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Abstract: The electronic structures and nature of silicon-chalcogen double bonds SidX (X ) O, S) with
four-coordinate silicon in the unique silanoic silylester 2 and silanoic thioester 3 have been investigated for
the first time, by 29Si solid state NMR measurements and detailed DFT and ab initio calculations. 29Si solid
state NMR spectroscopy of the precursor silylene 1 was also carried out. The experimental and computational
study of 2 and 3, which was also supported by a detailed computational study of smaller model systems
with SidO and SidS bonds, provides a deeper understanding of the isotropic and tensor components of
their NMR chemical shifts. The general agreement between the experimental NMR spectra and the
calculations strongly support our previous NMR assignment deduced from experiment. The calculations
revealed that in 2 δ(29Si(dO))iso is shifted upfield relative to H2SidO by as much as 175 ppm; the substituents
are responsible for ca. 100 ppm of this shift, while the remaining upfield shift is caused by change in the
coordination number from three to four at the SidO moiety. The change in coordination number leads to
a nearly cylindrical symmetry in the plane which is perpendicular to the SidO molecular axis (δ11 ≈ δ22),
in contrast to the significant anisotropy found in this plane in typical doubly bonded compounds. The change
in r(SidO) or in the degree of pyramidality at the SidO center which accompanies the change in coordination
number has practically no effect on the chemical shift. δ(29Si(dS))iso in 3 is shifted downfield significantly
relative to that in 2, and a similar trend is found in smaller models with SidS vs those with SidO subunits.
This downfield shift can be explained by the smaller σ-π* energy difference in the SidS bond, relative to
that of the SidO bond. The NMR measurements of 2 and 3 having a four-coordinate silicon-chalcogen
moiety, and the calculations of their tensor components, their bond polarities, and their Wiberg bond indices
revealed that the SidX moieties in both 2 and 3 have a significant π(SidX) character; yet, in both molecules
there is a substantial contribution from a zwitterionic Si+sX- resonance structure, which is more pronounced
in 2.

1. Introduction

The chemistry of stable main-group element compounds with
silicon-heteroatom double bonds has witnessed tremendous
progress over the past 25 years.1-3 Presently, low-valent silicon
compounds with multiple bonds to silicon and other main-group

elements are no longer laboratory curiosities but indispensable
building blocks in contemporary organosilicon chemistry and
silicon-assisted organic synthesis due to the fact that SidX
compounds possess a unique reactivity. Since the seminal works
by West et al. and Brook and co-workers who reported on the
first isolable disilene (>SidSi<)4a and silene (>SidC<)4b in
1981, numerous isolable species with SidX bonds with X being
a group 13,5 14,6-8 15,9-11 and 16 element12–16 have been
synthesized and characterized structurally. Isolable compounds
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with a silicon-silicon triple bond have also been reported
recently.17–19

However, stable silicon homologues of ubiquitous ketones
(R2SidO) and carboxylic acids (RSi(dO)OH) remained elusive
for a long time. This is mainly due to the challenging task of
preventing the highly polarized SidO double bond from
oligomerization, which proceeds with no barrier,20-22 in contrast
to their carbon analogues or any other related silicon-heteroatom
π-system. Additionally, silanoic acids (RSi(dO)OH; with R )
H, alkyl) tend to isomerize to their divalent silicon tautomers
(RO(OH)Si:, silylenes).23 Therefore, silanones24,25 and silanoic
acid derivatives23,25,26 are elusive species which have predomi-
nantly been investigated in cryogenic argon matrices. However,
inspired by the work of Corriu and co-workers, who reported
the first silanethione (SidS) and silaneselone (SidSe) deriva-
tives supported by an intramolecular NfSi donor-acceptor
bond,12 some of us were able to synthesize isolable compounds
with SidO double bonds. This has been achieved by conversion
of the recently synthesized stable zwitterionic silylene 127

(Scheme 1) in the presence of water and water-borane adducts
to give the corresponding siloxysilylene (Scheme 2, a) precursor
and silaformamide-borane (Scheme 2, b) complexes,28 respec-
tively. Furthermore, the first isolable silanoic silylester29 2
(Scheme 1) was subsequently prepared by facile monooxygen-
ation of the aforementioned siloxysilylene with N2O.29 In a
similar fashion, the corresponding thio-, (3) seleno-, and
telluroesters30a were synthesized from the same siloxysilylene

precursor by oxidation with the respective elemental chalcogens.
Recently, West et al. reported on another type of isolable SidSe
compounds with donor-supported SisSe π-bonds.30b Likewise,
inspired by the work of Robinson and co-workers31 who
described an isolable N-heterocyclic carbene (NHC) supported
disilicon compound Lf:SidSi:rL (with L ) NHC) with
silicon in the formal oxidation state zero, Driess et al. succeeded
in the synthesis of a NHC-supported stable silanone by oxidation
of an NHC-silylene adduct with N2O,32,33b as well as the NHC-
supported chalcogenone analogues for S, Se, and Te.33

The isolable silicon-chalcogen doubly bonded compounds
mentioned above represent donor-coordinated SidX systems
with betaine-like resonance structures. However, apart from
applying a somewhat plausible Lewis structure formalism for
their description, the knowledge of the electronic nature of
donor-stabilized SidX systems is scarce. To model and to
understand the nature and electronic structure of such donor-
stabilized silicon-chalcogen doubly bonded systems in more
detail, we performed NMR spectroscopic measurements and
theoretical calculations. Solid-state NMR is a very powerful tool
for obtaining structural and electronic information for organic
molecules like carbenes.34 In contrast to solution NMR, solid-
state NMR measurements allow for the extraction of anisotropic
(direction-dependent) chemical shielding information that is
averaged in solution by fast Brownian motion. Thus, solid-state
NMR spectroscopy provides a superb probe of the electronic
environment of NMR-active nuclei and yields insights into the
dependence of particular shielding or deshielding influences on
the electronic and geometric structure of the molecules.35

Components of the chemical shift tensor can be extracted in a
straightforward manner from static NMR powder spectra or by
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Scheme 1. Stable Silylene 1, Silanoic Silylester 2, and Silanoic
Thioester 3 (R ) 2,6-iPr2C6H3)

Scheme 2. Siloxysilylene (a) and Silaformamide-Borane (b)
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a Hertzfeld-Berger analysis of sideband intensities in MAS
(magic angle spinning) NMR spectra at slow spinning frequen-
cies.36 In recent years 29Si solid-state NMR measurements have
been instrumental in gaining insight into the electronic environ-
ments of silicon nuclei in disilenes,37a silenes,37b disilynes,38,39

and silylenes40,41 Results from NMR measurements yield
particularly valuable information when correlated with those
obtained by calculations of the chemical shift tensors of model
systems. Theoretical model calculations allow for detailed
insights into the electronic nature of the silicon environments
in the compounds also via the calculation of e.g. bond orders
or partial charges. Good agreement between theoretical and
experimental 29Si chemical shift data validates the accuracy of
the computational model which is used, provides insights into
the electronic structure of the molecules studied, and supports
the chemical shift assignments deduced from experiment.

In this work, we present a detailed study on the electronic
structure of the donor-coordinated silicon-chalcogen π-systems
in the silanoic silylester 2 and the corresponding silanoic
thioester 3 as well as on the electronic nature of the stable
silylene precursor 1. We present the results of 29Si solid-state
NMR measurements of the three compounds and their chemical
shift tensor components. To allow interpretation of these data,
we carried out DFT and ab initio quantum mechanical calcula-
tions on several model systems for both the silanoic silylester
2 and the silanoic thioester 3. Overall, the studies clearly show
that the silicon-chalcogen bonds have considerable double bond
character, despite the fact that silicon is four-coordinated.

2. Experimental Section

2.1. Sample Preparation. The stable silylene 1, the silanoic
silylester 2, and the silanoic thioester 3 were synthesized according
to the published procedures.27,29,30

2.2. NMR Measurements. Solid state 29Si{1H} static and MAS
cross-polarization (CP)42,43 measurements were carried out on a
Bruker Avance II spectrometer at an external magnetic field of 9.4
T (i.e., a 1H resonance frequency of 400 MHz) using a standard
Bruker 4 mm double-resonance H-X MAS probe. The CP spectra
were recorded with a cross-polarization time of 2 ms, and composite
pulse 1H decoupling was applied during the acquisition. Between
3500 (12 kHz MAS) and 16 000 transients were recorded with a
relaxation delay of 2 s. The spectra were referenced externally to
TMS (tetramethylsilane) using TKS (tetrakis(trimethylsilyl)silane)
as a secondary reference. The isotropic chemical shifts were verified
by measurements at multiple MAS rotation frequencies.

2.3. Computational Methods. The computational study was
performed using Density Functional Theory (DFT)44 and ab initio
quantum mechanical computational methods. Geometries were fully

optimized using the hybrid density functional method B3LYP45

with the 6-31G(d),46 6-311G(d,p),47 6-311+G(d,p),48 and cc-
PVTZ49 basis sets. The smaller molecules were optimized also using
the ab initio MP250 level of theory with a variety of basis sets as
indicated in the discussion. Frequencies were calculated for all
model systems to identify them as minima.

The NMR chemical shielding σ were calculated using the GIAO
method51 with the B3LYP hybrid functional.52 For several smaller
models we also used the MP250 and CCSD53 ab initio methods
with the 6-311G(3d) and cc-PVTZ basis sets. The chemical shift
values δ are calculated relative to the calculated values of the
isotropic chemical shielding of tetramethylsilane (TMS): δ ) σTMS

- σ, where σTMS is the calculated value at a particular level (Table
1S in Supporting Information).

The Natural Bond Orbital program (NBO 5.0)54 was used to
calculate atomic charges as well as bond orders and to perform
Natural Chemical Shift analysis (NCS).55

All calculations were performed using the Gaussian 0356 series
of programs. The CCSD NMR chemical shifts were calculated using
ACESII.57

3. Results and Discussion

3.1. Experimental Results. The N-heterocyclic silylene 1
shows a unique reactivity toward electrophiles and nucleophiles
attributed to its ylide-like resonance structure with positive
charge accumulation at the cyclic C3N2Si backbone, high
electrophilicity at the silicon(II) center,27 and high nucleophi-
licity at the exocyclic vinylic carbon. Thus, 1 reacts as a betaine
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molecule with electrophiles of the type R-X (R ) H, silyl; X
) halogen, triflate) to give 1,4-adducts as kinetic products which
subsequently isomerize to the corresponding 1,1-adducts.27

Remarkably, the reactivity of 1 is different from that of its
germanium homologue toward R-X electrophiles which leads
exclusively to 1,4 adducts.58 The higher stability of the 1,4
adducts in the case of germanium can be rationalized by the
larger inert-pair effect for Ge(II) vs Si(II).59

To study the nature of the electronic structure of silylene 1
in more detail, DFT and Nuclear Independent Chemical Shift
(NICS) calculations as well as solution-state 1H, 13C, and 29Si
NMR have been carried out before,27 but 29Si chemical shift
anisotropy (CSA) parameters from solid-state NMR measure-
ments are presented here for the first time. Figure 1a displays
the29Si{1H} CP MAS NMR spectrum of silylene 1 recorded at
a MAS frequency of 12 kHz. The spectrum exhibits a single
sharp resonance at δ ) 88 ppm which is accompanied by
spinning sidebands distanced 12 kHz from the resonance. This
isotropic 29Si chemical shift is identical to the corresponding
29Si chemical shift observed in solutions (δ ) 88.4 ppm).27a

The comparison shows that the isotropic 29Si chemical shift of
1 is predominately determined by the electronic structure of a
distinct silylene molecule since there are no visible intermo-
lecular effects on the 29Si chemical shift. It also shows that no
significant conformational changes occur in solution relative to
the solid state. The chemical shift of 88 ppm suggests a similar
electronic situation as observed in other N-heterocyclic, pπ-pπ-
conjugated silylenes.40,60

Figure 1b and 1c display the 29Si{1H} CP NMR spectra of
silylene 1 at 1 kHz MAS rotation and under static conditions,

respectively. It is clearly visible that at spinning speeds as low
as 1 kHz the envelope of the spinning sideband pattern
corresponds to the static powder pattern revealing the CSA that
is averaged by fast MAS. The chemical shift tensor components
which are listed in Table 1 were determined from these spectra.

As reported for other N-heterocyclic silylenes,40,41 silylene
1 shows a strongly deshielded δ11 component of the chemical
shift tensor resulting in a highly anisotropic chemical shift tensor
with a span (∆δ) of 383 ppm and a CSA61 of -216 ppm. In
silylenes, the deshielded component δ11 is usually oriented
perpendicular to the molecular axis and lies in the plane of the
divalent silicon and its two substituent atoms.41 As commonly
observed for silylenes, this tensor component is also in silylene
1, by far the largest, and therefore determines mostly the
isotropic 29Si NMR chemical shift. In contrast, the tensor
components δ22 and δ33 have similar magnitudes and are in the
expected chemical shift range for sp3-silicon atoms. These
findings are similar to those of other N-heterocyclic pπ-pπ

donor-acceptor stabilized silylenes.
Silanoic silylester 2 shows a significant upfield shift in the

solution 29Si NMR spectrum relative to silylene 1. The NMR
of 2 displays two sets of resonances for the two chemically
inequivalent 29Si nuclei at δ ) -55.0, -55.5 ppm (each a
doublet, attributed to the siloxy group, 1JSi,H ) 281 Hz) and
-85.1, -85.8 ppm (each a singlet, attributed to L′Si(dO)).29

The appearance of two closely spaced resonances at both δ )
-55 ppm and -85 ppm reveals the presence of mixtures of
two rotational isomers in different ratios. The two isomers result
from the presence of a tetracoordinate stereogenic silicon atom
and hindered rotation around the Si-O bond of the Si-O-Si
moiety. Remarkably, δ(29Si) in the L′SidO moiety in 2 is shifted
to a higher field than that observed for the silaformamide-borane
complex LSi(H)dOfB(C6F5)3 (Scheme 2, b; δ ) -61.5
ppm).28Althoughtoalesserextentthaninthesilaformamide-borane
complex, this indicates some degree of SidO π-bonding
interaction in 2 in spite of the presence of a tetracoordinate
silicon (see discussion below). It is interesting to note that the
chemical shift of the tetravalent sp3 Si2 atom in the siloxy moiety
of δ ) -56 ppm is at a significantly lower field (more
deshielded) compared to the chemical shift of the Si1 atom in
the L′SidO moiety of δ ) -88 ppm, in contrast to the common
expectation for chemical shifts of sp2 vs sp3 hybridized atoms.62

What is the electronic nature of the SidO bond? What causes
the significant upfield shift of its δ(29Si)? To answer these
questions, and to obtain a more profound insight into the
electronic structure of compound 2, we studied the silanoic

(58) Driess, M.; Yao, S.; Brym, C.; van Wüllen, C. Angew. Chem., Int.
Ed. 2006, 45, 4349–4352.

(59) Becerra, R.; Boganov, S. E.; Egorov, M. P.; Faustov, V. I.; Nefedov,
O. N.; Walsh, R. J. Am. Chem. Soc. 1998, 120, 12657–12665.

(60) Denk, M.; Lennon, R.; Hayashi, R.; West, R.; Belyakov, A. V.; Verne,
H. P.; Haaland, A.; Wagner, M.; Metzler, N. J. Am. Chem. Soc. 1994,
116, 2691–2692.

(61) CSA ) δ33-(δ11 + δ22)/2 or CSA ) σ33-(σ22 + σ11)/2); with δ33 and
σ33 representing the highest field tensor components. The span ∆δ )
|δ33-δ11|.

Figure 1. Solid-state 29Si {1H}CP NMR spectra of the silylene 1 under
(a) MAS conditions with a spinning frequency of 12 kHz, (b) MAS
conditions with a spinning frequency of 1 kHz, (c) static conditions.

Table 1. Experimental Parameters of the 29Si Chemical Shift
Tensor obtained from Solid-State 29Si NMR Measurements of 1, 2,
and 3 [in ppm]

Compound δiso δ11 δ22 δ33 ∆δa δiso δ11 δ22 δ33 ∆δb

1 88 320 -15 -63 383
SidO SisO

2 -85 -10 -30 -200 190 -56 -20 -60 -95 75
SidS SisO

3 -38.7 87 11 -215 302 -53.5 -3 -54 -104 101

a CSA ) -216, -180, and -275 ppm in 1, 2, and 3 respectively.
b CSA ) -55 and -76 ppm in 2 and 3, respectively.
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silylester 2 by 29Si solid state NMR and accompanied it by a
detailed computational study.

Figure 2a shows the 29Si{1H} CP MAS NMR spectrum of
silanoic silylester 2 recorded at a MAS frequency of 12 kHz.
The spectrum exhibits two sharp resonances at δ ) -56 and
-86 ppm. These shifts correspond well to those measured in
solution indicating no visible intermolecular or conformational
effects on the 29Si chemical shifts. Figure 2b displays the
29Si{1H} CP MAS NMR spectrum of 2 at 1 kHz MAS rotation.

Chemical shift tensor components extracted from this spec-
trum are listed in Table 1. The resonance corresponding to the
siloxy group generates few spinning sidebands, indicating a
narrow static 29Si powder pattern with a small span of ∆δ )
75 ppm and CSA of -55 ppm. Also, the chemical shift tensor
components δ11 - δ33 are in the expected chemical shift range
for sp3-silicon atoms, indicating a relatively isotropic chemical
shift tensor typical of tetravalent 29Si atoms in N-sila-
heterocycles.41 The resonance corresponding to the L′SidO
moiety shows a very different behavior. A multitude of spinning
sidebands reflects a broad NMR powder pattern with a broad
span of ∆δ ) 190 ppm and a large CSA of -180 ppm, a
chemical shift anisotropy that is nearly as large as that for the
divalent silylene 1. It has been shown before that in many cases
large CSA values indicate the presence of π-bonds.63,64

Measured CSA values of compounds with CdSi,37bSidSi,37a,65,66

and SndSn67 bonds revealed large CSA values, consistent with
the existence of the proposed π-bonds. It should be noted though
that the absolute size of the CSA (or span ∆δ) value does not
reflect the π-bond strength, especially in comparing CSA values
for different nuclei (see Figure 5).

The solution 29Si NMR spectrum of the silanoic thioester 3
shows a similar pattern to that of silanoic silylester 2. The 29Si
NMR spectrum shows two sets of resonances for the two
chemically nonequivalent 29Si nuclei at δ ) -53.5 ppm
(doublet, attributed to the siloxy group, 1J Si,H ) 286 Hz) and
at -40.7, -41.3 ppm (each a singlet, attributed to L′SidS).27

The chemical shift of the 29Si nucleus in the L′SidS moiety is
shifted somewhat downfield relative to that of the Si atom in
the siloxy moiety, and it is shifted significantly downfield
relative to that of the Si atom in the L′SidO moiety in silanoic
silylester 2. These comparisons may reflect the existence of a
SidS π-bond character in spite of the tetracoordinate-pyramidal
structure of the Si1 atom. To improve our understanding of the
electronic structure and nature of bonding in L′SidS, we have
also studied the silanoic thioester 3 by 29Si solid state NMR
accompanied by a computational analysis.

Figure 3a shows the 29Si{1H} CP MAS NMR spectrum of
silanoic thioester 3 recorded at a MAS frequency of 12 kHz.
The spectrum exhibits two sharp resonances at δ -54 and -39
ppm. These shifts correspond well to those measured in solution
indicating marginal, if any, intermolecular or conformational
effects on the 29Si chemical shifts. Figure 3b and 3c display the
29Si{1H} CP NMR spectra of the silanoic thioester 3 at 1 kHz
MAS rotation and under static conditions, respectively. Chemical
shift tensor components extracted from these spectra are listed
in Table 1. The static spectrum in Figure 3c nicely traces out
the, partly overlapping, powder patterns of the two distinct
isotropic resonances that could be identified under fast MAS
conditions. In the spectrum recorded under slow MAS at 1 kHz
spinning frequency (Figure 3b) it becomes more evident that
the resonance corresponding to the siloxy group generates few

(62) δ(29Si) in H3CsSiH3 and H2CdSiH2 are-70.0 and +62.6 ppm,
respectively (B3LYP/6-311G(3d)); δ(13C) in H3CsCH3 and H2CdCH2

are 6.5 and 123.5 ppm, respectively (exp.); δ(29Si) of Si2 and Si1 in
H3CSi1(dO)OsSi2H3 (6sO) are-44.7 and 20.0 ppm, respectively
(B3LYP/6-311G(3d), Table 2).

(63) Zilm, K. W.; Conlin, R. T.; Grant, D. M.; Michl, J. J. Am. Chem.
Soc. 1980, 102, 6672–6676.

(64) Beeler, A. J.; Orendt, A. M.; Grant, D. M.; Cutts, P. W.; Michl, J.;
Zilm, K. W.; Downing, J. W.; Facelli, J. C.; Schindlet, M. S.;
Kutzelnigg, W. J. Am. Chem. Soc. 1984, 106, 7672–7676.

(65) Auer, D.; Strohmann, C.; Arbuznikov, A. V.; Kaupp, M. Organome-
tallics 2003, 22, 2442–2449.

(66) Auer, D.; Kaupp, M.; Strohmann, C. Organometallics 2005, 24, 6331.
(67) Zilm, K. W.; Lawless, G. A.; Merrill, R. M.; Millar, J. M.; Webb,

G. G. J. Am. Chem. Soc. 1987, 109, 7236–7238.

Figure 2. Solid-state 29Si {1H}CP NMR spectra of the silanoic silylester
2 under MAS conditions with a spinning frequency of (a) 12 kHz and (b)
1 kHz. Resonances and spinning sidebands corresponding to Si1 and Si2

are marked with open squares and filled circles, respectively.

Figure 3. Solid-state 29Si {1H}CP NMR spectra of the silanoic thioester 3
under (a) MAS conditions with a spinning frequency of 12 kHz, (b) MAS
conditions with a spinning frequency of 1 kHz, and (c) static conditions.
Resonances and spinning sidebands corresponding to Si1 and Si2 are marked
with open squares and filled circles, respectively.
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spinning sidebands, indicating a narrow static 29Si powder
pattern with a relatively narrow span of ∆δ ) 101 ppm and
CSA of -76 ppm. Similar to the silanoic silylester 2, the
chemical shift tensor components δ11 - δ33 are in the expected
chemical shift range for sp3-silicon atoms, indicating a relatively
isotropic chemical shift tensor typical of tetravalent 29Si atoms
in N-heterocycles.

Overall, the siloxy group in silanonic thioester 3 shows a
somewhat increased chemical shift anisotropy relative to the
corresponding silanoic ester 2, reflecting the influence of the
larger but less electronegative sulfur atom. Again, the resonance
corresponding to the L′SidS moiety shows a very different
behavior. A multitude of spinning sidebands reflects a broad
NMR powder pattern with a wide span of ∆δ ) 300 ppm and
a large CSA of -275 ppm, both being larger than that observed
for the silanoic ester 2.68 This large anisotropy may suggest
the presence of a SidS π-bond character in 3. Note that the
larger CSA in 3 compared with 2 is not a definite indication
that the π-bond character in 3 is larger than that in 2.

3.2. Computational Results. To gain further insight into the
electronic structure of the silicon-chalcogen double bonds in
silanoic ester 2 and silanoic thioester 3, we performed ab initio
and DFT calculations of the chemical shift tensor components
for 2 and 3 and for a set of model molecules containing SidO
and SidS bonds which are used for the evaluation of the effect
of substituents and of coordination on the structures, chemical
shifts, bond polarities, and bond orders.

3.2.1. Stuctures, NMR Analysis, and Bond Properties of
Silanoic Ester 2 and SidO Containing Model Systems. Sche-
matic structures and calculated optimized bond lengths of 2 and
of 14 model molecules with SidO bonds are shown in Figure
4. The experimental bond lengths extracted from the X-ray
structure of 229 are listed in bold letters below the values of the
calculated geometry. The calculated values of the 29Si chemical
shift tensor components δ11 - δ33 and their span ∆δ of 2 and
of the model molecules are presented in Table 2

3.2.1.1. Structures. In 4-O-10-O and in 14-O the Si(dO)
center is tricoordinate and has a planar structure, while in 11-
O, 12-O, 13-O, and 2 it is tetracoordinate and has a nonplanar
structure.

The calculated SidO bond length in H2SidO is 1.528, 1.535,
and 1.523 Å at B3LYP, MP2, and CCSD, respectively, (using
6-311G(d,p) basis set; 1.537 Å at B3LYP/TZVP).28 The gas-
phase SidO bond length measured by rotational submillimeter-
wave spectra is 1.515 ( 0.002 Å.69a Thus, relative to the B3LYP
bond length, r(SidO) is elongated with MP2 and shortened with
CCSD but it is still by 0.008 Å longer than the experimental
one.69b Nevertheless, our goal is to calculate the geometry and
NMR chemical shifts of 2 and 3; we will mostly use geometries
calculated at the B3LYP/6-31G(d) or B3LYP/6-311G(d,p) level
of computation as the ab initio correlated methods with larger
basis sets are prohibitive.

Substituents, i.e., hydroxy, silyloxy, or an amino group, have
a marginal effect on the SidO bond length and it lies in the
range of 1.523-1.530 Å in 5-O-10-O. In silaformamide 11-

O, the SidO bond is stabilized by complexation with two
neighboring nitrogens and the two Si-N distances are the same.
The silicon center is tetracoordinate and pyramidal (ΣRi ) 328,
Scheme 3), and as a result the SidO bond is lengthened to 1.544
Å (B3LYP/6-31G(d), 1.553 Å at B3LYP/TZVP28). It also
exhibits relatively long Si-N bonds of 1.831 Å (X-ray Si-N
bond lengths in the silaformamide-borane complex (Scheme
2b) are 1.781 and 1.783 Å)28 compared to those in 6-O-10-O
and to r(Si-N) ) 1.729 (B3LYP/6-311G(d,p)) in H3Si-NH2.

A similar degree of pyramidality and Si-N bond lengthening
is also found in silanoic silylester 12-O, in 13-O, and in the
experimental silanoic silylester 2. When one of the complexing
amino groups is rotated away from the SidO bond (14-O) and
cannot interact with the silanone center, the SidO bond length
is similar to that in 4-O-10-O. The ammonia-silacarbamate
complex 15-O is a simple model for complexes 12-O, 13-O,
and 2; it shows a slightly elongated SidO bond and a relatively
long H3NsSi bond of 1.980 Å. Complexation stabilizes the
silacarbamate-ammonia complex 15-O by 24.9 kcal/mol
(B3LYP/6-311G(d,p)) relative to NH3 and H2NSi(dO)OSiH3.

70

The calculated structure of 2 deviates somewhat from the
X-ray structure. The main deviation is in a shorter calculated
SidO bond (1.542 Å (calc.) vs 1.579 Å (exp.)) and longer SisN
bonds (1.865 Å and 1.842 Å (calc.) vs 1.783 Å and 1.768 Å
(exp.)). This is not a result of the relatively simple calculation
method (B3LYP/6-31G(d)), since the calculations of H2SidO
show that actually the B3LYP/6-31G(d) calculation leads to a
slightly elongated SidO bond, both relative to the experimental
value and relative to CCSD calculations with larger basis sets
(Figure 4). One may argue that B3LYP is not an adequate
method for calculating complexation, but we find that the SidO
bond calculated for 12-O at MP2/6-31G(d) is actually even
slightly shorter than the B3LYP one. These and other discrep-
ancies between the calculated and experimental structure (Figure
4) may result from a shallow potential surface with many local
minima for 2. In addition, a statistical disorder in the position
of the SidO moiety has been observed in the X-ray structure
with a population ratio of 0.67/0.33 which may lead to the longer
bond measured experimentally.

We also note that, in contrast to 2, an excellent agreement in
the SidS bond length is found between the calculated (B3LYP/
6-31G(d)) and the disorder-free X-ray structure of the analogous
silanoic thioester 3 (Figure 7).

3.2.1.2. 29Si NMR Chemical Shifts. 29Si isotropic chemical
shifts and their tensor components were calculated at the
B3LYP/6-211G(3d) level (unless stated otherwise) and are
shown in Table 2. For representative model compounds 7-O
(Table 2S in the Supporting Information) and 8-O (Table 2),
we have also repeated the NMR calculations at MP2 and CCSD
with the 6-311G(3d) basis set and with the larger cc-PVTZ basis
set. There is an overall downfield shift in δ(29(SidO)iso of 22
and 20.4 ppm in 7-O and 8-O, respectively, upon changing the
level of calculation from B3LYP/6-311G(3d) to CCSD/cc-
PVTZ, and only 3.8 and 5.3 ppm, respectively, on going from
B3LYP/cc-PVTZ to CCSD/cc-PVTZ. We have therefore con-
cluded that the B3LYP/cc-PVTZ level is appropriate for
calculating the NMR chemical shifts of the larger systems,
including that of 2. Downfield shifts of ca. 17 ppm are calculated
for 12-O and 13-O and of ca. 15 ppm are calculated for 2 (in

(68) The CSA of 29Si is larger when the silicon atom is bonded to a second
row atom, e.g., in H2CdSiH2 and in H2SidSiH2 the calculated (at
B3LYP/6-311G(3d)//B3LYP/6-311G(3d)) 29Si CSA is-193.1 and-
217.3 ppm, respectively, reflecting a downfield shift of the δ11 tensor
component in the latter (δ11 ) 272.3 and 286.5 ppm, respectively).

(69) (a) Bogey, M.; Delcroix, B.; Walters, A.; Guillemin, J.-C. J. Mol.
Spectrosc. 1996, 175, 421. (b) 1.514 Å using the CCSD(T) method
with the Martin-Taylor core correlated basis set: Martin, J. M. L. J.
Phys. Chem. A 1998, 102, 1394.

(70) Calculated by the following formula: E[H2N(NH3)Si(dO)OH,
r(SisNH3) ) 6.0 Å]- E[H2N(NH3)Si(dO)OH, r(SisNH3) ) 1.980
Å]. ∆E(14-O- 13-O) ) 52.7 kcal/mol (at B3LYP/6-31G(d)).
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both optimized and experimental geometries) upon going from
B3LYP/6-311G(3d) to B3LYP/cc-PVTZ, a change which
improves significantly the agreement between the calculated and
experimental values of δ(29Si)iso in 2. The changes in the
chemical shifts of Si-(O) in 8-O, 12-O, 13-O, and 2 caused
by changing the computational method are small.

Table 2 shows that δ(29Si)iso values of 2 (at B3LYP/cc-PVTZ
using both the optimized and X-ray structures) match the
experimental NMR data very well with a deviation of less than
6 ppm. Slightly larger deviations are found for the individual
tensor components, and the agreement is better when the X-ray
geometry is used for the calculations, with a maximal deviation
of 14 ppm for δ33. When the calculated geometry is used the
deviation in δ33 increases to ca. 50 ppm, but the deviation of
δ11 and δ22 is small. The overall good agreement between

experiment and theory for 2 indicates the high reliability of the
computed isotropic chemical shift and tensor values as well as
the reliability of the experimental X-ray and NMR measurements.

The results presented in Table 2 show that δ(29Si(dO))iso in
2 is shifted upfield by as much as 175 ppm relative to
δ(29Si(dO))iso in 4-O, the prototype of a SidO double bond.
What causes this large shift? Substituent effects? Structural
effects? Coordination to Si? How does the orientation and the
size of the chemical shift tensor components change from the
prototypical trigonal H2SidO to the tetracoordinate Si1dO1 bond
in 2? What conclusions can be drawn from the analysis of the
NMR spectrum regarding the nature of the Si1dO1 bond in 2?
To answer these questions we will analyze and discuss the
isotropic chemical shift and the anisotropic chemical shift tensors

Figure 4. Optimized structures (at BLYP/6-31G(d), unless stated otherwise) of silanoic silylester 2 and of model compounds 4-O to 16-O containing SidO
bonds. Bond lengths are given in Å. In the ball and stick models, red balls ) O, blue balls ) N, green-gray balls ) Si, and gray balls ) C. The hydrogens
in the ball and stick model of 2 are omitted for clarity.
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as well as charge distribution and bond orders in model
molecules 4-O-16-O.

The discussion below uses the results obtained at B3LYP/
6-311G(3d); however, the observed trends are the same also at
other computational levels (e.g., B3LYP/cc-PVTZ).

3.2.1.3. Isotropic Chemical Shifts. As mentioned above, there
is a very large upfield shift of as much as 175 ppm in
δ(29Si(dO))iso on going from the tricoordinate Si atom in
H2SidO to the four-coordinate Si1(dO) atom in 2 (Table 2).
The substituents are responsible for ca. 100 ppm of this total
upfield shift. Thus, δ(29Si(dO))iso is shifted upfield from 72.2
ppm in H2SidO (94 ppm in Me(H)SidO)) to 25 ppm in
methylsilanoic acid 5-O (due to hydroxy substitution), to 12.6
ppm in silaformamide 6-O (due to one amino sustituent) and
to -7.6 ppm in (H2N)2SidO (or to -8.5 ppm in cyclic 10-O)
due to two amino substituents. A further upfield shift to -28.9
ppm is observed in silacarbamate 8-O due to both silyloxy and
amino substitution.71 When the amino group is rotated by 90°
(9-O) δ(29Si(dO))iso is shifted back downfield to -8.7 ppm,
reflecting the important effect of n(N)f π*(SidO) conjugation
on the chemical shift.72 Changing the coordination of the Si(dO)
atom from three to four, i.e., 14-Of 13-O, causes a significant
upfield shift of 54 ppm.

3.2.1.4. Chemical Shift Anisotropy and Chemical Shift
Tensors. The chemical shift anisotropy of the Si(dO) atom is
represented here by ∆δ ) δ11 - δ33. ∆δ is the largest for the
parent H2SidO silanone (429 ppm), and it decreases in the
substituted 7-O, 8-O and 14-O to 313, 327 and 297 ppm,
respectively. In tetracoordinate Si(dO) models ∆δ decreases
further and is in the range 200-290 ppm (Table 2). However,
in all model systems and in 2 ∆δ(Si(dO) is significantly larger
than ∆δ of the sp3 tetracoordinate Si(sO) atom which is in the
range 63-117 ppm (Table 2). The large ∆δ(Si(dO)) in 2 and
in its model systems may reflect a contribution of double bond
character to the SidO bonds in these compounds.37,39,63–65 This
point is further discussed below.

The effect of substituents is largest on δ11(Si(dO), it is
smaller for δ33, and δ22 is the least affected. For example, on
going from H2SidO to H2NSi(dO)OH (7-O) δ11 is shifted
upfield from 319 to 114 ppm, δ22 is shifted downfield from 9
to 32 ppm, and δ33 is shifted upfield from -111 to -200 ppm.
On changing from a trigonal planar Si(dO) atom to a tetraco-
ordinate pyramidal structure, we find a somewhat similar trend,
but in this case also δ22 is shifted upfield. On going from 14-O
to 13-O, δ11 is shifted significantly upfield from 83 to -7 ppm,
respectively. The effect on δ22 and δ33 is smaller (Table 2). To
better understand the origin for these large changes we will
analyze the direction of the tensor components relative to the

(71) A similar substituent effect is found also in the carbonyl analogues:
δ(13C(dO)) ) 199 ppm (acetaldehyde);71a 170.8 ppm (methylacetate);71b

164.9 ppm (formamide);71a 158 ppm (methylcarbamate).71c(a) Stothers,
J. B. Carbon-13 NMR spectroscopy; Academic Press: 1972. (b) Dorman,
D. E.; Bauer, D.; Roberts, J. D. J. Org. Chem. 1975, 40, 3729–3735.
(c) Aldrich Spectral Viewer.

(72) Rotation of the hydroxy group in 5-O by 90° (∠HOSiO ) 90°) causes
only a small downfield shift of 7 ppm. The n(O) f π*(SidO)
conjugation is turned off, but in return the conjugation with the second
oxygen lone pair comes into effect.

Table 2. Calculated 29Si NMR Chemical Shiftsa of Silanoic Silylester 2 and of Model Molecules with a SidO Bondb

SidO SisO

compound δiso δ11 δ22 δ33 ∆δ δiso δ11 δ22 δ33 ∆δ

4-O 72.2 318.7 8.6 -110.7 429.4 - - - - -
5-O 25 (32.0)c 193.3 (228.2)c 58.7 (58.2)c -177 (-190.5)c 370.3 (418.7)c - - - - -
6-O 12.6 201.6 15.8 -179.6 381.2
7-O -17.8 113.8 32.3 -199.5 313.3 - - - - -
8-O
B3LYP/6-311G(3d)
MP2/6-311G(3d)
CCSD/6-311G(3d)
B3LYP/cc-PVTZ
MP2/cc-PVTZ
CCSD/cc-PVTZ

-28.9
-23.8
-20.7
-13.8
-12.0
-8.5

107.9
102.7
103.6
128.7
115.2
116.1

25.2
33.6
37.1
34.0
42.6
47.3

-219.9
-207.8
-202.8
-204.2
-193.9
-188.8

327.8
310.5
306.4
332.9
309.1
304.9

-42.8
-42.2
-37.4
-36.5
-39.0
-35.5

-5.1
-2.6
1.6
4.5
-3.5
-2.4

-8.2
-5.9
-1.0
-1.5
-6.5
-5.0

-115.0
-118.2
-112.7
-112.4
-107.0
-99.1

109.9
115.6
114.3
116.9
103.5
96.7

9-O -8.7 142.6 47.8 -216.5 359.1 -41.7 -3.6 -8 -216.5 109.9
10-O -8.5 165.1 30.2 -220.9 386.0 - - - - -
11-Od -82.1 28.4 -16.4 -258.4 286.8 - - - - -
12-Od

B3LYP/6-311G(3d)
B3LYP/cc-PVTZ

-91.3
-73.7

-6.5
9.4

-8.1
9.2

-259.2
-239.7

252.7
249.1

-55.1
-44.8

-13.0
1.0

-19.9
-8.1

-132.3
-127.3

119.3
128.3

13-O
B3LYP/6-311G(3d)
B3LYP/cc-PVTZ

-89.7
-72.3

-6.5
9.2

-13.1
3.6

-249.5
-229.6

243.0
238.8

-62.3
-46.6

-23.9
-7.3

-75.7
-62.0

-87.3
-70.5

63.4
63.2

14-O -35.9 83.4 23.1 -214.2 297.6 -57.2 -18.2 -63.9 -89.6 71.4
15-O -79.8 17.3 -7.5 -249.3 266.6 -54.5 -14.1 -19.2 -130.1 116.0
16-Oe -71.9 -3.6 -19.7 -192.6 189 -73.2 -23.5 -29.7 -166.2 142.7
2 (opt. geom.)
B3LYP/6311G(3d)
B3LYP/cc-PVTZ

-102.8
-88.1

-14.8
0.0

-31.3
-16.4

-262.1
-248.0

247.2
248.0

-66.3
-53.5

-29.0
-12.1

-73.0
-59.7

-96.5
-88.6

67.5
76.5

2 (X-ray geom.)
B3LYP/6311G(3d)f

B3LYP/cc-PVTZ
-94.4(-83.4)
-79.1

-21.1(-10.2)
-4.9

-33.9(-20.5)
-18.1

-228.2(-219.5)
-214.4

207.1(209.3)
209.2

-58.0(-50.4)
-43.1

-19.9(-10.2)
-2.4

-64.3(-58.5)
-46.1

-89.9(-82.7)
-80.8

70(75)
78.4

2 (exp.) -85 -10 -30 -200 190 -56 -20 -60 -95 75

a In ppm, at B3LYP/6-311G(3d)//B3LYP/6-31G(d) unless stated otherwise. b For structures see Figure 4. c ∠HOSiO ) 90°. d B3LYP/6-311G(3d)//
B3LYP/6-311G(d,p). e Optimized at B3LYP/6-311+G(d,p). f In parentheses at B3LYP/6-311G(d)//B3LYP/6-31G(d).

Scheme 3. Pyramidality in N-Donor Stabilized Silaformamide 11-O
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molecular coordinate framework and will evaluate using the
NCS method,55 which MOs affect mostly the paramagnetic
contribution (σp) to the chemical shielding tensors.

The total chemical shielding σ is a sum of the diamagnetic
(σd) and paramagnetic (σp) chemical shielding components. σd

results from the circulation of the electrons induced by the
applied magnetic field. The resulting induced local magnetic
field opposes the static external magnetic field causing shifts to
highfield (shielding). σd depends on the electron density
distribution and inversely on their distance from the nucleus.
The effect of substituents and environment on σd is generally
small (and in our case as well, e.g., σd (Si(dO)) is 882, 884,
and 880 ppm in H2SidO, 7-O, and the tetracoordinate 15-O,
respectively). The paramagnetic contribution σp results from
paramagnetic electronic currents that are induced by the applied
magnetic field via coupling of occupied and virtual orbitals.
These induced currents induce a local magnetic field that
enhances the applied magnetic field thus causing downfield shifts
(deshielding). According to Ramsey’s formula,73,74 σp is in-
versely proportional to the energy separation between the mixed
orbitals; it is proportional to the degree of overlap of the
coupling orbitals and is proportional to the inverse cube of the
distance of the shielding electrons from the nucleus in question.
The measured (and calculated) chemical shift δ is the chemical
shielding σ of the atom in question relative to the chemical
shielding of a reference compound, in our case tetramethylsilane
(TMS) (δ ) σTMS - σ). Note that smaller σ values mean a
downfield shift while smaller δ values mean an upfield shift!

The chemical shifts and anisotropy of low-coordinate atoms
in unsaturated compounds are mainly determined by the
paramagnetic contribution to the chemical shielding, σp.37,39,63–65

In doubly bonded systems (e.g., olefins, silenes, and disilenes)
the most downfield shifted paramagnetic tensor component, σp

11,

lies in the molecular plane and perpendicular to the molecular
axis (Figure 5, a, b, c). The major contribution to this tensor
component is attributed to the mixing of the σ(MdE) and
π*(MdE) orbitals. In several cases changes in the chemical
shifts of these compounds (e.g., caused by substituents) were
found to be strongly affected by the changes in the energy
separation between these two orbitals.37,39,63–65 In ethylene and
disilene σp

22 lies in the molecular plane and is directed along
the molecular axis, and σp

33 which is shifted to the highest field,
lies perpendicular to the molecular plane. It is important to note
the large anisotropy between σp

11 and σp
33. A similar direction-

ality is also found in H2CdO (Figure 5, d). In d, according to
NCS calculations, the major contribution to σp

11(13C) is associ-
ated with the σ(CdO) orbital and is attributed to σ(CdO) f
π*(CdO) mixing.55,75 As in formaldehyde also in H2SidO the
major contribution to σp

11 comes from the σ(SidO) orbital.
However, the chemical shift anisotropy (∆σp ) σp

11 - σp
33) is

significantly larger in silanone than in formaldehyde (429 ppm
vs 214 ppm, respectively), similarly to the trend found for
ethylene vs disilene. Upon substitution by both hydroxy and
amino substituents the paramagnetic anisotropy decreases
significantly to 317 ppm (Figure 5, f and Table 2, 7-O). Both
σp

11 and σp
33 are shifted upfield, but the shift in σp

11 is
significantly larger. σp

22 is hardly affected by these substituents.
One of the main reasons for the significant upfield shift of σ11

in f (7-O) is the increase in ∆E(π*(SidO)-σ(SidO)) from 7.5
eV in H2SidO to 9.8 eV in 7-O (B3LYP/6-31G(d)).76

To understand the significant changes in the NMR caused
by changing the coordination of the Si(dO) atom from
tricoordinate to tetracoordinate (Table 2), we compare the

(73) Ramsey, N. F. Phys. ReV. 1950, 78, 699–703.
(74) Molecular Quantum Mechanics, 3rd ed.; Atkins, P. W., Friedman,

R. S., Eds.; Oxford University Press: Oxford, U.K., 1997.

(75) Kirby, C. W.; Lumsden, M. D.; Wasylishen, R. E. Can. J. Chem. 1995,
73, 604–613.

(76) Rotation of the amino group in 8-O by 90° (forming 9-O) turns off
the n(N)-π* conjugation and reduces ∆E(π*(SidO)-σ(SidO)) from
9.5 eV in 8-O to 9.2 eV in 9-O (B3LYP/6-31G(d)), causing a
downfield shift of 34 ppm in σ11

p (B3LYP/6-311G(3d)).
(77) (a) Reed, A. E.; Weinstock, R. B.; Weinhold, F. J. Chem. Phys. 1985,

83, 735–746. (b) Wiberg, K. B. Tetrahedron 1968, 24, 1083–1096.

Figure 5. Calculated (B3LYP/6-311G(3d)) paramagnetic chemical shielding tensor components of doubly bonded compounds. ∆σp ) σp
33 - σp

11.
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paramagnetic chemical shifts of model structures g and h
(Figure 5). For ease of analysis all geometric parameters are
optimized, except for the OSi(dO)N1 plane which is kept planar.
The effect of pyramidalization on the NMR shifts is small (see
below). In g, the attached ammonia group is far (6.0 Å) and
the interaction is minor, and the NMR tensor components are
very similar to those of f. When NH3 approaches to a distance
of 1.85 Å (h), a dramatic change in the NMR tensor components
occurs: the anisotropy decreases from 313 ppm in g to 273 ppm
in h, and σp

11 (pointing in the Y direction, i.e., in the molecular
plane and perpendicular to the molecular axis) is shifted
significantly upfield from -678 ppm in g to -553 ppm in h,
and it is now at a higher field than the tensor component which
is directed along the X coordinate, i.e., perpendicular to the
molecular plane (this tensor component is hardly changed upon
complexation with the ammonia group). Consequently, in
structure h, having a 4-fold coordination, σp

11 points in the X
direction, perpendicular to the molecular plane while σp

22 is in
the molecular plane (Figure 5) and perpendicular to the
molecular axis, in contrast to the known typical NMR picture
in doubly bonded compounds where the most paramagnetic
tensor component is in the molecular plane and perpendicular
to the molecular axis. Furthermore, the large difference between
the two tensor components which lie perpendicular to the double
bond axis in a-g (Figure 5) decreases significantly in h. For
example, σp

33 - σp
11) 367 ppm in c, σp

22 - σp
11 ) 309 ppm in

e and 90 ppm in f, while it is 40 ppm in h (see also the similarity
of δ11 and δ22 in tetracoordinate 12-O, 13-O, 2, and 15-O vs
the large difference between the values of these components in
tricoordinate molecules 4-O-11-O, Table 2).

This change in the directionality of the chemical shift tensor
components between h and the other molecules in Figure 5 may
hint to a change in the nature of the SidO bonding in the
tetracoordinate compounds such as 2. It should however be
pointed out that also in h the σ(SidO) orbital contributes
significantly to σp

22 (directed in the Y direction), but its
contribution is by ca. 200 ppm smaller than that in g, leading
to its considerable upfield shift. Graphs showing the change in
the chemical shift tensor components δXX, δYY, and δZZ and δ11,
δ22, and δ33 in g as a function of r(Si · · · ·NH3) are presented in
Figure 1S in the Supporting Information, and they demonstrate
a similar behavior to that of the paramagnetic shielding
components.

We have shown above that the tricoordinate silanones,
silanoic silylesters (4-O-10-O, 14-O), and the tetracoordinate
compounds (11-O-13-O and 2) differ by two major geometric
parameters, that is, a longer SidO bond and pyramidality of
the Si(dO) center in the latter. However, we have found that
the chemical shifts are hardly affected by either changing
r(SidO) from 1.52 to 1.565 Å or by changing the angle R (for
definition see g, Figure 5) which reflects the pyramidality at Si
from 90° to 65° in both g, r(Si · · · · · · ·NH3) ) 6.0 Å and h′,
r(Si-NH3) ) 1.998 Å (see Figures 3S and 4S in the Supporting
Information).

In summary, the significant upfield shift on going from model
molecules with a tricoordinate silicon atom (e.g., 8-O) to
molecules with a tetracoordinate silicon atom (11-O-13-O)
results from the change in the coordination number of the silicon
atom and the resulting change in charge distribution (see
below), while the geometric changes haVe no significant effect.
The most significant changes are observed for the chemical shift
tensor component pointing in the Y direction, i.e., in the R2SidO
plane and perpendicular to the SidO axis.

Interestingly, the isotropic chemical shift, the anisotropy, as
well as δ11, δ22, and δ33 in 2 are similar to those in the anionic
model 16-O. Also, r(SidO) in 2 (optimized geometry) and
r(Si-O-) in anion 16-O are significantly longer than r(SidO)
in tricoordinate model systems 4-O-10-O. These trends point
to a greater degree of zwitterionic character (Si+sO-) in silanoic
silylester 2 than in a tricoordinate SidO double bond. This
conclusion is supported by the calculated Natural Population
Analysis (NPA)77a charges and Wiberg Bond Indices (WBI)77b

that were calculated for the model molecules and for 2 (Table
3) and are discussed below.

3.2.1.5. Bond Polarities and Bond Orders. NBO analysis
shows that the SidO bond in H2SidO has two bonding orbitals,
a σ-orbital with an sp1.7 hybridized Si and a π-orbital. Both
orbitals are very strongly polarized toward the oxygen atom
(i.e., 80% of the NBO density resides on the oxygen atom),
pointing to a high contribution from the zwitterionic resonance
structure (B, Scheme 4). In a previous study Guselnikov and
co-workers concluded, based on ELF and AIM analyses that
the electronic structure of H2SidO is dominantly zwitterionic
having a σ(Si+sO-) bond with three lone pairs in the valence
shell of the oxygen.78

The calculated NPA charges show that in all model molecules
the SidO bonds are highly polarized with charges on the oxygen
in the range -1.0 to -1.2 el. The SidO bond polarity increases
significantly upon changing the Si coordination number from 3
to 4; for example, the NPA charge on Si in 8-O is 2.17 el., and
it increases to 2.32 el. in 2 (∆q ) 3.26, 3.46, and 3.54 el. in
8-O, 12-O, and 2, respectively). This can be explained by the
coordination of an additional electronegative amino group to
the Si atom, which helps to stabilize a higher positive charge
on the silicon atom. The change in bond polarity on going from
tri- to the tetracoordinae Si center is nicely reflected in the

(78) Avakyan, V. G.; Sidorkin, V. F.; Belogolova, E. F.; Guselnikov, S. L.;
Gusel’nikov, L. E. Organometallics 2006, 25, 6007–6013.

Table 3. Calculated (B3LYP/6-31G(d)) Natural Population Analysis
(NPA) Charges and Wiberg Bond Indices (WBI) in Compounds
with a SidO Bond, in Their SidS Analogues and in the
Experimental 2 and 3a

SidO SidS

Compound q(Si) q(O) ∆q WBIb q(Si) q(S) ∆q WBI

4-O, 4-S 1.47 -1.00 2.47 1.5 0.93 -0.56 1.49 1.9
5-O, 5-S 2.05 -1.07 3.12 1.4 (0.7) 1.64 -0.70 2.34 1.8
7-O, 7-S 2.14 -1.09 3.23 1.4 (0.7) 1.75 -0.74 2.48 1.7
8-O, 8-S 2.17 -1.08 3.26 1.4 (0.6) 1.78 -0.72 2.5 1.7
9-O, 9-S 2.16 -1.07 3.23 1.4 (0.7) 1.77 -0.69 2.47 1.7
10-O, 10-S 2.08 -1.09 3.16 1.4 1.60c -0.67c 2.27c 1.7c

11-O, 11-S 1.86 -1.15 3.01 1.3 1.35c -0.76c 2.11c 1.5c

12-O, 12-S 2.27 -1.19 3.46 1.2 1.82c -0.82c 2.63c 1.5c,d

13-O, 13-S 2.29 -1.20 3.49 1.2e 1.90 -0.84 2.75 1.5
14-O, 14-S 2.20 -1.11 3.31 1.3 (0.7) 1.80 -0.74 2.54 1.7
15-O, 15-S 2.22 -1.18 3.40 1.3 1.84 -0.85 2.69 1.5
16-O, 16-S 2.22 -1.25 3.46 1.1 1.82 -0.99 2.80 1.3
2f, 3f 2.32 -1.22 3.54 1.1 1.90 -0.83 2.73 1.50

a For the numbering and structures of the compounds see Figure 4
(SidO) and Figure 1S of the Supporting Information (SidS). b In
parentheses the Si-O WBI. c At B3LYP/6-311G(d,p). d WBI of
Si(dS)sO bond is 0.56 and that of H3Si-O is 0.62. e WBI of the
exocyclic CdC bond is 1.71. f Optimized geometry (B3LYP/6-31G(d)).

Scheme 4. Resonance Forms of H2SidO
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polarity of the σ and π SidX (X ) O and S) NBO orbitals
(Figure 6). Figure 6 shows that in both 8-O and 8-S 82-84%
of SidX π-orbital density is located on X. This high polarity
increases even further in the tetracoordinate 12-O and 12-S
where 92% of the π-NBO resides on O or S, respectively, and
only 8% resides on the Si. The polarity of the σ-NBO in 8-O
vs 12-O and 8-S vs 12-S remains unchanged. The conclusion
is that the additional coordination affects mainly the polarity
of the π-orbital. Another interesting conclusion from the NBO
analysis is that while the polarity of the π-orbital in 8-O and
8-S (and of 12-O and 12-S) is similar, the polarity of the
σ-orbital of the thio-compounds is significantly smaller than that
of the oxy-compounds (i.e., 65% vs 82% of the σ-NBO densitiy
resides on the S and O atoms in 12-O and 12-S, respectively,
Figure 6) reflecting the smaller electronegativity of S vs O and
the overall smaller polarity of the thio-compounds. (Table 3).

Consequently with the increase in bond polarity, the covalent
Wiberg bond orders of the SidX bonds decrease on going from
the tricoordinate silicon atoms (WBI ) 1.4-1.5 for SidO and
1.9-1.7 for SidS)) to tetracoordinate silicon atoms (WBI )
1.1 in 2 and 1.5 in 3). Nevertheless, WBI(SidO) in 2 is much
higher than that for SisO single bonds; e.g., WBI(SisO) of
the siloxy group of 2 is only 0.6. In conclusion, the calculations
clearly show that the SidO bond in silanoic silylester 2 is highly
polarized pointing to a predominantly zwitterionic SidO bond
with a contribution of some SidO π-bonding. This conclusion
is consistent with the conclusions drawn from experimental and
calculated 29Si solid-state NMR measurements.

3.2.2. Stuctures and NMR Analysis and Bond Properties
of Silanoic Thioester 3 and of Model Molecules Containing
SidS Bonds. Figure 7 shows the calculated bond lengths in
silanoic thioester 3 in comparison with its X-ray structure.30 In
addition we also carried out calculations for 12 model molecules
containing SidS double bonds which are analogues of the SidO
molecules discussed above (for a full list of all SidS model
molecules and their schematic structures, see Figure 1S of the
Supporting Information). For 3 there is good agreement between
the calculated and measured SidS bond length, while the
calculated SisN and SisO bond lengths are by 0.03-0.04 Å
longer than the experimental ones.

The calculated values of 29Si(dS) and 29Si(sO) isotropic
chemical shift values of thio- model molecules and of the
silanoic thioester 3 are given in Table 4.

Table 4 shows that the calculated (B3LYP/cc-PVTZ)
δ(29Si(dS))iso (using either the X-ray structure of 3 or the
optimized structure) are in very good agreement with the
experimental NMR data with a deviation of only 1-2 ppm.
However, a comparison of the individual tensor components
shows larger deviations of ca. ( (20-30) ppm for δ11 and δ22

and of ca. 5-3 ppm in δ33.
A comparison of the structural (Figure 1S, Supporting

Information) and NMR data (Table 4) for the thio-compounds
with that in Figure 4 and Table 2 for the oxy-compounds shows
that the trends in the effects of substituents and the effect of
the change in the coordination of the SidX subunit (X ) O, S)
both on structures and on the NMR chemical shifts are similar
in SidS and SidO compounds. However there are two major
differences between these two groups of compounds. In the
experimental (and calculated) data of 3, as well as in all tri-
and tetracoordinate SidS model compounds, there is a signifi-
cant downfield shift of δ(29Si(dS))iso in comparison to the
corresponding δ(29Si(dO))iso; e.g., in 3 and 2 the measured
δ(29Si(dS))iso and δ(29Si(dO))iso are -38.7 and -85.0 ppm,
respectively. The downfield shift in the thio-compounds is most
dominant in δ11, e.g., 87 ppm in 3 compared to -10 ppm in 2,
and is much smaller in δ22 and δ33. These significant changes
can be attributed to the smaller ∆E(σ-π*) in the thio com-
pounds; e.g., it is 8.9 eV in H2NSi(dS)OH and 9.9 eV in
H2NSi(dO)OH, which according to Ramsey’s formula73,74 leads
to a larger paramagnetic contribution to δ11 and consequently
to a downfield shift in the thio-acid. The significant large
downfield shift in δ11 of the thio-compounds and the negligible
difference in δ33 (e.g., -215 ppm in 3 and -200 ppm in 2)
leads to a significantly larger ∆δ in the thio-compounds, e.g.,
302 ppm in 3 vs 190 ppm in 2 (measured) and 393 ppm vs 313
ppm (calculated) in H2NSi(dS)OH (7-S) and in H2NSi(dO)OH
(7-O). Similarly to the SidO compounds also for the SidS
compounds ∆δ is significantly larger in the tricoordinate than
in the four-coordinate compounds. A similar trend is found also
for CdO and CdS compounds. For example, in acetamide and
thioacetamide the measured δ(13C)iso is 177 and 330 ppm,
respectively; δ11 is 243 and 330 ppm, respectively; and ∆δ is
157 and 269 ppm, respectively.75

As expected from the smaller electronegativity of the sulfur
atom, the calculated NPA charges for the SidS bond in 3 and
in all model molecules show that the SidS bonds are signifi-
cantly less polarized than the SidO bonds (Table 3). For
example, the NPA charge on Si in the SidS bond in 3
(optimized geometry) is only 1.9 compared to 2.3 in the
corresponding SidO bond of 2. Consequently, the covalent bond
order of the SidS bond in 3 is significantly larger (WBI ) 1.5)
than that of the corresponding SidO bond (WBI ) 1.1) in 2.
Thus, in the SidS compounds the zwitterionic form (Si+sS-)
plays a smaller role than in the SidO compounds and the

Figure 6. Calculated (B3LYP/6-31G(d)) SidX π- and σ-NBOs in 8-X
and 12-X (X ) O, S) (the percentage is the square of the orbital coefficient
on each of the atoms).

Figure 7. Optimized (B3LYP/6-31G(d)) and X-ray (in bold) bond lengths
(Å) of silanoic thioester 3.
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double-bond contribution to the SidS bond is higher. This
conclusion is consistent with the findings of Guselnikov and
co-workers that the SidS bond in H2SidS has a double bond
character while the SidO bond in H2SidO has a zwitterionic
character with three lone pairs on the oxygen atom.78 This is
also reflected in the fact that the chemical shift values calculated
for the anionic model molecule 16-S show a larger deviation
from the experimental NMR results for 3 than in the analogous
SisO systems (16-O vs 2) and is also reflected in the larger
∆δ value in 3 relative to 16-S. However, despite these
differences, the data show that the SidS bond polarity increases
significantly upon changing the Si coordination number from 3
to 4, and the covalent bond orders decrease similarly to the
trends found for the SidO bonds.

4. Conclusions

This paper describes 29Si solid state NMR measurements of
silylene 1, silanoic silylester 2, and silanoic thioester 3 as well
as the results of detailed DFT and ab initio calculations which
were carried out for 2 and 3 and for smaller model compounds
with SidX (X ) O, S) bonds. In general there is good agreement
between calculations and experiment which give support to the
chemical shift assignment deduced from experiment.

The solid-state 29Si NMR of the stable silylene 1 revealed a
highly anisotropic chemical shift tensor comparable to that in
other N-heterocyclic silylenes.

The experimental and computational study of 2 and 3
combined with the computational study of smaller model
molecules provides a deeper understanding of the isotropic and
tensor components of their NMR chemical shifts. The calcula-
tions reveal that in 2 δ(29Si(dO))iso is shifted upfield relative to
H2SidO by as much as 175 ppm; substituents are responsible

for ca. 100 ppm of this shift, while the remaining upfield shift
is caused by the change in the coordination number at the SidO
moiety from three to four due to the coordination with an
additional amino ligand. The chemical shift values are practically
not affected by the SidX bond length or the degree of
pyramidality at the SidX center caused by the increase in
coordination number.

The change in the silicon coordination from three to four
affects mostly the tensor component which lies in the
molecular plane and is perpendicular to the molecular axis
(δYY) but it hardly affects the tensor component which is
perpendicular to the molecular plane (δXX), leading to a nearly
cylindrical symmetry in the tensor components that lie in
the XY plane. This contrasts with the large anisotropy found
in this plane in typical doubly bonded compounds (Figure
7).

δ(29Si(dS))iso in 3 is shifted downfield significantly relative
to that in 2 (a similar trend is found in the smaller model
SidS vs SidO molecules). This downfield shift can be
explained by the smaller σ-π* energy difference in the SidS
bond.

The NMR measurements and calculations of the tensor
components, bond polarities, and Wiberg bond indices of 2
and 3 having a four-coordinate silicon-chalcogen double
bond reveal that the SidO moiety in 2 has a high contribution
from a zwitterionic Si+sO- structure, yet the bond has a
significant contribution of a SidO π-bonding. The SidS bond
in the thioester 3 shows a larger SidS double bonding
character and a smaller zwitterionic contribution. In conclu-
sion, in both 2 and 3 the tetracoordinate SidX subunit
exhibits a pronounced double bond character, which is more
significant in 3.

Table 4. Calculated 29Si NMR Chemical Shiftsa of Compounds with a SidS Bond

SidS Si-O

compoundb δiso δ11 δ22 δ33 ∆δ δiso δ11 δ22 δ33 ∆δ

4-S 157.7 530.2 11.5 -68.6 598.8 - - - - -
5-S 122.5 383.7 120.6 -136.9 520.6 - - - - -
7-Sc 49.7 226.8 88.3 -166.1 392.9 - - - - -
8-S
B3LYP/6-311G(3d)
MP2/6-311G(3d)

37.1
43.4

219.4
210.2

80.2
90.0

-188.8
-170.1

408.3
380.3

-43.4
-40.5

-6.8
-1.9

-9.9
-3.6

-113.6
-116.0

106.8
114.1

B3LYP/cc-PVTZ 48.5 229.2 83.0 -166.7 395.9 -36.0 4.3 -0.7 -109.8 114.1
MP2/cc-PVTZ 45.6 206.6 86.9 -156.6 363.2 -36.9 -1.9 -4.5 -104.2 110.4
CCSD/cc-PVTZ 50.3 216.8 90.4 -156.2 373 -33.8 -1.3 -3.4 -96.7 95.4
9-S 66.3 288.3 94.3 -183.6 471.9 -43.1 -6.6 -10.4 -112.3 105.7
10-Sd 56.4 267.3 88.6 -186.7 454.0 - - - - -
11-Sd -25.5 117.4 21.3 -215.2 332.6 - - - - -
12-Sd

B3LYP/6-311G(3d)
B3LYP/cc-PVTZ

-32.3
-21.4

74.9
63.9

51.4
59.9

-223.2
-206.1

298.1
270.0

-54.9
-43.7

-14.6
1.8

-21.7
-8.9

-128.6
-124.1

114.0
125.9

13-S -36.6 74.2 52.5 -236.4 310.6 -64.3 -29.1 -79.7 -84.0 55.0
14-S 24.8 190.1 77.3 -192.2 382.3 -61.4 -21.9 -69.3 -92.9 71.0
15-S -17.1 90.2 59.6 -201.2 291.2 -51.3 -12.9 -17.2 -123.9 111
16-Se -13.4 53.0 21.3 -114.6 167.6 -70.5 -23.6 -30.8 -157.0 86.5
3 (opt. geom.)
B3LYP/6-311G(3d)
B3LYP/cc-PVTZ

-47.2
-36.7

52.9
61.2

40.5
47.1

-235.1
-218.5

288.0
279.7

-62.9
-50.2

-22.5
-9.3

-73.5
-58.7

-92.8
-82.4

70.3
73.1

3 (X-ray geom.)
B3LYP/6-311G(d)
B3LYP/cc-PVTZ

-38.7
-39.8

58.7
55.2

39.4
35.4

-214.3
-210.2

273.0
265.4

-57.8
-53

-13.6
-6.4

-72.8
-65.9

-86.9
-86.5

73.3
80.1

3 exp. -38.7 87 11 -215 302 -53.5 -3 -54 -104 101

a In ppms, at B3LYP/6-311G(3d)//B3LYP/6-31G(d) unless stated otherwise. b The compounds and numbering are analogous to to those in Figure 4.
For optimized bond lengths see Figure 1S of the Supporting Information. c Chemical shift values at MP2/6-311G(3d) as well as at B3LYP, MP2 and
CCSD with cc-PVTZ basis set are provided in Table 2S of the Supporting Information. d B3LYP/6-311G(3d)//B3LYP/6-311G(d,p). e B3LYP/
6-311G(3d)//B3LYP/6-311+G(d,p).
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