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29Si NMR Shielding Calculations Employing Density Functional Theory,
Focussing on Hypervalent Silicon Compounds

Van An Du,'?! Gregor N. Stipicic, and Ulrich Schubert*!?!

Keywords: Silicon / 2°Si NMR spectroscopy / Density functional calculations / Hypervalent compounds

29Si NMR chemical shifts of 41 silicon-containing compounds
(14 tetra-, 10 penta- and 17 hexacoordinate compounds)
were calculated by employing DFT using the gauge includ-
ing atomic orbital (GIAO) formalism and compared to experi-
mental values. The hybrid B3LYP functional, the generalized
gradient approximation functional (GGA) BPW91 and the
meta-GGA functional HCTH407 were used in conjunction
with the 6-31G(d,p) and 6-311+G(2d) basis sets and a locally
dense basis set [6-311G+(2d) on Si and 6-31G(d,p) on all
other atoms]. The HCTH407/6-311+G(2d) level of theory
consistently performed best with a mean average error
(MAE) of 5.9ppm between calculated and experimental
chemical shifts over the entire test set (4.4, 5.7 and 7.9 ppm

for tetra-, penta- and hexacoordinate compounds, respec-
tively). The choice of a suitable basis set had a much larger
influence on the accuracy of the results than the choice of
functional. Additional calculations for some outliers with the
6-311++G(2df,2pd) basis set yielded only small improve-
ments, whereas the economically attractive, locally dense ba-
sis set (LDBS) yielded an MAE of 6.5 ppm with the HCTH407
functional over the entire test set after correction of system-
atic errors. For a subset of compounds, GIAO-HF and MP2
ab initio calculations were performed yielding more accurate
results than the DFT calculations (MAEs for HF, MP2 and
HCTH407 were 3.9, 4.6 and 5.6 ppm, respectively) but re-
quired roughly two orders of magnitude more CPU time.

Introduction

Predicting the observable quantities of NMR spectra
from first principles is of great interest, and numerous
methods have been developed for the calculation of nuclear
magnetic shielding!'-?! since the fundamental formulation by
Ramsey.’l The gauge including atomic orbital (GIAO) ap-
proach in conjunction with the coupled Hartree—Fock
(CHF) method was a breakthrough for NMR chemical
shift calculations. It has been extended to DFT,>¢ which
has proven highly successful as an alternative to ab initio
methods and generally yields useful results, even in more
challenging cases such as transition metal compounds,”!
which are known to exhibit strong correlation effects.® 2°Si
NMR shielding calculations by ab initio and DFT methods
were used as an accurate tool for the prediction of chemical
shifts in tetracoordinate silanes,!”! silane derivatives,'” sil-
anols!' and organosiloxanes.!'?! Triply bonded compounds
such as disilynes (RSi=SiR) were the subject of a computa-
tional study by Apeloig et al.['3l who showed that DFT with
the HCTH407!'¥ functional exhibits a performance com-
parable to second-order many-body perturbation theory
(MP2).['3] Recently, Rankin et al. demonstrated that 2°Si-
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'H spin-spin coupling constants in organoalkoxysilanes can
also be successfully predicted.!'® Experimentally, 2°Si NMR
shifts have the characteristics to display large variations
with local structure, involving the first and second shells of
their neighbours as pointed out by Heine et al.’l Although
the silicon atoms in common silicon-containing molecules
are tetracoordinate, hypervalent (i.e. five- and six-coordi-
nate) silicon compounds are entirely different. Investi-
gations of the mechanisms of their formation and structure
both in the solid state and in solution (e.g. by NMR) have
led to an improved understanding of their properties.!!’-1°]
In this contribution, the results of a DFT study on the
calculation of 2°Si NMR shieldings carried out with a data-
base of 41 molecules are presented, with a strong focus on
penta- and hexacoordinate silicon compounds. The need of
this study arose from our desire to use 2°Si NMR shielding
calculations to aid in the interpretation of NMR spectra of
hypervalent silicon compounds, such as those in ref.[>%],
where initial calculations showed large deviations between
experimental data and calculated chemical shifts.

Results and Discussion

The selection of molecules for this study consists of 41
compounds with 44 distinct 2°Si NMR shifts (see Figure 1
for some examples; structural formulae of all compounds
can be found in the Supporting Information). Compounds
1-14 contain at least one tetracoordinate silicon atom [in-
cluding the smallest molecule considered in the present
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Figure 1. Structural formulae of the six largest outliers.

study, trimethoxysilane (1)], and 15-25 each exhibit one
pentacoordinate silicon atom. The remainder of the com-
pounds (26-41) feature a hexacoordinate silicon atom.
Compound 41 consists of 91 atoms and is the largest mole-
cule studied. The majority of the experimental chemical
shifts used for comparison were recorded with CDCl; as a
solvent. Experimental shifts relative to TMS range from ¢
= +22.9 to —188.7 ppm (Table 5). In case of the penta- and
hexacoordinate molecules, the selection was guided by the
availability of crystal structures as an unambiguous starting
point for geometry optimizations and by the intention to
investigate compounds with a high degree of structural di-
versity and different chemical shifts. Among the 41 mole-
cules considered, all species except two (dianionic 36 and
cationic 41) are neutral.

For economic reasons, we preferred a larger database of
molecules with different structural motifs to a larger survey
of different density functionals in conjunction with a
smaller database, in order to facilitate the identification of
cases where theory yields inaccurate predictions. Our main
concern was to find a suitable level of theory for 2°Si NMR
shielding calculations with broad applicability to a range of
different penta- and hexacoordinate compounds. The ma-
jority of the molecules investigated were medium to large,
which is in contrast to the usual practice of selecting small
molecules for benchmarking purposes.

We will discuss deviations between calculated chemical
shifts and experimental values in terms of mean absolute
error (MAE). Where dcalc; = calculated NMR shift and
oexpt; = experimental NMR shift.
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For the entire database of 41 molecules (the different
subsets are discussed below), the HCTH407/6-311+G(2d)
level of theory yielded the best results. Data obtained with
the hybrid B3LYP functional in conjunction with the 6-
31G(d,p) and LDBS basis sets were more accurate than
those obtained with the same basis sets and the HCTH407
functional. The pure BPW91 functional performs worst by
a small margin regardless of basis set (Figure 2). Although
the superiority of the HCTH407 functional is in agreement
with the results obtained by Apeloig et al.l'3! on a small set
of disilynes, the hybrid B3LYP functional performs better
than the pure BPW91 functional in the present study. The
results obtained with the LDBS (see Computational De-
tails) are strikingly better than those obtained with 6-
31G(d,p) alone. This is of particular significance for calcu-
lations on large molecules because of the potentially dra-
matic reduction in cost [e.g. the calculations for compound
41 employ 853, 871 and 1217 basis functions with the 6-
31G(d,p), locally dense and 6-311+G(2d) basis sets, respec-
tively]. Additionally, it is immediately obvious from Fig-
ure 3 and Table 1 that the differences between the results
for the LDBS and the 6-311G+(2d) basis are systematic.
They are easily corrected by using the linear equation ob-
tained from the linear regression (e.g. for HCTH407/LDBS,
this leads to a reduction of the MAE from 8.0 to 6.5 ppm).

Eur. J. Inorg. Chem. 2011, 3365-3373
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Figure 2. MAE between calculated and experimental chemical shifts for all 41 compounds at the given level of theory.

50] o B3LYP/6-31G(d,p) s0] © BPW91/6-31G(d,p)
| x B3LYP/LDBS x BPW91/LDBS
0] & BILYP/E-3114G(2d) o] » BPWOUE3114G(E2a)
T -50 T 504
] ™
8 8
& -100 & -100
b g = >
. / .-"E 150, _.(-
| R ™ %4 ﬁ
2004 2001 .
200 150 100 50 0 50 200 150  -100  -50 0 50
shift (exp) shift (exp)
s0] o HCTH407/6-31G(d,p)
% HCTH407/LDBS
o] & HCTH407/6-311+G(2d)
T -50-
-
L
= -100-
= ,
® J :
150+ ok
x .
-200 - '_‘.-ﬁg
200 150 100  -50 0 50
shift (exp)

Figure 3. Plot of calculated vs. experimental chemical shift. Linear regressions are indicated.

Although the use of such relatively unbalanced basis sets If the three classes of silicon-containing molecules (i.e.
might not be aesthetically pleasing from a theoretical per- silane derivatives, penta- and hexacoordinate compounds,
spective, it has also been used with success in a recent study  Table 2) are considered separately, the following trends are
by Morris et al.?!] evident: for the small 6-31G(d,p) basis set, a modest agree-
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Table 1. Parameters of the linear regression between experimental
and calculated 2°Si chemical shift for all silicon-containing com-
pounds. A = y intercept, B = slope, R = correlation coefficient.

Method and basis set A B R

B3LYP/6-31G(d,p) 9.676 +2.209 0.823+0.021 0.984
B3LYP/LDBS 5.339+1.772  1.027+0.017 0.993
B3LYP/6-311+G(2d) 0478 +1.773 1.032%+0.017 0.994
BPW91/6-31G(d,p) 10.421 £2.280 0.817+0.022 0.983
BPWOI1/LDBS 5.175+1.888  0.994+0.018 0.992
BPWO91/6-311+G(2d) 1.731+1.834  0.998+0.018 0.993
HCTH407/6-31G(d,p) 7.868 £2.075 0.797 £0.020 0.985
HCTH407/LDBS 31771820 0.974+0.017 0.992

HCTH407/6-311+G(2d)  -0.304*=1.789 0.982+0.017 0.993

ment with experimental values (regardless of the density
functional used) is only found for the tetracoordinate silane
derivatives (compounds 1-14), whereas the results obtained
for penta- and especially hexacoordinate compounds are
discouraging. It is worth noting that Rankin et al.l'®! ob-
tained surprisingly good results when calculating 2°Si-'H
spin—spin coupling constants at the B3LYP/6-31G level of
theory. Regarding 2°Si NMR shielding calculations, the re-
sults of our study clearly show that this apparently favour-
able behaviour of the small 6-31G(d,p) basis set does not
extend to the penta- and hexacoordinate compounds. The
LDBS already offers a dramatic improvement at a very
small additional computational cost. Employment of the
larger, but still computationally tractable 6-311+G(2d) basis
set on all atoms results in further improvements and fur-
nishes satisfactory results for both tetracoordinate and hy-
pervalent pentacoordinate compounds.

For the six outliers with seven distinct chemical shifts
(Figure 1), the geometries resulting from additional geome-
try optimizations at the most accurate level of theory iden-
tified above [i.e. HCTH407/6-311+G(2d), with a MAE of
16.7 ppm for the outliers] were used for the 2°Si NMR
shielding calculations at the same level of theory in order
to rule out the introduction of potential errors by using
different levels of theory for geometry optimization and
subsequent 2°Si NMR shielding calculations. The influence
of changes in the structural parameters (including revi-
brational effects) on the latter has been discussed in
refs.[%22-24 Although relatively large changes can be ob-
served in individual cases, they are not systematic, as the
overall MAE actually increases (Table 6).

Additionally, ?°Si NMR shielding calculations for the
outliers were carried out with the even larger 6-
311++G(2df,2pd) basis set on all atoms in order to measure
the influence of basis set quality on the convergence of the
obtained results. The mean absolute observed change for all
seven distinct chemical shifts is less than 1.3 ppm, and the
MAE increases slightly to 17.9 ppm (Table 6).

In a final attempt to reduce the large deviations from
experiment for the six outliers, geometry optimizations and
shielding calculations with HCTH407/6-311+G(2d) were
carried out in conjunction with the integral equation for-
malism polarized continuum model (IEF-PCM)2327! in or-
der to model the influence of the solvent. This approach
results in an improved MAE of 14.8 ppm (Table 6).

The large deviations from experiment observed for the
outliers are thus neither a result of different levels of theory
used for geometry optimization and 2°Si NMR shielding
calculations, nor insufficient quality of the employed basis
sets nor negligence of solvent effects. Considering that three
molecules with an Si—H bond can be found among the out-
liers, it is worth pointing out that Heine et al.?®! noted less
satisfactory results when calculating chemical shifts of si-
lanes with increasing numbers of hydrogen atoms bound to
the silicon atom. The other molecules displaying a large er-
ror between experiment and theory do not share any obvi-
ous commonalities.

For the smallest compounds (1-10, 22), GIAO-HF and
MP?2 ab initio calculations were carried out with the LDBS
(see Table 3). For this subset, both HF and MP2 calcula-
tions yielded better results (with MAEs of 3.9 and 4.6 ppm)
than the DFT calculations (with the best MAE of 5.6 ppm

Table 3. 2°Si NMR chemical shifts relative to TMS of molecules 1
10 and 22 and absolute isotropic shielding constants for TMS.

Exp. shift HF/LDBS  MP2/LDBS

1 -54.9 -60.6 -53.5
2 1.6 3.1 4.2

3 -2.5 1.1 1.7

4 -49.3 -52.9 -55.7
5 5.0 4.8 6.4

6 18.9 18.8 23.6
7 6.5 8.5 11.4
8 -5.1 24 -1.0
9 17.0 16.1 25.7
10 -55.6 -64.1 -58.5
22 —49.1 62.8 -58.6
Tetramethylsilane 0 389.7 373.1

Table 2. MAE in ppm of calculated chemical shifts for silane derivatives, penta- and hexacoordinate compounds, respectively.

B3LYP BPWI1 HCTH407
6-31G(d,p) LDBS 6-311+G(2d) 6-31G(d,p) LDBS 6-311+G(2d) 6-31G(d,p) LDBS 6-311+G(2d)
Silane derivatives 9.3 6.9 4.5 10.1 6.8 4.9 8.4 5.6 4.4
(1-14)
Pentacoordinate 24.0 9.6 5.8 25.0 11.6 7.7 21.9 9.3 5.7
(14-25)
Hexacoordinate 394 7.3 9.0 41.3 9.0 8.0 42.7 10.0 7.9
(26-41)
3368 www.eurjic.org © 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2011, 3365-3373
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Table 4. MAE in ppm of calculated chemical shifts for molecules 1-10 and 22.

HF/LDBS MP2/LDBS B3LYP/LDBS

BPWOI1/LDBS HCTH407/LDBS

3.9 4.6 7.8

6.1 5.6

again observed for the HCTH407 functional, see Table 4).
Importantly, the MP2 results offer large improvements for
three previously discussed outliers included in these calcula-
tions (i.e. 1, 10 and 22). For the tetravalent molecules con-
sidered, the 2°Si NMR shieldings calculated at the HF/
LDBS level of theory are in especially good agreement with
the experimental data.

Conclusions

DFT/GIAO ?°Si NMR shielding calculations provided
mostly satisfactory results for a set of 41 different molecules
compared to the experimental data. With an MAE of
5.9 ppm, HCTH407/6-311+G(2d) consistently performs
best among the different levels of theory employed in this
work. Our study focused on medium-sized compounds with
at least one hypervalent silicon atom and investigated a se-
lection of 27 structurally diverse penta- and hexacoordinate
compounds. It is evident that employment of a larger basis
set than 6-31G(d,p) is necessary in order to obtain useful

results for this class of molecules. Fortunately, employment
of an LDBS offers a dramatic improvement at small ad-
ditional computational costs. In this study, the choice of
basis set exerted a much larger influence on the accuracy of
the results than the choice of functional. Employment of
the larger 6-311+G(2d) basis set on all atoms resulted in
further improvements and furnished acceptable results for
both tetravalent and hypervalent compounds. Nevertheless,
a final note of caution is still warranted, as large differences
between calculated and experimental shifts were observed
in a few cases, such as compounds with Si-H bonds.
Furthermore, GIAO-HF and MP2 ab initio calculations
carried out for a smaller subset of compounds yielded bet-
ter results than the DFT calculations (MAEs for HF, MP2
and HCTH407 were 3.9, 4.6 and 5.6 ppm, respectively). Of
course, even for 22 with only 275 basis functions by using
the LDBS, the MP2 calculations required 80-110 times
more CPU time than the corresponding DFT calculations.
This is already more favourable than expected, given the
roughly N scaling behaviour of the MP2 method.

Table 5. 2°Si NMR chemical shifts relative to TMS of 41 molecules and absolute isotropic shielding constants for TMS.

Exp. shift B3LYP

6-31G(d,p) LDBS  6-311+G(2d)

BPW91
6-31G(d.p)

HCTH407
6-31G(d.p)

Ref.

LDBS  6-311+G(2d) LDBS  6-311+G(2d)

—

=)

e

11

12

13

14

15

Trimethoxysilane
Ethyltrimethyl-
silane
Hydroxymethyltri-
methylsilane
Hexamethylsilacy-
clopropane
Diethyldimethyl-
silane
1,1'-Dimethylsila-
cyclobutane
Tetraethylsilane
Trimethylphenyl-
silane
Methoxytrimethyl-
silane
Triethoxyphenyl-
silane

Chloro-bis[(pyridin-

2-yl-trimethylsilyl)-
methyllmethylsilane

Chloro-bis[(pyridin-

2-yl-trimethylsilyl)-
methylJmethylsilane
Bis[(pyridin-2-yltri-
methylsilyl)methyl]-
dimethylsilane
Bis[(pyridin-2-yltri-
methylsilyl)methyl]-
dimethylsilane
1,3-[2',6'-Pyridine-
bis(methyleneoxy)]-
1,3-bis(diphenyl)-
cyclodisiloxane
1,3,10,12-Tetraoxo-
2,11-(dimethylsilyl-
ene)[S.5]paracyclo-
phane
[Ethylene-N-2-hy-
droxyacetophenon-
iminato-N'-1-(2-hy-
droxyphenylato)-
vinylaminato]phen-
ylsilane

~54.9 (CDCly)
1.6 (10% CDCl;)

2.5 (10% CDCly)
~49.3 (IDg|THF)
5.0 (10% CDCL)
18.9 (10% CDCls)

6.5 (10% CDCI3)
5.1 (10% CDCl3)

17.0 (10% CDCly)
55.6 (CDCLy)
22.9 (C¢Dy)

1.5 (C4Dy)

32 (CeDe)

0.8 (CcD¢)

41.6 (CDCly)

2.3 (CDCly)

-116.1
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-53.0
5.1

22
-48.0
7.8
20.7

14.9
32

17.5
-53.3
459

122,125

19.6

11.3

133

3.7

-83.6

© 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

—66.5
6.6

33

6.0

-33.2

~111.8

-72.9
2.9

-1.3
~63.2

29

—41.0

-119.4

_72.1 [40]
49 1]

-50.2
54

—64.9
3.6

—68.6
3.0

—55.7
49

—68.2
2.8

1.7 0.1 2.0 22 0.1 -1.7 1421

-48.9 -58.1 -63.7 -50.9 -56.3 -63.1 3]

7.6 54 3.8 7.8 4.8 32 @1

213 20.8 184 18.6 19.4 4]

14.7 8.8 7.1 1]
33 35 5.8 3]

143
35

8.5
-53

21.0 21.2 17.1 18.4 16.5 146]

-53.3 -719 -54.4 -75.5 -80.9 1“7

458 269 412 31.2 249 18]

13.8, 14.0 45,64 127,129 95,104 44,64

18.7 7.8 17.8 11.6 8.1 48]

11.2 59 3.1 9.9 59 2.7

-11.9 -30.1 -36.9 -15.0 -33.8 —40.7 149]

6.4 4.1 0.5 1.9 -1.5 -5.0 1501

-83.5 -110.3 -115.2 -83.8 -110.9 -116.0 Bl
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Table 5. (Continued).

Exp. shift B3LYP BPW9I HCTH407 Ref.
6-31G(d,p) LDBS 6311+G(d) 631G(dp) LDBS 6311+G(2d) 6-31G(d,p) LDBS 6-311+G(2d)

16  N-(Trifluorosilylmethyl)- -75.7 (CD,Cl,)  -53.1 -71.9 742 —46.9 -642 653 -52.7 -70.1 -71.1 151
glutarimide

17  Dichloro[(6-methyl- —64.82 (C4Dg) -7.55 -31.6  -379 -7.6 -323 377 -12.3 -320 379 (48]
pyridin-2-yl)-
bis(trimethylsilyl)-
methyl]silane
Dichloro[(6-methyl- 1.94 (C¢Dg) 153,137 83, 5.5,3.0 148,129 79,53 54,27 139,110 81,56 54,25
pyridin-2-yl)- 59
bis(trimethylsilyl)-
methyl]silane

18  2,6-Pyridinebis(1,1- -61.9 (CDCl;) -28.7 -56.2 635 -28.9 -54.6  —60.8 -32.8 -56.9  -63.1 1“1
diphenylethoxy)di-
phenylsilane

19  2,6-Pyridinebis(1,1-di-p- -56.5 (CDCl;) -36.1 479 540 -32.1 -419 469 -34.6 448 504 1501
bromophenylmethoxy)-
dimethylsilane

20 3,3,7,7-Tetrakis- —48.9 (CDCly) -26.9 -44.0 -50.5 -26.5 —42.1 -47.5 -30.8 450  -50.8 152
(4-fluorophenyl)-5-
methyl-5-phenyl-4,6-
dioxa-13-aza-5-
silabicyclo[7.3.1]tri-
deca-1(12),9(13),10-
triene

21  3,3,7,7-Tetrakis- —-31.7 (CDCly) -12.9 -220 276 -11.2 -19.0 238 -16.0 -23.5 -282 152
(4-fluorophenyl)-5,5-
dimethy-4,6-dioxa-13-
aza-5-silabicyclo-
[7.3.1]trideca-
1(12),9(13),10-triene

22 Chlorodimethyl(3,4,7,8- —49.1 (CsDg) -51.6 -63.1 675 -52.3 -624  —66.5 -51.2 -60.5 643 1531
tetrahydro-2H,6 H-
pyrimido[1,2-a]pyr-
imidin-1-ylmethyl-
' N)silicon

23 2,6-Pyridinebis- -31.4 (CDCly) -14.5 =237 -29.1 -12.8 -20.6  -252 -17.4 -29.7 =251 1541
(1,1-diphenyl-
ethoxy)dimethyl-
silane

24 2,6-Bis[2-oxy(2-ada- -41.9 (CDCl;) -21.9 -324 385 -21.2 302 -35.6 -25.8 -340 -394 1531
mantylidine)]ethyl-
pyridinedimethyl-
silicon

25 [Trimethylen-N-2- -107.7 (CDCL;)  —67.0 -94.5  -103.0 -67.2 -932  -99.9 -69.0 -947  -101.4 1561
oxyacetophenoneimin-
ato-N'-1-(2-oxyphenyl-
ato)vinylaminato]phen-
ylsilane

26 Ethylene-N,N'-bis- -181.3 (CDCl;) 1359 -189.2 -192.0 -142.3 —-180.5 1853 -140.3 -1782 1835 1361
(2-oxy-acetophenone-
iminato)-8-oxy-
quinolinatophenylsilane

27 Benzoato[ethylene- —186 ~149.8 -187.9 -196.1 —149.1 —-185.1  -190.0 -144.9 1824 1883 1361
N,N'-bis(2-
oxyacetophenone-
iminato)]phenyl-
silane

28 Benzoatobis(N-benzyl- -183.4 (CDCl;) 1453 —-184.7 -192.3 —-143.7 -185.8 -181.6 -1419 1789 -184.0 136]
2-oxyacetophenone-
iminato)phenylsilicon

29 Fluorobis(N-benzyl-2-  —180.9 (CDCl;)  -143.5 -180.6 -188.2 -140.9 -1774  -180.6 -139.6 1758 -179.8 1361
oxyacetophenoneimin-
ato)phenylsilicon

30 Benzoato[trimethylene- —~184.2 (CDCly)  -147.5 -186.2 -189.5 -146.7 -181.7 1832 -143.7 -178.8  -181.5 1361
N,N'-bis(2-oxyaceto-
phenoneiminato)]-
phenylsilane

31 [Ethylene-N,N'-bis(2- -172 -138.7 1755 -181.5 —135.8 -171.7 1733 -134.8 -170.0 1732 1361
oxyacetophenoneimin-
ato)]-2,4,6-trinitrophe-
nolatophenylsilane

32 [Ethylene-N,N'-bis(2- -175.6 (DMSO)  -143.9 —-184.2 -188.7 —-143.7 -181.7 -182.6 -140.9 -179.0 -181.2 136]
oxyacetophenoneimin-
ato)]-2-(5-phenyl-
tetrazolido)-
(phenyl)silicon

33 Dichloro-bis(N- -159.9 -1234 -157.1 -162.9 -121.2 -151.8  -157.0 -119.5 -150.3 1555 157
methylpropionamido)-
silicon

34 Dichlorobis[N- -163.7 (CDCL;)  -114.6 -150.9 -157.1 -110.0 -143.8 1493 -110.9 -142.1 1473 1381
(isopropylidene-
imino)phenylacetimid-
ato-N,OJsilicon
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Table 5. (Continued).
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Exp. shift B3LYP BPWI1 HCTH407 Ref.
6-31G(d,p) LDBS 6-311+G(2d) 6-31G(d.p) LDBS 6-311+G(2d) 6-31G(d,p) LDBS 6-311+G(2d)
35 (2,2'-Bipyridylytrifluoro- —178.7 (CDCl;) 1314 “1714  -1747 ~1262 ~162.7 -164.9 —1247 ~1629 -165.5 591
(phenylethynyl)silane
36 Hexakis(azido)- —-188.7 (CH;CN) -161.5 -201.4  -206.1 -160.6 -195.1  -199.5 -157.3 -1923  -197.8 160}
silicate
37 Bis[N-(dimethylamino)- —140.6 (CD,Cl,)  -100.6 -138.7 -142.1 -96.8 -130.8  -138.1 -96.0 -129.5 1328 o1
trifluoroacetimidato-
N,O]phenyl(trifluoro-
methanesulfonato)-
silicon
38  Bis[N-(dimethyl- ~141.0 ([Dgltolu-  —101.1 ~1380 1433 956 ~1287 1328 958 “1289 1332 (621
amino)benzimidato- ene)
N,O(catecholato-
0,0)silicon
39 [Si(salen*)Me(NCS)] -170.8 (CDCl;)  -154.6 -188.9 1939 -154.1 -184.1 1883 -149.9 ~181.1 -1854 1631
40 Bis(4-methylpyridine)-  —135.6 -96.2 -129.2 1359 -93.6 -1259 -131.8 -95.2 -1216 1273 164)
methylhydridodichloro-
silane
41  Trichlorotris(hexa- -205.8 ([Dg]tolu-  —129.6 -179.5 -184.8 -126.4 1729 -1772 -129.2 -171.2  -176.5 1201
methylphosphorictri- ene)
amide)silicon
Tetramethylsilane 0 412.7 3319  327.0 403.2 329.8 325.6 402.2 3420 3377

Table 6. 2°Si NMR chemical shifts relative to TMS at higher levels of theory for

for TMS.

six outliers, and absolute isotropic shielding constants

Exp. shift

HCTH407/6-

311+G(2d)//B3LYP/

6-31G(d.p)

HCTH407/6-
311+G(2d)//HCTH407/
6-311+G(2d)

HCTH407/6-

311++G(2df.2pd)/HCTHA407/

6-311+G(2d)

HCTH407/6-311+G(2d)//
HCTH407/6-311+G(2d)
with IEF-PCM

1 Trimeth-
oxysilane

10 Triethoxy-
phenylsilane

17 Dichloro[(6-
methyl-
pyridin-2-yl)-
bis(trimeth-
ylsilyl)meth-
yl]silane
Dichloro[(6-
methylpyr-
idin-2-yl)-
bis(trimeth-
ylsilyl)meth-
yl]silane

22 Chlorodi-
methyl(3,4,7,8-
tetrahydro-
2H,6H-pyri-
mido[1,2-a]-
pyrimidin-1-
ylmethyl-
C',N)silicon

34 Dichloro-bis-
[N-(isoprop-
ylidene-
imino)phenyl-
acetimidato-
N, OJsilicon

41 Trichlorotris-
(hexameth-
ylphosphoric-
triamide)-
silicon

MAE
Tetramethyl-
silane

-54.9 (CDCl,)
-55.6 (CDCl,)

64.82 (CDg)

1.94 (C4Dy)

49.1 (C¢Dy)

~163.7 (CDCly)

—205.8 ([Dg]toluene)

-72.1
-80.9

-38.0

54,25

-147.3

-176.5

16.7
337.7

-74.5
-83.8

-50.2

53,36

-59.2

-142.4

-168.8

16.9
337.7

753
-85.7

-49.8

6.1,5.1

-58.2

-141.0

-166.3

17.9
339.0

-72.7
-79.6

-55.1

52,39

—55.5

-142.9

-170.9

14.8
3382
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Computational Details

For 2°Si NMR shielding calculations, DFT calculations were car-
ried out by using the GIAO method in conjunction with the hybrid
B3LYPP?! functional, the generalized gradient approximation func-
tional (GGA) BPW91B%31 and the meta-GGA functional
HCTH407. The choice of functionals was motivated by the findings
of Apeloig et al.l'¥ and allows for a convenient comparison with
their published results. Three different basis sets were used for 2°Si
NMR shielding calculations: Pople’s double-zeta, split-valence ba-
sis set 6-31G(d,p) with additional polarization functions on all
atoms; the triple-zeta, split-valence basis set 6-311+G(2d) with ad-
ditional diffuse and polarization functions only on heavy atoms; a
combination thereof, with 6-31G(d,p) on all atoms except Si, where
6-311+G(2d) was used, which for the purpose of this study is re-
ferred to as LDBS.[3>-34 The basis sets and references for all Pople-
type basis sets used in this study are provided at https://bse.pnl.gov/
bse/portal. Additional ab initio calculations were carried out by
using second-order Moller-Plesset perturbation theory (MP2) with
all electrons included in the correlation calculation. 3336

To facilitate the comparison of calculated and experimental chemi-
cal shifts, the calculated isotropic shielding constants were con-
verted into chemical shifts by using tetramethylsilane (TMS) as a
reference. To this end, the shielding constants for TMS were calcu-
lated at every level of theory used in the study (see Tables 5 and 6).
All geometries were optimized at the B3LYP/6-31G(d,p) level of
theory, which is known to produce reliable results with regard to
the convergence of structural parameters.’7-38] Where available
(compounds 11-41), geometry optimizations were started from
structures obtained from the Cambridge Crystallographic Data
Centre (www.ccdc.cam.ac.uk/data request/cif) or the Inorganic
Crystal Structure Database FIZ Karlsruhe. Where appropriate,
symmetry constraints were applied (i.e. when the experimentally
available NMR shifts indicated the presence of molecular sym-
metry). All calculations were carried out with the Gaussian 03 suite
of programs (revision D.01).3!

Supporting Information (see footnote on the first page of this arti-
cle): Cartesian coordinates of the calculated geometries and struc-
tural formulae of all compounds.
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