 in terms of localized occupied MOs are
usually carried out when using individual gauges for
localized orbitals (IGLO) to treat the gauge problem.23
We have initially carried out a DFT-IGLO-based analy-
sis. However, the results did not allow us to understand
the substituent effects adequately, as the relation to the
energy denominators is not straightforward anymore.
Subsequently, we have attempted the analysis in terms
of canonical MOs, within the framework of gauge-
including atomic orbitals (GIAOs).2* While this analysis
provides a better connection to the energy denominators,
the GIAO method involves additional contributions to
the sum-over-states expression in eq 2, due to gauge-
dependent couplings among the occupied MOs. Unfor-
tunately, these terms, which are difficult to interpret
chemically, turned out to change significantly from
system to system, thus complicating the picture. We
have therefore decided to carry out the final analyses
with canonical MOs and a common, single gauge origin
at the midpoint of the two central silicon atoms. While
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273-347.
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the basis-set convergence in such single-gauge calcula-
tions is inferior to IGLO or GIAO calculations, we found
that with the extended basis sets used (see below), the
relevant deviations from the GIAO results are accept-
able and do not affect the final conclusions of the
analyses.

To our knowledge, only Schreckenbach, Ziegler, and
co-workers have previously carried out detailed MO
analyses of chemical shieldings in terms of canonical
MOs, within a DFT-GIAO framework and for transition
metal complexes.?®> We go beyond these studies by
analyzing in detail for each term in the sum-over-states
expression (eq 2) not only the overall contribution to o?
and the energy denominator but also the individual OZ
and PSO matrix elements in the numerators, to obtain
further insight. In particular, the PSO term (second
matrix element) involves the electron—nucleus distance
to the third power in the denominator. It is therefore
extremely sensitive to finer details of the electron
density distribution around the nucleus in question. We
note in passing that the breakdown into individual
matrix elements is to some extent gauge dependent.
Occasionally, the sign of a matrix element may be ill-
defined, due to off-diagonal contributions. However, we
have convinced ourselves that the main conclusions of
the analyses are not affected by these details.

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 HF/6-31+G(d),
B3LYP/6-31+G(d),?® and MP2/6-31+G(d) level,?” using the
Gaussian98 program package.?® Optimization of 1 and 2 used
Czn symmetry, that of 3 Cs symmetry, while 4 and 5 had to be
optimized without symmetry. Natural population analyses®®
employed the built-in NBO-3.0 subroutines of the Gaussian98
program. Chemical shifts were initially calculated with Gauss-
ian98 at the HF-GIAO and BP86-GIAO gradient-corrected
DFT level 2430 using the extended IGLO-IIl basis sets of
Kutzelnigg et al.?® Calculated absolute shieldings o were
converted to relative shifts 0 via calculated shieldings for
tetramethylsilane (TMS) at the same levels [ocac(Si) = 390.0
ppm for HF-GIAO/IGLO-111//B3LYP/6-31+G(d), 326.0 ppm for
BP86-GIAO/IGLO-111//B3LYP/6-31+G(d), 389.3 ppm for HF-
GIAO/IGLO-111//MP2/6-31+G(d), and 327.5 ppm for BP86-
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Figure 2. Selected disilene model systems.

GIAO/IGLO-111//MP2/6-31+G(d) levels]. Isotropic shieldings
and shifts are the average of the three principal tensor
components.

Subsequent analyses of the individual contributions to o
for 1-3 were carried out at the BP86/IGLO-I1II level, using
the MP2-optimized structures. We used Kohn—Sham orbitals
obtained at this level with Gaussian98 and transferred them
to the in-house property program MAG-ReSpect,313? using a
recently implemented interface routine.®® With MAG-
ReSpect®'3? it is possible to calculate nuclear shieldings at
Hartree—Fock and pure or hybrid DFT levels using IGLO,
GIAO, or single-origin methods. The program has been ex-
tended for this study to enable a detailed breakdown of eq 2
into individual terms in the sum-over-states expression.

Results and Discussion

Structure Optimizations. A variety of symmetri-
cally and unsymmetrically substituted model systems
has been examined (Figure 2). Both calculations3* and
experiments!’ indicate that symmetrical disilenes exist
as trans-bent equilibrium structures. As has been shown
previously,'”3* inclusion of electron correlation is re-
quired to reproduce the structural parameters of di-
silenes, but MP2 and B3LYP-DFT methods provide
comparable accuracy. This is confirmed for our model
systems 1—3 in Table 1, where MP2 and B3LYP
structures agree well with each other but deviate
significantly from the Hartree—Fock-optimized struc-
tures.

Interestingly, the unsymmetrically substituted model
systems 3 and 5 exhibit a significantly larger pyrami-
dalization at the silyl-substituted center [Si(1)] than at
the methyl- or phenyl-substituted center [Si(2)], which
is in contrast to the situation for the symmetrically
substituted systems. This may be rationalized when
considering the natural charge distribution computed
for 3 (Figure 3): The silyl-substituted “silylene” frag-
ment obtains a negative partial charge. Following the
CGMT (Carter—Goddard—Malrieu—Trinquier)3® donor—
acceptor model, the methyl-substituted fragment acts

(31) Malkin, V. G.; Malkina, O. L.; Reviakine, R.; Schimmelpfennig,
B.; Arbuznikov, A. V.; Kaupp, M. MAG-ReSpect, version 1.0; 2002.
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J.; Ruud, K.; Agren, H.; Auer, A. A.; Bak, K. L.; Bakken, V.
Christiansen, O.; Coriani, S.; Dahle, P.; Dalskov, E. K.; Enevoldsen,
T.; Fernandez, B.; Hattig, C.; Hald, K.; Halkier, A.; Heiberg, H.;
Hettema, H.; Jonsson, D.; Kirpekar, S.; Kobayashi, R.; Koch, H.;
Mikkelsen, K. V.; Norman, P.; Packer, M. J.; Pedersen, T. B.; Ruden,
T. A,; Sanchez, A.; Saue, T.; Sauer, S. P. A.; Schimmelpfennig, B.;
Sylvester-Hvid, K. O.; Taylor, P. R.; Vahtras, O. DALTON, Release
1.2, 2001.
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melpfennig, B.; Malkin, V. G. J. Comput. Chem. 2002, 23, 794.
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and references therein.
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Table 1. Computed Structural Parameters at Different Computational Levels?

bond length pyramidality®
model method r(Si=Si) r(Si—Si) r(Si—C) Si(1)(Si) Si(2)(C)
1 B3LYP 218.8 190.2 351.0
MP2 218.1 189.3 351.5
HF 214.3 189.4 357.5
2 B3LYP 217.4 234.5 359.5
MP2 217.8 2334 356.7
HF 215.4 235.1 359.9
3 B3LYP 218.5 234.1 189.2 346.8 357.1
MP2 217.9 232.9 188.4 344.2 357.1
HF 215.1 233.9 188.7 358.9 359.6
4 B3LYP 218.7 Me: 189.8,189.9 Me: 352.8
Ph: 188.1,188.1 Ph: 353.7
5 B3LYP 219.3 234.2, 187.4,187.5 348.3 357.7
234.3
aWith 6-31+G(d) basis sets. Bond lengths in pm, angles in deg. P Sum of angles around silicon center.
Table 2. Computed ?°Si Chemical Shift Tensors (in ppm vs TMS)2
model method 01 0P o3P Oiso
1 HF 274.6 (268.8) 72.9 (70.0) 15.4 (15.1) 121.0 (118.0)
BP86-DFT 282.1 (279.9) 88.0 (85.8) 3.8(5.2) 124.6(123.6)
2 HF 474.4 (507.1) 65.7 (73.1) —94.9 (—101.6) 148.4 (159.5)
BP86-DFT 418.1 (445.7) 92.8 (106.2) —101.6 (—107.5) 136.0 (148.2)
3 [Si(SiH3)2] HF 128.4 (124.2) —85.9 (—95.9) —113.5 (—121.7) —23.7 (—31.1)
BP86-DFT 139.2 (137.8) —62.3 (—70.6) —124.3 (-131.2) —15.8 (—21.3)
3 (SiMey) HF 572.3 (587.7) 116.6 (116.4) 39.0 (39.2) 242.6 (247.8)
BP86-DFT 534.5 (550.8) 139.6 (141.6) 24.8 (25.8) 233.0 (239.4)
4 (SiMey) HF 220.0 92.0 12.2 108.1
BP86-DFT 242.4 118.5 0.0 120.3
4 (SiPhy) HF 233.1 75.9 20.3 109.7
BP86-DFT 2455 84.2 7.2 112.3
5 [Si(SiHa3)2] HF 70.6 —79.5 —124.1 —44.3
BP86-DFT 102.4 —-31.1 —143.1 —-23.9
5 (SiPhy) HF 516.3 71.9 53.2 213.8
BP86-DFT 475.6 87.0 33.8 198.8

a GIAO results obtained with Gaussian 98 and IGLO-III basis sets. Results for B3LYP-optimized structures, with results for MP2-
optimized structures in parentheses. P ¢; is oriented in z-direction, ¢, along y-direction, and o3 along x-direction.

a) -0.39 b)
-0.36 Me QS_."’O_\,.Me
+005 Si——=8i—=Me E b’s:-l\ﬂe
H35i‘j +1.04 -0.39 H4Si® J O
H3Si H3Si
+0.05

Figure 3. (a) Calculated natural charges for central silicon
atoms and substituents in 3. Silylene fragment charges are
(HsSi),Si —0.26; Me,Si +0.26. (b) Approximate bonding
scheme for 3.

more as a donor and less as an acceptor, and the silyl-
substituted fragment is a net electron acceptor. Elec-
trostatic preferences may be responsible for this behav-
ior. As Figure 3a shows, the unequal charge transfer
contributes to a favorable alternation of negative and
positive charges. Consequently, the central atom Si(1)
of the “net acceptor” fragment is significantly pyrami-
dalized, whereas the central atom Si(2) of the “net
donor” fragment is almost planar (Figure 3b). However,
we note that complete planarization of 3 requires only
ca. 2 kJ mol™t at the B3LYP/6-31+G(d) level.
Chemical Shift Tensors. Table 2 shows that com-
puted NMR chemical shift tensors for 1—3 with MP2-
and B3LYP-optimized structures agree well, and thus
we could use the more convenient B3LYP-optimizations
for the larger models 4 and 5. The table compares also
HF-GIAO and BP86-GIAO methods for the chemical
shifts. While there are some discrepancies between the
two levels, in particular for 911, the overall results are
similar regarding the substituent effects. As the UDFT
calculations with the BP86 functional allow the energy
denominators in eq 2 to be identified with the Kohn—

Table 3. Influence of Gauge Treatment on 2°Si
Shielding Tensors (in ppm)?2

model gauge o1 [o7) o3 Tiso
1 GIAO 52.3 2484  329.9 210.2
CGO 53.1 239.5 329.4 207.3
2 GIAO —107.0 233.1 445.0 190.4
CGO —90.1 242.9 479.4 210.8
3 [Si(SiH3)2] GIAO 194.0 408.4  465.6 356.0
CGO 208.4  416.3 490.3 371.7
3 (SiMey) GIAO —2135 192.7 310.7 96.6
CGO —-211.7 187.7 319.1 98.4

2 MAG-ReSpect results at BP86/IGLO-I11I level.

Sham orbital energy differences, it is more convenient
to base our further analyses for 1—3 on the DFT results.
As discussed above, neither IGLO nor GIAO treatment
provided a completely suitable basis for closer interpre-
tation, and thus we resorted to calculations with a
common gauge origin at the midpoint of the Si=Si bond.
Table 3 shows that the differences in the shielding
tensors compared to the corresponding GIAO-based
calculations are still notable but not anymore dramatic
with the extended IGLO-I1I basis sets used. All trends
and substituent effects are faithfully reproduced with
a single origin, and thus we may confidently carry out
our shielding analyses at this computational level.
Model systems 1—3 were thus further analyzed at the
BP86-CGO/IGLO-111//MP2/6-31+G(d) level, using the
MAG-ReSpect3! program. Contributions to o® may be
broken down into individual terms of the sum-over-
states formula (eq 2), related in each case to the coupling
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Table 4. Analysis of the Major Contribution to ¢® Values of 12

orbital nr.  contribution couplings to” direction®  AE[eV]” 0z PSO
Me .. \M e MO 37: -29.4 O3 -9.04 +3.09 +2.49
L [ MO 44: —48.4 T3 -9.97 -5.54 -2.41
i Si 29 -112.1
‘M MO 64: -20.9 T3 -14.38 +2.72 +3.20
Me e rest: —=13.4 - - - -
Me. . e MO 33 -118.5 oy -5.62 +3.36 +5.51
Ly ‘ MO 36: -21.8 G2, O3 —7.53  +2.87  +1.99
Si———Si__ 30 2074
' D) MO 48: -51.4 O3 -9.96 —4.66 -3.18
Me Me rest: -37.5 - - - -
Me Me MO 33: -208.7 o4 -5.09 -39 —7.84
MO 36: -21.3 G -7.00 —1.64 -2.50
Si s 31 2422 !
MO 61: +29.3 O3 -12.30 +3.67 -2.71
Me Me rest: —41.5 . ; - -
Me - Me MO 34: -78.4 Tz -3.77 +2.26 +3.70
N S MO 47: —23.6 o 679  +198 +2.24
Si—_Si 32 -98.6
N MO 53: +19.6 oz -7.62 +154 275
Me Me
rest: —16.2 - - - -

a Schematical drawings of selected MOs; selected isosurface plots see Figure 4. Shielding contributions in ppm, OZ matrix elements in
mHartree/Zeeman, PSO matrix elements in mZeeman. ? Selection of the three largest contributions. ¢ Main direction to which this coupling

contributes. 9 AE = Eg — Ej.

Table 5. Analysis of the Major Contributions to ¢° in 22

orbital® nr. contribution  couplings to®  direction® AF[eV]® ©0Z  PSO
HqSI p SiHs MO 50: -21.4 s —-6.09 +1.63 +2.27
\,ns L MO 53: —42.9 s -6.87 —4.64 -1.80
i—Si 45 -99.4
MO 61: -20.5 Gz -835 -277 -1.81
HsSi SiHy rest: —14.6 - -
HaSi SiHs MO 49: -290.5 o -394 432 -7.29
— MO 64: +55.1 Ga 845 -323 +3.98
i s 46  —280.3
S MO 66: -29.8 Ga -9.14 268 -2.80
H3Si iH
! 3 rest: -15.1 - - - -
HaSi iHy MO 49: -169.7 Gz -368 +3.22 +536
\JS MO 571: —49.9 Ga -548 -587 -1.35
i—Si__ 47 -2537
{ L MO 57: -29.3 Os 715 -2.03 -2.85
HsSi SiHs rest: —4.8 - - - -
\C.—;:D./ MO 62: +20.8 G2 651 +1.37 -2.85
w 48 —68.8
y S./ \S.H MO 84: -32.2 o 1075 +2.72 +3.50
|
e s rest: —18.4 -

a Schematical drawings of selected MOs. Shielding contributions in ppm, OZ matrix elements in mHartree/Zeeman, PSO matrix elements
in mZeeman. P Selection of the three largest contributions. ¢ Main direction to which this coupling contributes. ¢ AE = Eq — Ep.

of exactly one occupied to one virtual MO. We first of
all have to remark that the dominant contributions in
each case arise from couplings of the four occupied MOs
at highest energy to virtual MOs. These occupied MOs
are sketched in Tables 4—6 and are shown in more
detail as isosurface plots [together with the 7*(Si=Si)
LUMOQ], for tetramethyldisilene (1) in Figure 4 and for
1-disilyl-2-dimethyldisilene (3) in Figure 5. For reasons
of clarity, the tables generally list only the major
contributions to oP.

In 1, two out of these four MOs dominate ¢P: orbital
30, which is mainly o(Si—C) bonding and orbital 31,
which corresponds largely to the o(Si=Si) bond. Mag-
netic couplings of these MOs are not restricted to just
one unoccupied MO but are distributed over a number
of appropriate combinations. For a large contribution

to o, (a) the energy denominator in one of the terms in
eq 2 has to be sufficiently small, and (b) both matrix
elements in the numerator have to be sufficiently large.
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, and the corresponding major contribution to
oP points perpendicular to this plane. In other words,
preferred rotation around an axis leads to large o
contributions along this axis.

In model system 1 this can be illustrated easily, e.g.,
by comparing the occupied MO 30 to the LUMO 33
(Figure 4). Rotation of 30 (antisymmetric combination
of Si—C o-bonding MOs) around the Si=Si bond (y-axis)
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Table 6. Analysis of the Major Contributions to ¢” in 32

Si(1) (SiHy-substituted) Si(2) (CHy-substituted)
contr. couplings to AE[eV] direction” oz PSO orbital nr. | contr. couplings to AE[eV] direction” OZ PSO
MO 41: +18.8  —5.62 Gz 4219 1367 . MO 41:-127.2 562 oz +2.19  +9.00
HsSi ’Me
128 MO 49: -8.00 -9.10 o, 05  +281  +0.72 \Si_S| 37 | 3106 MO 54:-53.5  -9.85 oy +4.41  +3.36
' MO 73-8.96  —13.5 o3 217  -163 ye Y T MOS55 311 —10.01 6,65 233 -3.85
HsSi “Me
rest: +0.96 - - - - rest: —107.8 - - - -
MO 47: -200.3  —4.49 o 408 611 | g Me MO 41: -278.4  —4.40 o 406 -8.48
MO 48 +232  —7.61 os 4230 -2.12 — MO 74: —22.3 —12.94 o1 4220 +3.76
—174.2 S 38 | -312.4
MO 74: -36.3  -12.94 o3 +220  +5.95 MO 108: +13.0 —-21.41 o3 +157 -5.33
HaSi Me
rest: +39.2 - - - - rest: —24.7 - - - -
MO 41:-133.9 —4.38 o, (0;) +251 +6.45 . MO 41:-29.8  —4.38 o +2.51  +1.50°
Hgsl/-\ /Me
MO 42: 825  -5.83 o3 377 -352 N . MO 42: +5.80  -5.83 oy -3.77  +0.34
-286.9 Si—Si 39| -41.2
MO 51: 429 -823 o0, +2.24 +453 MO 54: —4.74  —8.61 o3 -1.89 -0.60
H3Si Me
rest: —27.6 - - - - rest: —12.46 - - - -
MO 43: -582  —4.05 G2 +167  +3.89 : MO 43 452  -4.05 o2 +1.67 +3.16
HaSi Me
1qs MO4T21T 543 o +148  —2.20 \g/ w!| 7go MOSO+150 813 o, —124 4214
" MO73-254 1036 o,  +098 +7.36 SO\ "~ MOS55-308 -6.87 o, +185 +3.16
rest: —11.5 - - - - HaSi Me rest: —17.0 - - - -

a Schematical drawings of selected MOs; selected isosurface plots see Figure 5. Shielding contributions in ppm, OZ matrix elements in
mHartree/Zeeman, PSO matrix elements in mZeeman. ® Main direction to which this coupling contributes. ¢ AE = Eq — En. 9 Sign of PSO
term corrected after calculation.

Figure 5. Isosurface plots (+0.06 au) of selected MOs for model system 3.36

produces a transformed MO that matches nicely with leads to a significant deshielding contribution along the
the LUMO 33. As the corresponding energy denomina- y-axis (oy; cf. Table 4). While the symmetric MO 29 is
tor is relatively small (=5.62 eV; Table 4), this coupling only slightly lower in energy than 30, it has the wrong
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nodal structure to interact properly with 33 when
rotated in the xz-plane. Thus the corresponding sum-
over-states term is negligibly small (<1 ppm).

The overall largest individual coupling is the one
between the ¢(Si=Si) bonding MO 31 and LUMO 33.
As the corresponding rotation (ring current) is around
the z-axis, this term contributes mainly along z (o1). This
is the term on which previous analyses focused.'”
Indeed, the corresponding o(Si=Si)—xz*(Si=Si) coupling
for tetrasilyldisilene 2, 46—49 (Table 5), is larger and
thus to a large extent responsible for the larger deshield-
ing (again via o1). While the product of the OZ and PSO
matrix elements for this coupling is also slightly larger
in 2 than in 1, the main difference between the two
systems is caused by the smaller energy denominator
[AE(31—33) in 1: 5.09 eV, AE(46—49) in 2: 3.94 eV,
see also Tables 4 and 5], due to the lower energy of 49
(—3.20 eV) in 2 compared to that of 33 (—1.76 eV) in 1.
This is consistent with the main conclusions reached
by West et al.,’” who attributed the substituent effects
on the 29Si shifts in disilenes mainly to a reduction of
the energy denominator for this coupling by electro-
positive substituents. However, closer comparison of
Tables 4 and 5 shows that the 47—49 coupling in 2 is
enhanced even more compared to the equivalent 30—33
coupling in 1 (again due to a reduced energy denomina-
tor, thus enhancing deshielding contributions mainly
along o03). Other contributions change as well. As
another result, o3 is decreased almost by the same
amount as o3 is increased, and ois, for the two com-
pounds 1 and 2 differs much less than g; might suggest
(Table 3).

The situation changes dramatically for the unsym-
metrical 1-disilyl-2-dimethyldisilene (3). The most strik-
ing spectroscopic result for (Mes),Si=Si(Si'Prz),,1! the
large difference in the isotropic shifts of the two central
silicon nuclei, is well simulated by 3, where the center
on the silyl-substituted side [Si(1)] is almost 200 ppm
more shielded than that on the methyl-substituted side
[Si(2)] (Table 3). This constitutes an opposite relative
behavior than observed for the silyl- and methyl-
substituted centers in the symmetrical derivatives 1 and
2.

It becomes immediately obvious from Table 6 that we
may not argue via different energy denominators for the
different sites. The interacting orbitals are identical, and
so are their energy denominators. While the differences
in 01 are again most pronounced, those for o, and o3
are by no means negligible. Concentrating first on o1,
we note that the major coupling is again that between
the o(Si=Si) bonding combination 38 and the 7*(Si=Si)
antibonding LUMO 41 (Table 6). As the energy denomi-
nator for this coupling must be identical for both Si(1)
and Si(2) sites, we have to focus on the matrix elements
in the numerator of eq 2. The OZ matrix element is also
identical (it describes the interaction of the MOs with
the external magnetic field), and thus it is the larger
PSO matrix element at the Si(2) site that is responsible
for the much larger contribution from 38—41 coupling
at the methyl-substituted end. The PSO matrix element
represents interaction with the nuclear magnetic mo-
ment on a given NMR nucleus, and due to its r—3
dependence the PSO operator samples mainly the local
environment of that nucleus (more precisely, the inner-

Auer et al.

core tails of the valence MOs at this center). From a
local perspective both MOs 38 and 41 look indeed very
different at both sites (Figure 5): While MO 38 is very
little polarized, the LUMO 41 is strongly concentrated
on the Si(2) side (Figure 5). This leads to a much larger
PSO term and thus larger deshielding at the Si(2) site,
not only for the 38—41 coupling, but also for other
couplings (see Table 6).

The asymmetry of the charge distribution in 3 (see
also Figure 3) is also reflected in the occupied MOs
(Figure 5). For example, the Si-substituent o-bonding
MOs are now strongly polarized, with MO 39 mainly
o[Si(1)—SiH3] bonding and MO 37 almost exclusively
o[Si(2)—CHgs] bonding (Table 6). Consequently, the
contributions from these MOs to oP are very different
for the two sites: MO 39 contributes mainly to the
deshielding of Si(1) and MO 37 to Si(2) deshielding (via
g, and o3). In both cases, it is again the PSO matrix
element that is responsible for the differences, as it
samples the asymmetric charge distribution from a local
point of view (energy denominators and OZ matrix
elements for a given coupling must be identical at both
sites). As the differences between the sites are larger
with MO 37, the overall consequence is a larger deshield-
ing of Si(2). Together with the contributions of MO 38,
which go in the same direction (see above), the much
larger deshielding of Si(2) compared to Si(1) results. We
note in passing that couplings that are strongly off-
center may produce negative PSO matrix elements and
thus positive contributions to oP, as shown for example
for the 37—41 coupling at the Si(1) site in 3 (Table 6).87

Conclusions

Detailed quantum-chemical analyses of the 2°Si chemi-
cal shift tensors in substituted disilenes show a more
differentiated picture of the substituent effects on
shielding than previous studies. We confirm the over-
riding importance of the energy denominators in the
expression for of (eq 2) in symmetrically substituted
disilenes such as 1 or 2 on their chemical shifts.’
However, it has become apparent that it is not only the
o(Si=Si)—a*(Si=Si) coupling that accounts for the
substituent effects, but orbitals with o-bonding charac-
ter to the substituents make notable contributions as
well.

The situation is very different for the shifts of the two
Si centers in unsymmetrically substituted disilenes.
Here the energy denominators are identical for the two
sites and cannot explain the very different shifts. It
turns out that the asymmetric charge distribution is
reflected in both occupied and unoccupied MOs. This
charge asymmetry is sampled efficiently by the nuclear
magnetic moments (PSO matrix elements) on the re-
spective silicon nuclei. As a result, the dimethyl-
substituted silicon center [Si(2)] in 1-disilyl-2-dimethyl-

(36) (@) Flukiger, P.; Lathi, H. P.; Portmann, S.; Weber, J.
MOLEKEL 4.3; Swiss Center for Scientific Computing: Manno,
Switzerland, 2000—2002. (b) Portmann, S.; Luthi, H. P. CHIMIA 2000,
54, 766.

(37) The most famous cases of shielding off-center paramagnetic
currents are the low-frequency H shifts of certain transition-metal
hydrides (see, e.g.: Buckingham, A. D.; Stephens, P. J. J. Chem. Soc.
1964, 2747. Buckingham, A. D.; Stephens, P. J. J. Chem. Soc. 1964,
4583. Ruiz-Morales, Y.; Schreckenbach, G.; Ziegler, T. Organometallics
1996, 15, 3920).
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Me ~ Me HySi,  SiHs Me  SiHj
118.0 Si=Si 159.5 Si=Si 247.8 Si=Si_-31.1
Me  Me Hssi©  SiHg Me  SiHj
1 2 3

Figure 6. Calculated 2°Si NMR shifts of model systems
1-3 [HF-GIAO/IGLO-111//MP2/6-31+G(d)].

disilene (3) exhibits more pronounced deshielding than
the disilyl-substituted center [Si(1)]. This rationalization
of the unexpected shifts in unsymmetrically substituted
disilenes increases also the value of 2°Si shifts as an
analytical tool to distinguish between different systems
(see Figure 6).

While this work has concentrated on disilenes, the
analysis method used is generally applicable and should
be valuable for a better understanding of, for example,
structural changes or substituent effects on chemical
shifts in a wide variety of molecules. From a chemical
point of view it is in particular the possibility of detailed
visualization of the magnetically coupled MOs that
makes the MO-by-MO analysis of nuclear shieldings,
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as carried out here, an attractive tool (see, e.g., com-
ments in ref 38).
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