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Origin of the *Si NMR Chemical Shift in R;Si-X and Relationship to
the formation of Silylium (R;Si*) lons

Winn Huynh and Matthew P. Conley*

Department of Chemistry, University of California, Riverside, California 92507, United States

ABSTRACT: The origin in deshielding of 2Si NMR chemical shifts in R;Si-X, where X = H, OMe, Cl, OTf, [CH¢B,.X¢], tolu-
ene, and Ox (Ox = surface oxygen), as well as 'Pr;Si* and Mes,Si* were studied using DFT methods. At the Mo6-L/6-31G(d,p)
level of theory the geometry optimized structures agree well with those obtained experimentally when available. The trends
in 29Si NMR chemical shift also reproduce experimental trends; Pr;Si-H has the most shielded 29Si NMR chemical shift and
free 'Pr;Si* or isolable Mes,Si* have the most deshielded 2Si NMR chemical shift. Natural localized molecular orbital
(NLMO) analysis of the contributions to paramagnetic shielding (c?) in these compounds shows that Si-R (R = alkyl, H)
bonding orbitals are the major contributors to deshielding in this series. The Si-R bonding orbitals are coupled to the empty
p-orbital in iPr;Si* or Mes,Si*, or to the 6*g._x orbital in R;Si-X. This trend also applies to surface bound R;Si-Ox. This model
also explains chemical shift trends in recently isolated ‘Bu,SiH.*, ‘BuSiH,*, and SiH;* that show more shielded 29Si NMR
signals than R;Si* species. There is no correlation between isotropic 2Si NMR chemical shift and charge at silicon.

Introduction

The silicon derivatives of carbocations (R;C*) are si-
lylium ions (R;Si*). R;C* species are accessible in liquid su-
peracidic media containing weakly coordinating anions
(e.g. Sb,F,") and contain sp? hybridized planar structures
at the central carbon atom.' Synthesis of R;Si* required
counter anions with higher stability and lower nucleo-
philicity than those needed to isolate R,C*.2 These studies
showed that R;Si* containing weakly coordinating
B(CsFs),~ or [CHeB.Brs] anions were isolable as crystalline
solids, though with several distinguishing structural fea-
tures that contrast R;Si* from R;C*. For example, the si-
lylium fragment in [[Pr;Si][CH¢B.Brs] contains average C-
Si-C bond angles of 117°, a significant deviation from pla-
narity expected for an sp* hybridized silicon.3 Further am-
biguities arose from the ability of R;Si* to interact with very
weak nucleophiles, such as toluene in [Et;Si(tolu-
ene)][B(C¢Fs),],# that distort silicon from planarity and de-
localize charge into the aromatic ring. The controversy sur-
rounding the isolation of silylium cations5 was not settled
until Reed and Lambert isolated the
[Mes,Si][CH(Mes)B,Brs] salt that contains a planar sp? hy-
bridized silicon.®

During these investigations, which largely focused on
X-ray diffraction analyses, the 29Si NMR chemical shift was
recognized as a diagnostic indicator for silylium character
in R;Si* salts that deviated from planarity.” Figure 1 sum-
marizes reported 2Si NMR chemical shift for selected R,Si-
X and [R,Si][X] ion-pairs. The general trend shown in Fig-
ure 1is that as charge accumulates at silicon the 29Si NMR
chemical shift value increases. This trend is particularly
clear for 'Pr;Si-X. The 29Si NMR chemical shift of 'Pr,Si-H

in toluene-ds is 12 ppm. Replacing the Si-H group with
electron withdrawing groups results in a downfield shift of
the 29Si NMR signal, maximizing at the [Pr;Si][CHgB,Cle]
salt that has a 2Si NMR chemical shift of u5 ppm in the
solid-state. This trend was supported by DFT calculations
of Me;Si-Cl as a function of Si-Cl bond distance. As the Si-
Cl bond length increases positive charge accumulates at
silicon and 29Si NMR signals are predicted at higher chem-
ical shift values.” The conclusions from this study that
charge at silicon relates to 29Si NMR chemical shift is a met-
ric that has been widely used to quantify silylium character
in R;Si* as isolable molecular salts,® and recently to descrip-
tions of R;Si* supported on oxide surfaces.?
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Figure 1. Selected 2°Si NMR chemical shifts for R;Si-X.

Magnetic shielding of an NMR active nucleus as a re-
sult of being placed in a strong external magnetic field (Bo) is
described by the three principal components of the second rank
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tensor (o11, 622, ©33) shown in eq 1. The most deshielded com-
ponent is 11, and the most shielded component is os3. The val-
ues of (o11, 022, 033) average to isotropic shielding values in so-
lution due to rapid tumbling such that cis, = 1/3(c11 + 622 + G33).
Calibration of ois, to a reference compound, such as Me,Si for
2Si NMR spectra, using eq 2 results in the more familiar chem-
ical shift (3).

o1 O 0
Oiso=0 0 0 (1)
0 0 o033
Orer — Oiso
§=—"—"— 2
1- Oref

Shielding is related to the effect of B, on the flow of elec-
trons around the NMR active nucleus that induces a small mag-
netic field opposing By, usually referred to as Bi. Ramsey de-
composed shielding contributions into diamagnetic shielding
(o%) and paramagnetic shielding (c?), eq 3.

Oiso = o +o? 3)

Chemical environment does not appreciably affect c® for
heavy atoms (i.e. °C, °F, #Si, 3!P, etc.), but rather c” deter-
mines chemical shift trends. This behavior is related to aniso-
tropies introduced by accessible p-orbitals that form o- and n-
bonds in these elements. Unlike % which is a consequence of
the effect of Bo on the ground-state wavefunction, o” couples
the ground state wavefunction (¢o) to an excited state wavefunc-
tion (¢n) through the angular momentum operator (L,;, where ki
= element of the shielding tensor, eq 4). The denominator in eq
4 indicates that if ¢o and ¢n are close in energy a large o” con-
tribution is expected. This situation is maximized when ¢y is the
highest occupied molecular orbital (HOMO) and ¢ is the low-
est unoccupied molecular orbital (LUMO). Orbitals close to the
HOMO and LUMO also can result in large c”.1°
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Orbital rotation models are useful to visualize these effects,
which is shown for a N-heterocyclic silylene in Figure 2. The
2Si NMR chemical shifts of N-heterocyclic silylenes are
deshielded, ranging from ~75 — 120 ppm. The origin of this
deshielding is related to the orientation of the 611 component for
the shielding tensor, which was measured experimentally using
solid-state NMR spectroscopy and verified using DFT methods,
Figure 2.1 These data show that the shielding tensor orients o1
in the N-Si—N plane perpendicular to the filled silylene lone
pair orbital, the HOMO in a N-heterocyclic silylene. Rotation
of this orbital by 90° (E11|) results in y,, which is the empty p-
orbital that is the LUMO in a N-heterocyclic silylene. This ori-
entation maximizes o” deshielding, and results in the downfield
chemical shift values observed for the silylene silicon. Similar
deshielding trends properties also apply to R,Si=SiR,,!?
RSIi=SiR,® R,Si=CR’,,* R,Si=X (X = O, S),*® and heteroatom
substituted silyl lithiums. ¢
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Figure 2. Orientation of the shielding tensor in a N-heterocyclic
silylene, and coupling of the HOMO to the LUMO through the
angular momentum operator L.

Orbital rotation models are widely applicable and
relate NMR chemical shifts to electronic structures in or-
ganic molecules,” aryllithium reagents,'® and organometal-
lic complexes.' Based on these arguments, the origin of the
29Si NMR chemical shift trends shown in Figure 1 are prob-
ably not directly related to charge at silicon, but rather the
magnitude of oP. This study describes the origin of
deshielding of 2Si NMR chemical shifts in R;Si-X using
DFT methods. The chemical shift trend shown in Figure 1
is dominated by contributions from oP, which is maxim-
ized when occupied Si-C bonding orbitals are perpendicu-
lar to the empty p-orbital on silicon, which occurs for free
silylium ions. There is no relationship between charge at
silicon and 9Si NMR chemical shift.>°

Computational Methods

The geometries of all structures were optimized in
Gaussian 09* using the Mo6-L functional®? at the 6-31G**
level of theory for H, B, C, O, Si and Cl. Heavier elements
(Zr, Br, I) were described with the SDD basis set. Frequency
calculations at this level of theory produced no imaginary
frequencies, indicating a ground-state energy minimized
structure. 1 — 3 were calculated as free cations, 4 - 8 were
calculated as neutral ion-pairs, 9 was calculated as the an-
ion, and 10 - 13 were calculated as molecular species.

The NMR parameters are calculated the Amster-
dam Density Functional (ADF) suite,? using the GIAO
method>* with the PBE functional, the TZ2P basis set on
silicon and zirconium, and the DZ basis set on all other at-
oms. NMR calculations with the meta-GGA functional
Mo6-L is not yet supported in ADF. However, the combi-
nation of geometry optimization in Gog at the Mo6-L/6-
31G**/SDD level of theory, followed by computation of
NMR parameters in ADF at the PBE/TZ2P(Si, Zr)/DZ re-
sults in good agreement with experiment (Table S1). Natu-
ral Localized Molecular Orbital (NLMO)35 contributions to
shielding were also calculated at this level of theory, with
scalar relativistic ZORA included in this analysis.>® This
analysis in ADF gives shielding (o) as the sum of diamag-
netic shielding (c9) and of the full paramagnetic shielding
term (oP*°), which is the sum of paramagnetic shielding
and spin-orbit contributions. In this study the spin-orbit
contributions are negligible. Therefore, we refer to para-
magnetic shielding as o for the species studied here. The
canonical orbitals for 1 and 5 were calculated at the same
level of theory to extract energies for the orbitals contrib-
uting to o? from the NLMO analysis.

Results and Discussion
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R3Si—X were studied using DFT methods based on the
availability of crystallographic and ?°Si NMR data to calibrate
the computational analysis of NMR properties given below.
The geometries of these compounds were optimized at the M06-
L/6-31G(d,p) level of theory, and structures of these com-
pounds are shown in Figure 3. Calculated structures and coor-
dinates for these compounds are given in the Supporting Infor-
mation. "Pr3Si* (1), MessSi* (2), and EtsSi(toluene)* (3) were
calculated without anions, while 4-9 were calculated as ion-

pairs.
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Figure 3. Structures of 1-13 optimized at the Mo6-L/Br,
I(SDD); 6-31G** level of theory.

Key structural data of the optimized geometries of R3Si—X
are summarized in Table 1, and compared to experimental data
when available. This level of theory accurately reproduces Si—
C and Si—H bond lengths, and captures trends in Si—X bond dis-
tances for anion containing structures, across the series of com-
pounds in Figure 1. The Si-C or Si-H bond distances are
roughly constant across the series of R3Si—X, indicating that
these distances are not a clear indicator of silylium character.

Table 1 shows that the R3Si—X approaches R3Si* the silicon
becomes more planar, which is expected for a sp? hybridized
silylium ion. For example, the sum of C-Si—C bond angles in
free Pr3Si* (1) is 358.4°. This value is close to that obtained
experimentally, and at this level of theory, for MessSi* (2, Zc.si-
¢ = 360.0°). The C-Si—C bond angles contract in silylium spe-
cies coordinated to weak ligands, such as toluene in EtsSi(tolu-
ene)* (3), indicating that the silicon pyramidalizes. This behav-
ior is common, and observed in [PrsSi][CHeB11Clg] (4, Scsic=
348.4°) due to an interaction between silicon and one of the hal-
ides on the carborane anions (dsi.ci = 2.26 A). The Zcsic bond
angles is 347.1° in [PrsSi][CHsB11Bres] (5) and 342.5° in
[PrsSi][CHeB11ls] (6), indicating that these species also contain
pyramidalized silicon, and reproduce trends in C-Si—C angles
for these compounds observed experimentally.”

Table 1. Key geometric data for R;Si-X.?
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T'si- 2(R-Si-R Ref.
R,Si-X Average six ( )
rsir (A) (A) (deg.)
1 1.86 --- 358.4 -
. 360.0 6
2 1.83 (1.82) (360.0)
1.87 (1.85) 213 2.5 (341.6) i
3 -07 \1.65 [2.195(11)] 342.5 (341
2.26 348.4 2
1.88 (1.8
4 (185) [23233)] (351.9)
3
2.45
1.88 (1.86 1(350.
5 (1.86) 2.479(9)] 3471 (350.9)
2.63 342.5 2
6 1.89 (1.88
9088 Leo()]  (468)
C: 1.89 &
. (1.88) 2.41 345.4
H: 148 [2.4m0(14))  (347.9)
(1.52)
C: 1.88 &
3 (1.85) 2.37 343.4
H: 147 [23777(6))  (342.9)
(137, 1.51)
2.65  2.65 &
9 H: 1.46 [2.477(4), 360.0
(1.50) 2.770(4) (357.0)
2.77)
10 1.88 1.76 343.7 --
1 1.89 2.10 337.1 --
12 1.90 1.68 334.0 --
13 1.90 1.50 333.7 -
14 1.89 1.68 334.0 -
15 1.89 1.83 3334 -
16 1.89 171 337.9 -
17 1.89 177 338.4 -

3 — Bond distances and bond angles from R;Si-X optimized
at the Mo6-L/Zr, Br, I(SDD); 6-31G** level of theory. Values
given in parentheses are experimental values from X-ray
crystal structures.

Table 1 shows that the R3Si—X approaches R3Si* the sili-
con becomes more planar, which is expected for a sp? hybrid-
ized silylium ion. For example, the sum of C-Si—C bond angles
in free 'PrsSi* (1) is 358.4°. This value is close to that obtained
experimentally, and at this level of theory, for MessSi* (2, Zcsi-
¢=360.0°). The C-Si-C bond angles contract in silylium spe-
cies coordinated to weak ligands, such as toluene in EtsSi(tolu-
ene)* (3), indicating that the silicon pyramidalizes. This behav-
ior is common, and observed in [PrsSi][CHeB1:Clg] (4, Zcsic=
348.4°) due to an interaction between silicon and one of the hal-
ides on the carborane anions (dsi.ci = 2.26 A). The Zcsicbond
angles is 347.1° in [PrsSi][CHsB1:Brs] (5) and 342.5° in
[PrsSi][CHeB11ls] (6), indicating that these species also contain
pyramidalized silicon, and reproduce trends in C-Si—C angles
for these compounds observed experimentally.”
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Similar behavior is observed for
FBUzsiH][CHeBllBre] (7, Ycsic = 345.40), and [tBU-
Sin][CHeBuBI’G] (8, YRSiR = 343.40). [SiH3][CHGBllBI’G]z- (9)
is an exception, and contains a planar silicon (Zn-si.n = 360.0°).
In the solid-state 9 exists as an infinite polymer of alternating
SiH3* and CH¢B11Brs that enforces the trigonal bipyramidal
structure at silicon, resulting in planarity in the plane defined by
the three Si—H bonds.

The Zcsic bond angles in Pr;Si-OTf (10) is 343.7°,
close to the value obtained for ['Pr3Si]J[CHeB11Xs] (4-6). How-
ever, the Si—O bond in 10 is far shorter than the Si—X bond in a
carborane salt, and is a reflection of the more weakly coordinat-
ing carborane anion relative to a triflate anion. As X becomes
more coordinating to the silicon, the sum of the C-Si—-C bond
angles continues to decrease from 337.1° in 'Pr;Si—Cl (11), to
334.0° in 'PrySi-OMe (12) and to 333.7° in PrsSi-H (13).

1 and 2 are “free” silylium ions, and show geometrical
features expected for a planar silicon in a R3Si* cation. 3 — 8
also reproduce trends in experimental data, and supports the
conclusion that very weak nucleophiles, such as toluene or hal-
ogenated carborane ions, result in distortions expected for pla-
nar silylium geometries. However, 3 — 8 behave like silylium
ions, and Reed referred to this class of species as “silylium-like”
based on their structural and spectroscopic behaviors.? As ex-
pected, a significant contraction of the C-Si—C bond angle was
observed in 'PrsSi-X containing groups that do not form si-
lylium ions (10 — 13).

RsSi* species can also form on high surface area ox-
ides. Oxide surfaces are terminated with —OH sites, and the
acidity of these sites relates to the ability of a surface oxygen to
form R3Si—Ox (Ox = surface oxygen) or [R3sSi][Ox]. Partially
dehydroxylated silica contains —OH sites that behave as weak
acids, and react with silylating agents to form R3Si—Ox. This
assignment is supported by solid-state Si NMR measure-
ments, which contain signals near ~10 ppm.? Oxides contain-
ing —OH sites that behave as stronger acids than silanols on par-
tially dehydroxylated silica, such as sulfated zirconium oxide
(SZO) or silica contacted with Al(OC(CFs)s)s*PhF to form very
acidic —OH sites, react with allyltriisopropylsilane to form
[PrsSi][Ox] based on the deshielded 2°Si NMR signal in these
materials and their reactivity towards C—F bonds.®

Four cluster models to approximate ‘PrsSi-sites on
these oxides are shown in Figure 4. An isolated silanol, which
is the major surface species for silica partially dehydroxylated
at 700 °C, was approximated with the —SiH; capped poly-
oligosequisiloxane,?® and capping the remaining silanol in this
cluster with a triisopropylsilyl group results in PrsSi—Ox (14),
which contains a pyramidal silicon in the PrsSi-fragment (Zc.si.
¢ = 334.0°) with a Si-O bond length of 1.68 A. Coordination of
Al(OC(CFs3)3)s*PhF to the isolated silanol in this cluster repro-
duces spectroscopic trends observed experimentally for the
acidic bridging silanol, and replacing the acidic proton with
PrsSi* forms [PrsSi][Ox] (15).* The PrsSi* site in 15 coordi-
nates to the least sterically hindered Si—O-Si bridge, and does
not interact with C—F bonds from the anionic (RFO);AI-OSi=.
In 15 the Zcsicis 333.4, slightly lower than in 14, and similar
to values obtained for 11 — 13. However, the Si-O distance in
15 at this level of theory is 1.83 A, significantly longer than the
Si—O bond in 14. Similar to the example of PrsSi—OTf (10) and
[PrsSi][carborane], the longer Si—O bond distance in 15 results
in the silylium-like character in this material.

T
“" ‘, -
oY #
5
Pr,Si-0_ [Pr,Si][O,]
14 15
0.?_0

[Pr;Si][(04,02)SZ0] [Pr,Si][(09)SZ0]

Zr-O-Zr

16 17

Figure 4. Calculated structures of 15 - 17 optimized at the
Mo6-L/Zr, Br, I(SDD); 6-31G** level of theory. Hydrogens
are omitted for clarity.

The SZO surface contains —OH sites that behave as
strong acids and basic Zr-O-Zr bridges.*® Experimental and
computational studies show that surface bound organometallics
interact with sulfates to form ion-pairs in well-defined hetero-
geneous catalysts,®* which implies that PrsSi—sites would inter-
act with the sulfate as well. The SZO cluster model in Figure 4
is similar to those used previously in studies of sulfated oxides
interacting with organometallics.3® In 16 the 'Pr;Si-site binds to
a Zr—O—Zr bridge, and has an Si-O distance of 1.71 A and Z¢.s:.
¢ of 337.9°%. In 17 the 'Pr;Si-site binds to the sulfate, and has a
slightly longer Si-O distance of 1.77 A and nearly identical Zc.
Si-C of 338.4°.

Table 2 contains calculated NMR data for 1 — 17 at the
PBE/Si(TZ2P),DZ level of theory. In general, the calculated
isotropic NMR chemical shifts are in good agreement with
those obtained experimentally. Figure 5 contains these data
graphically and shows that the calculated and experimental
chemical shifts correlate well at this level of theory. In general,
as the silicon in R3Si—X becomes closer to a free silylium the
chemical shift value increases. The 'PrsSi—X series illustrates
this trend. Species that do not form silylium ions have chemical
shift values < ~ 45 ppm. Free 'Pr3Si* is predicted to have a 2°Si
NMR chemical shift of 343 ppm. [PrsSi][CHsB11Xs] have #Si
NMR chemical shifts of ~100 ppm, between chemical shifts for
free 'PrsSi* and 'PrsSi—X that do not form silylium ions.

Surface models follow similar trends. 14 does not cap-
ture structural trends consistent with a silylium ion, and has a
calculated 2°Si NMR chemical shift of 15 ppm, close to experi-
mental values for R3Si—Ox species reported previously.™ How-
ever, 15 has a longer Si—O bond than 14, and a calculated ?Si
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NMR chemical shift consistent with a “silylium-like” surface
species.

Table 2. Calculated ?°Si NMR parameters of 1-17 at the
PBE/Si,Zr(TZ2P), DZ level of theory.

Dalton Transactions

becomes more weakly coordinating Q increases, indicating that
the static powder pattern in the solid-state Si NMR spectrum
becomes broader. Figure 6 contains simulated static 2°Si NMR
spectra for selected PrsSi—X. For example, PrsSi-OTf has a
small Q of 22 ppm and a narrow simulated static 2Si NMR
spectrum, Figure 6a. EtsSi(toluene)* and [PrsSi][CHsB11Bre]

RSIEX S St Q 611 G G Re have a larger Q values than 'PrsSi—-OTf and have broader simu-
i f lated static 2Si NMR spectrum (Figure 6b-c). The trend contin-
-- ues to the free silylium species; MessSi* has a Q of 279 ppm
34 38 -157 -1 2 ; . N
! 3 o > 06 250 (Figure 6d), while free 'PrsSi* has the largest Q of 389 ppm and
2 213 227 279 32 33 311 ¢ is the broadest simulated spectrum (Figure 6¢).
3 94 932 92 199 243 291 ¥ a) | 5., =8,
4 100 115* 87 208 232 276 = e R
5 105 110° 103 188 221 201 2 OTf
6 102 97¢ 113 197 217 299 =& | i
7 85 73" 136 170 285 307 & : Sigw'Pr 5 5
VN 8y [ | 93
8 40 270 145 217 318 362 o B pro HE
9 54  -65% 42 368 398 410 Q=22 ppm
10 45 42° 22 283 293 305 *
11 42 36¢ 20 293 294 314 = b)
12 14 14¢ 36 310 317 346 *
13 -4 12¢ 52 310 360 360 %
14 15 ~10° 30 310 320 340 a2
15 64 70° 50 254 267 304 Et”" g
16 27 - 28 305 310 332 - 0= 92 ppmi
17 42 552 30 284 291 314 @
a_ solid-state measurement; ® — recorded in o-dichlorobenzene; 3
R H C) [ B B ] 8"" oiso
¢ — neat; ¢ — recorded in CDCIs; ¢ — recorded in toluene-dg Br/ CHe@H Is .
]
'._“' i a
E 250 ipr/Sl\'ig: % %5
-‘ET 200 Q=103 ppm
w
‘_‘3 150
§ 100 d)
(8]
£ s
. Mes
&
5 50 /
™ Q.-219 ppm
S 100
-100 -50 0 50 100 150 200 250
Experimental #Si Chemical Shift (ppm) e) Sn ‘

Figure 5. Plot of calculated and experimental isotropic ?Si
NMR chemical shift for 2 — 15 and 17. The line is from linear
regression analysis gives R% = 0.980.

Though this trend in 2Si NMR chemical shift holds
well for 'PrsSi—X, there are exceptions. For example, the 2°Si
NMR chemical shift systematically decrease in the order
'Bu,SiH* (85 ppm) > 'BuSiH,* (40 ppm) > SiH3* (-54 ppm), re-
producing the experimental trends from 2Si NMR measure-
ments. 'Bu,SiH*, 'BuSiH,* and SiHs* are undoubtedly “si-
lylium-like,” but the latter two species have chemical shifts that
appear inconsistent with this assignment. The origins of this
trend will be discussed below.

Eq 1 shows that magnetic shielding is a 3 x 3 matrix,
and eq 2 relates o to more common § scale used in NMR spec-
troscopy. The calculated values of oii for 1 — 17 are given in
Table 2. Table 2 also includes the span (Q2) of the shielding ten-
sor, which is the difference of 611 and oss. As X in PrsSi-X

600 400 200 0
28j Chemical Shift (ppm)

Figure 6. Static 2°Si solid-state NMR simulation of Pr;Si-OTf
(10), EtsSi(toluene)* (3), [PrsSi]J[CHeB11Brs] (5), MessSi* (2)
and 'PrsSi* (1). Simulations of static were run using TopSpin
3.6.1 with 500 Hz line broadening using calculated NMR pa-
rameters from those shown in Table 2.

Eq 3 decomposes magnetic shielding into ¢® and o”.
Figure 7 plots calculated oo, o and o° for 11 in 1 — 17. As the
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calculated chemical shift increases o decreases (black line),
which is expected. The plot of ¢ (blue line) has a slope of 0,
indicating that this term does not dramatically affect o, and
therefore isotropic 2Si NMR chemical shift, in 1 — 17. How-
ever, o” clearly affects oo, and is the main factor that results in
the chemical shift trends observed in this series. The obvious
implication from this result is that the arguments related to
charge at silicon, which are a result of the ¢ term in eq 3, are
not responsible for the downfield Si NMR chemical shifts in
R3Si—X. The plots for 62, and 633 and their 6” and ¢¥ contribu-
tions are provided in the Supplementary Information and follow
this trend.

1000

04, =-0.01x + 878.22
‘/.Q’.'V“/.
.//— [}

0, =-1.35x + 324.22
[ P X 500

/ -1000
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o
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(wdd) uognquyuon “o pajenojen

-1500
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Calculated 2Si Chemical Shift (ppm)

Figure 7. Comparison of calculated o, ¢ and o versus calcu-
lated isotropic 2°Si NMR chemical shift for 614 in 1 —17.

As discussed above, eq 4 relates o” to coupling be-
tween occupied and unoccupied molecular orbitals through the
angular momentum operator. This relationship is connected to
the orientation of the magnetic shielding tensor. The orienta-
tions of the shielding tensors for 1 — 17 are remarkably similar,
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though the tensor surfaces vary across the series. The orienta-
tion of the shielding tensor and the tensor surface are shown for
iPr3Si* in Figure 8a and for 'Pr3Si—Cl in Figure 8b as representa-
tive examples. The tensor orientation for both species roughly
align with one another, with the most deshielded 1, component
and o2, in or along the plane defined by the Si—C bonds and the
most shielded o33 perpendicular to this plane. PrsSi* has a
highly anisotropic tensor surface, as expected for a formally sp?
hybridized silicon. PrzSi—Cl has a nearly isotropic tensor sur-
face, which is more typically observed for sp® hybridized sili-
con. This is correlated with the very large Q for 'Pr3Si* and the
small Q for 'PrsSi—Cl. Indeed, the tensor surface gradually tran-
sitions from the anisotropic surface for 'PrsSi* to the essentially
isotropic surface for PrsSi—H across 1 — 17 (Figure S1).
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Figure 8. Shielding tensor surface plotted with TensorView
1.3% and shielding tensor orientation for 'Pr3Si* (a) and 'Pr;Si-
Cl (b).
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Figure 9. NLMO Contributions to 611 (), 622 (c), and o33 (€) and the major orbitals resulting in deshielding in PrsSi* (b, d, and f).
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The orientation of the shielding tensor in for PrzSi—X
remain essentially constant across this series, suggesting that
the o” contributions are of similar origin for a majority of the
species in this study. A full natural localized molecular orbital
(NLMO) description for the o” contributions to the shielding
tensor of 1 are given in Figure 9. Figure 9a shows that the osic
is the largest contributor to paramagnetic shielding in o11. Ro-
tation of the osi.c NLMO by 90° about the o1 axis results in the
empty p-orbital on Si, the LUMO of 'PrsSi* (Figure 9b). The
orientation of o11, and the contribution of a osi.c that is orthog-
onal to the LUMO in 'Pr3Si*, fulfills the prerequisites outlined
above in eq 4 and Figure 2 for strong o” deshielding.

In 'PrsSi* o2 is also in the plane defined by the three
Si—C bonds, and roughly bisects the angle between one C-Si—
C bond. This orientation couples two osi.c orbitals to the orthog-
onal empty p-orbital on silicon, which agrees with the NLMO
decomposition of oy, (Figure 9c-d). The diminished impact of
o33, Which is perpendicular to the plane defined by the Si-C
bonds, on o is also evident from Figure 9e—f. The major con-
tributor to o33 is also the Si—C bonds, but in this case the angular
momentum operator couples the bonding osic orbital to higher
energy c*si.c orbitals.

A simplified MO diagram showing these transitions
are given in Figure 10. This analysis explains why the Q values
for R3Si—X become larger as these species approach free R3Si*.
The o contributions to o33 are small because of the large energy
gap between osic and o*sic orbitals, which results in less
deshielding of o33 compared to c11 and o2. This increases the
difference between 11 and o33, resulting in larger Q values.

w{ﬁ{
o S

O11 O33-Lto paper
Figure 10. Simplified qualitative molecular orbital description

of the orbitals coupled to o” through the angular momentum op-
erator.

LUMO

HOMO

— > 022
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Approach of a weak nucleophile, such as toluene or a
carborane anion, results in pyramidalization at silicon, and sig-
nificantly less deshielded #Si NMR chemical shifts than pre-
dicted for PrsSi*. The orientation of shielding tensor for the
iPr3Si* fragment in 5 is shown in Figure 11, and is oriented very
similarly to the shielding tensor for 1. NLMO decomposition
shows that osi.c orbitals contribute to deshielding in 611 and o2z,
indicating that these orbitals are also coupled to the p-orbital on
silicon interacting with the halogen on the carborane anion, in
this case a low-lying o* orbital. This result shows that the origin
of 2°Si NMR deshielding is similar in 1 and 5.

The difference in deshielding is not related to the dif-
ference in charge at silicon in 1 and 5, but rather the pronounced
increase in orbital energies involved in o”. Calculations of the
canonical orbitals at this level of theory shows that the energy
gap between the osi.c and the empty p-orbital on silicon in 1 is
3.61 eV, which is smaller than the energy gap between the os;.
cand o*sixin 5 (5.57 eV, Figures S13-14).

As 'Pr3Si-X becomes increasingly pyramidal the o1;
becomes less deshielded, and the Q decreases. For species that
do not form silylium ions (10 — 14, 16) the orientation of the
shielding tensor is similar, though in this case the osic orbital
couples to the o*si_x orbital. NLMO decomposition of o1, and
orbital rotations for 1 — 17 are given in the Supporting Infor-
mation.

[tBUzSiH][CHGBnBre] (7), [IBUSin][CHeBnBrs] (8),
and [SiH3][CHeB11Brs]2 (9) seem to defy this trend. The orien-
tation of shielding tensors for 5 and 7 — 9 are shown in Figure
11. The tensor plots of 5, 7, and 8 show similar anisotropies
(Figure S1), which reflects their similar Q values (Table 2, En-
tries 5, 7, and 8). At first glance the tensor orientations appear
to have little in common. However, NLMO decomposition
shows that in all three cases Si—C bonding orbitals are the major
contributor to o11. In 5 and 8, 11 orients perpendicular to one
Si—C bond, similar to 'Pr;Si*. However, o1 in 7 orients along
the Si—H bond. This alignment bisects the C-Si—C bond angle,
and allows for efficient coupling of the Si—C bonding orbitals
with the empty p-orbital on silicon through the angular momen-
tum operator. These results show that the deshielding in 13 in
7 and 8 is related to the other R3Si—X.
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Figure 11. Orientation of the shielding tensors for 5, 7 - 9. The
[CHeB11Bre] anions in 5, 7 — 9 are omitted for clarity. 9 contains
two [CH¢B11Brs] anions.

The structural data in Table 1 relate 'PrsSi* to the SiH3*
fragment in 9. Both contain planar silicon (Zr-si.r ~ 360°), sug-
gesting that these two species should show similarly deshielded
29Si NMR chemical shifts. However, these signals are predicted
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to be separated by ~ 400 ppm, 9 being more shielded than
iPr3Si*. In contrast to the tensor alignment in 'PrsSi*, the shield-
ing tensor of SiH3" in 9 results in the 511 component perpendic-
ular to the plane defined by the three Si—H bonds. NLMO de-
composition shows that the Si—H bonds are the major contribu-
tors to o, which results in coupling between osiy and c”sin
through the angular momentum operator. This is unlike the
other R3Si* fragments studied here that couple osir orbitals to
the the p-orbital on Si (Figure S7). This is a result of the two
[CH¢B11Brs]~ anions interacting with the p-orbital of the SiHs*
fragment in 9, which results in a more shielded 2°Si NMR chem-
ical shift than expected. This analysis also explains the small Q
value predicted for 9 in Table 2.

The net upfield 2°Si NMR chemical shift trend is in the
order 2 >7 > 8 >>9. Figure 12 shows the total ¢ and o for
each component of the shielding tensor. The c”is roughly con-
stant in all four species, but o” gradually reduces in magnitude
as Si—C bonds are replaced with Si—H bonds, which is likely a
result of an increasing energy gap between the osi.c and the 6*s;.
x orbital in these species. The net effect of this reduction is a
more shielded #Si NMR chemical shift value.
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Figure 12. Total diamagnetic and paramagnetic shielding for
each component of the shielding tensor in 5, 7 — 9.

Finally, plots of isotropic 2Si NMR chemical shifts or
Q versus charge at this level of theory do not show an obvious
correlation, Figure S12. This result is unambiguous, and indi-
cates that charge does not relate to the NMR parameters dis-
cussed here.
Conclusion

DFT methods accurately reproduce the structural and
29Si NMR chemical shift trends in a large family of molecular
or surface R3Si—X. Though these species span ~ 400 ppm on the
2Si NMR chemical shift scale, analysis of the shielding tensor
for these species shows remarkable similarities. In all cases ex-
cept SiH3", the most deshielded o1: component of the shielding
tensor orients to couple a Si—C bond with the empty p-orbital in
silicon for silylium or “silylium-like” species, or couples a Si—
C bond with the o* Si—X orbital in species that do not form a
silylium. This behavior is independent of the isotropic 2Si
NMR chemical shift value, and is not correlated with charge.
SiH3* has a unique shielding tensor orientation, which results in
less o” than the other R3Si—X species, and a significantly more
shielded #Si NMR chemical shift.

What does 2°Si NMR reveal about the nature of a free
silylium or “silylium-like” species? In many respects this ques-
tion is related to the well-documented twists and turns of isolat-
ing and characterized R3Si* species.?® While charge is not re-
lated to the isotropic Si NMR chemical shift,° as RsSi—X ap-
proaches R3Si*---X~ and ultimately RsSi* the HOMO-LUMO
gap decreases, resulting in an increase of o” and net deshielding
of the 2Si NMR chemical shift. However, increasing the s-char-
acter of the Si-R bonding orbital, as in 'BuSiH,", results in
larger energy gaps between the Si—H and empty p-orbital on
silicon, which reduces o” contributions to shielding, and ulti-
mately results in chemical shifts outside those expected for “si-
lylium-like” species. These effects are more pronounced in
SiH3* because of a change in tensor orientation that results in
less efficient coupling of orbitals through the angular momen-
tum operator.

Based on structural parameters, the surface “silylium-
like” models studied here show structural features in between
those of [PrsSi][CHsB1:1Xe] and Pr3Si—X (X = OTf, Cl). How-
ever, the remarkably constant shielding tensor orientation in
this series of R3Si—X also relates to 2Si NMR data for surface
species. Similar to molecular R3Si—X, oxides that contain —OH
sites that behave as weakly coordination anions form “silylium-
like” surface species. The o11 deshielding is identical to that de-
scribed for the molecular species. Given the wealth of
[RsSIJ[WCA] salts synthetically accessible and the relative
dearth of “silylium-like” surface species,® this information will
be critical to analyze ?°Si NMR chemical shifts as new R3Si*
sites on surfaces become available.
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