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ABSTRACT: This account describes recent progress (>2006) in the
synthesis and structural characterization of isolable N-heterocyclic silylenes
(NHSi's) and their fascinating reactivities with respect to an emergent topic
in main-group chemistry: metal-free small-molecule activation. Since the
seminal discovery of stable N-heterocyclic silicon analogues of nucleophilic
Wanzlick—Arduengo-type carbenes in 1994, new types of NHSi's have
emerged with unique electronic features and strikingly different reactivities.
Among them, the first zwitterionic (ylide-like) silylene LSi: (L = CH-
= 2,6-Pr',C¢H;) and unprecedented N-het-
erocyclic bis(silylenes) with amidinate ligands and Si(I)—Si(I) bonds were

[(C=CH,)CMe][NAr];; Ar

synthesized. Their striking electronic structures open new doorways to metal-free activation of C—H, C—X, Si—X, E—H (E = group
15, group 16 elements), P—P, E—O (E = C, N), and E—E bonds (E = O, S, Se, Te).

1. INTRODUCTION

Silylenes are divalent, dicoordinate neutral silicon species.
They are highly reactive and represent indispensable building
blocks for the synthesis of value-added organosﬂanes through
oxidative addition and small-molecule activation." As heavier
analogues of carbenes, silylenes generally possess a singlet
ground state, due to the large energy gap and spatial difference
between the silicon 3s and 3p orbitals.” A remarkable exception is
bis(tri-tert-butylsilyl)silylene, which has a triplet ground state, as
indicated by EPR spectroscopy and computational studies.®
Until two decades ago, silylenes have been considered to be
extremely elusive species which undergo conversion even at low
temperature (>—196 °C).* However, this situation changed
profoundly in 1994, when Denk, West, et al. described the
synthesis of the first isolable N-heterocyclic silylenes Ia
(Chart 1) by reducing the corresponding N- heterocychc silicon-
(IV) dichloride precursor with elemental potassium.® Recently,
the two aryl- supported versions Ib,c of this type of stable silylene
were reported.® The latter systems with unsaturated chelating
ligands benefit from s7-donor stabilization of the low-valent
silicon(II) atom by both nitrogen atoms and pseudoaromaticity
as well as steric protection through bulky organic groups. In
comparison with silylenes Ia—c, the substituted saturated sily-
lenes ITa—e,”? which have also been synthesized and isolated,
are less stable. For instance, Ila is stable in dilute solutions;
however, in concentrated solution or in the solid state, it under-
goes reversible tetramerization. '’ Interestingly, such oligmeriza-
tion has not been observed for silylenes IIb—e. The third group
of stable silylenes is type III, with a benzo-fused five-membered-
ring stystem, including the unique example of a bis-silylene IIId,
reported by Lappert and co-workers."'” "> During the last two
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decades, the chemistry of N-heterocyclic silylenes of types I—1III
has been well developed and documented.* In contrast, silylenes
without N-heterocyclic donor stabilization are generally consid-
ered as labile species. Likewise, acyclic silylene IV, which has
recently been examined, exists only below 0 °C."* Remarkably,
the unsupported dialkylsilylene V had also been isolated by Kira
et al. Although the latter is kinetically stabilized, it isomerizes
slowly to a cyclic silene at ambient temperature in solution.'® The
interesting chemistry of this species has also been summarized in
review articles.'” In contrast, the decamethylcyclopentadienyl-
supported Si(IT) species VI is quite stable and has been known
since 1986. Its rich chemistry has also been well documented.'®

Our entry into this field started in 2006 with the discovery of
the stable N- heterocychc silylene 1 (Chart 2) bearing a modified
B-diketiminate ligand."”” Due to the ylide-like electronic reso-
nance structures 1’ and 1”, the chemistry of silylene 1 is distinctly
different from that of the isolable silylenes mentioned above. The
exocyclic methylene group, which may behave as an additional
nucleophilic group, cooperates with the two reactive sites (a lone
pair and an empty 3p orbital) of the silicon(II) center and makes this
species multifunctional toward both electrophiles and nucleophiles.
In fact, shortly after the synthesis of 1, its wide-ranging chemistry,
especially its capability of activating small molecules, attracted
considerable attention. Accordingly, the reaction of H,O with 1
led to the mixed-valent siloxy silylene 2 (Chart 2).*° The latter
species is an intramolecular donor-stabilized silylene and represents
the first silicon(II) complex supported by a [3-diketiminate ligand.
Owing to the intramolecular N(imine)—Si(Il) coordination,
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compound 2 is remarkably nucleophilic and capable of activating
small molecules such as N,O and CO, to form the corresponding
silanoic silyl ester via oxygen transfer to Si(II).*" Such metal-free bond
activation has recently become an active area of research.** In 2006,
the similar intramolecular donor-stabilized NHSi 3 with a terminal
Si(II) —Cl bond and supported by amidinate was reported by Roesky
and co-workers.® The latter exhibits quite a rich chemistry. Shortly
after the discovery of 3, the bis-NHSi's 4a,b were prepared by Roesky
et al** and Baceiredo et al,> respectively. Featuring a Si(I)—Si(I)
bond, compounds 4a,b show unprecedented and versatile reactivities
with respect to small-molecule activation. Very recently, the novel bis-
NHSi § was synthesized by our group.”®

Since several comprehensive reviews have been 7published on
the synthesis and reactivity of isolable silylenes,"*'” especially of
types I—III and V, this survey deals solely with the synthesis and
structures of 1—3 and their striking reactivities with the main
empbhasis on small-molecule activation. In addition, the synthesis
and reactivities of the unique bis-NHSi's 4a,b and § are included.

2. SYNTHESIS AND CHARACTERIZATION OF NEW
TYPES OF NHSI'S

2.1. Zwitterionic (Ylide-Like) Silylene 1. The synthesis of
NHSi 1, based on the [3-diketiminate ligand 6 and via the

1749

dibromosilane precursor 8a, is shown in Scheme 1.'” Ligand 6
is easily accessible by a straightforward protocol in ca. 70%
yield*” The silylene precursor 8a can also be prepared in high
yield in a one-pot reaction by lithiation of 6 with n-BuLi or MeLi
in diethyl ether to give 7°* and subsequent silylation with silicon
tetrabromide in the presence of N,N,N’,N'-tetramethylethylene-
diamine (TMEDA).

Using TMEDA as an auxiliary base for deprotonation at an
exocyclic methyl group on the backbone of the ligand is crucial
for the preparation of dibromosilane 8a. In contrast, the reaction
of lithiated ligand 7 with SiBr, in the absence of TMEDA led to
the formation of different types of N-heterocyclic dibromosi-
lanes, namely 9 and 10, instead of 8a along with byproduct 11
(Scheme 2).*” Interestingly, the expected tribromosilane 12 could
not be observed in the latter reaction. Starting from dibromosilane
8a, the reduction with potassium graphite in tetrahydrofuran (THF)
furnished the yellow silylene 1 after workup and crystallization in
good yields (>75%) (Scheme 1).

The substitutions at both nitrogen atoms in 1 appear to be of
great importance, because even analogues with slightly less bulky
protecting groups did not lead to stable silylenes. For instance,
debromination of the dibromosilane analogues of 8a with 2,6-
diethylphenyl or 2,6-dimethylphenyl groups at both nitrogen
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Scheme 1. Synthesis of NHSi 1
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atoms was unsuccessful and led to an inseparable mixture. In the
case of the tert-butyl version, the reduction of dibromosilane 8t
with potassium graphite in THF yielded only the N-heterobi-
cyclic disilane 13, a formal dimer of the desired zwitterionic
silylene 13 (Scheme 3).*°

Moreover, although the dichloride analogue 8b can also be
readily prepared by the same route used for 8a, its reduction does not
lead to silylene 1. In fact, the reduction conditions are also crucial for
the preparation of silylene 1. For instance, elemental potassium has
been tested and silylene 1 did form as the main product, but the
reaction is much slower than that using potassium graphite. On the
other hand, excess amounts of potassium graphite should be avoided,
as over-reduction might occur, leading to undesued products.

NHSi 1 has been fully characterized by 'H, *C, and *’Si NMR
spectroscopic, mass spectrometric, and elemental analyses as well
as single-crystal X-ray crystallography.' The last analysis re-
vealed that 1 consists of a planar six-membered SiN,C; ring with
alternating endocyclic C—C distances of 1.402(2) A (C2—C3) and
1.389(2) A (C3—C4) and an exocyclic C2—C1 double bond
(1.412(2) A), respectively (Figure 1). Additionally, the remarkably
short exocyclic C4—CS single-bond distance of 1.436(2) A reflects
that the C—C bond length equilibration in the backbone is probably
a shallow mode. This is confirmed by density functional theory
(DFT, B3LYP/TZVP) calculations of the model compound, in
which the 2,6-diisopropylphenyl groups at nitrogen have been
replaced by 2,6-dimethylphenyl substituents.'” The calculations of

magnetic properties of the latter model suggest a preference for

Figure 1. Molecular structure of 1 with thermal ellipsoids drawn at the 50%
probability level. The H atoms, except those at C1, are omitted for clarity.

the mesomeric form 1" (SiN, allyl-like form) over 1’ (six-7z-electron
heterofulvene ylide form) (Chart 2), as indicated by the positive
NICS values (NICS(0) = 3.6, NICS(1) = 1.4 ppm). The dipole
moment calculation (DFT, B3LYP/6-311G) of 1 amounts to 1.8 D.
Together with the theoretically calculated proton affinity of 1 (1099
kJ mol ") due to the exocyclic methylene group, an ylide-like
character was suggested for this silylene.

The solid-state *?Si{'H} CP NMR spectrum of 1 recorded at a
MAS frequency of 12 kHz exhibits a single sharp resonance at 0 88
ppm accompanied by spmnmg 31debands at a distance of 12 kHz
from the resonance (Figure 2).*! The isotropic chemical shift of
88 ppm in the solid-state *Si{" H} CP NMR spectrum of 1 is
identical with the corresponding *’Si chemical shift observed in
benzene-dg solutions (O 88.4 ppm). Thus, the isotropic *°Si
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Figure 2. Solid-state *Si{ "H} CP NMR spectra of silylene 1 under (A)
MAS conditions with a spinning frequency of 12 kHz and (B) static
conditions. Chemical shift tensor: Oy, 88, 011 320, 0y —15, 033 —63 ppm.

Scheme 4. Nucleophilic Reactions of 1 and the Formation of 2
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chemical shift of 1 is predominately determined by the electronic
structure of a distinct silylene molecule, since there are no visible
intermolecular effects on the *’Si chemical shift. The latter
chemical shifts are quite close to those of the N-heterocyclic,
pn—Ppn-conjugated silylenes I and III (0 78.3—97.7 ppm),
suggesting a similar electronic situation.>

Due to the charge-separated resonance structures 1’ and 1”,
which emphasize that there are two possible nucleophilic centers,
namely the nucleophilic silicon(II) center (lone pair electrons) and
the exocyclic methylene group, in the system (Chart 2), the chem-
istry of silylene 1 is distinctively different from that of other known
stable silylenes. Accordingly, the exocyclic nucleophilic site gives
access to the novel cationic silylene (silylidenium) 14 by protonation
of 1 with [H(OEt,),] " [B(CgFs)4] ™~ (Scheme 4).>*** Compound
14 represents a HSi " derivative with a two-coordinate Si'" atom (A
Si") stabilized by N-chelate coordination and a planar (Hiickel-like,
2D) aromatic six-7t-electron delocalization. Remarkably, the intri-
guing “half-sandwich” cationic compound [(37°-CsMes)Si] ™ has
been reported by Jutzi and co-workers.> The latter can be described
as a three-dimensional (3D) aromatic species according to the
Jemmis—Schleyer interstitial electron rule for “half-sandwich”
(nido cluster) species.36

Scheme 5. Synthesis of Chlorosilylene 3 and the Bis-NHSi 4a
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Moreover, treatment of the Lewis acid B(C4Fs) with 1 led to
the formation of the zwitterionic NHSi—borane adduct 15.*
Nevertheless, the generalization that electrophiles react exclu-
sively at the exocyclic methylene group cannot be made. In fact,
upon addition of TMS-OTf (TMS = SiMes, OTf= 0SO,CF;) to
1, the silyl group does add to the methylene group while the OTf
coordinates to the silicon center to give 16; however, this 1,4-
addition product is unstable and slowly undergoes isomerization
to the 1,1-adduct 17 over the course of several days at room
temperature.'” The latter observation is in agreement with the
results of DFT calculations, which indicate that these two species
are kinetic and thermodynamic products, respectively. Notably,
the germanium analogue of 1 also reacts readily with TMS-OTf,
giving only the 1,4-addition product owing to the lower basicity
of Ge(II) lone pair electrons (inert-pair effect).”’

2.2. Synthesis and Structure of Mixed-Valent Disiloxane 2.
The unexpected siloxy silylene 2 results from exposure of
solutions of 1 to very small concentrations of water. This has
been managed by slow diffusion of water vapor into a hexane
solution of 1 at 4 °C (Scheme 5),*° whereby 2 crystallizes as
brown-red crystals directly from the reaction solution. Com-
pound 2 can be regarded as a mixed-valent disiloxane with one
Si(IV) and one Si(II) center bridged by an oxygen atom.
Remarkably, due to the presence of a tetracoordinate Si atom
as a chiral center and hindered rotation around the Si—O bonds,
2 possesses two rotational isomers. Thus, the *’Si{'"H} NMR
spectrum shows two singlet resonance signals at 0 —7.9 and —
9.6 ppm assignable to the silylene-like subunits and two doublet
signals at & —53.7 and —54.2 ppm (Jys; = 273 Hz) for the siloxy
*Si nuclei, respectively. Luckily, one of the two isomeric forms
could be characterized structurally by X-ray diffraction analysis.
Accordingly, the two almost planar C3N,Si rings in 2 prefer a
gauche conformation to each other (Figure 3). The silylene-like
center adopts a trigonal-pyramidal geometry with a stereoactive
lone pair of electrons. Although the Si(II) center is well protected
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Figure 3. Molecular structure of 2 with thermal ellipsoids drawn at the
50% probability level. The H atoms, except those at Sil and Cl, are
omitted for clarity.

Figure 4. Molecular structure of 3 with thermal ellipsoids drawn at the
50% probability level.

by nearby isopropyl groups, it is remarkably reactive even toward
marginally oxygenating molecules such as N,O and CO, (see
section 3).21

2.3. Synthesis and Characterization of Chlorosilylene 3.
The cyclic imine-stabilized chlorosilylene 3 was reported by
Roesky and co-workers in 2006.%® It was first synthesized by
reduction of the trichloride precursor 19, which results from the
reaction of tert-butylcarbodiimide with 1 equiv of PhLi followed
by treatment with SiCl, (Scheme S). The yield of 3 by this proto-
col was moderate (ca. 10%). Very recently, two facile and im-
proved syntheses of this compound were developed by the same
group. Accordingly, 3 is readily accessible from the dichlorosilane
precursor 20 by using an N-heterocyclic carbene (NHC) or
LiN(TMS), as a Brensted base in 35 or 90% yield, respectively.””

The chlorosilylene 3 resonates at 0 14.6 ppm in the *’Si NMR,
showing an upfield shift relative to those of siloxy silylene 2 and
those of homoleptic NHSi's. Its molecular structure, established
by an X-ray diffraction analysis, revealed a puckered four-mem-
bered CN,Si ring with a tricoordinate Si(II) center (Figure 4).
Similar to the case for 2, the silicon atom possesses a pyramidal
geometry with a stereoactive lone pair of electrons, which
accounts for the reactivity. Theoretical calculations have also
been done to reveal the bonding situation in 3.*'

Since only one derivative with a N-tert-butyl and ring C-phenyl
substitution pattern could be isolated at this point, the substit-
uents at both nitrogens and the ring carbon seem to play an
important role. On the other hand, one Cl atom of the trichloride
19 could be easily replaced by amido, alkoxido, and phosphido

Figure S. Molecular structure of 4a with thermal ellipsoids drawn at the
50% probability level.

Scheme 6. Synthesis of the Bis-NHSi 4b
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groups, respectively, and subsequent reduction of such species
with elemental potassium led to the corresponding heteroleptic
NHSi's 21a—d in reasonable yields (41—52%).*

2.4. Synthesis and Characterization of the Bis-NHSi's 4a,b.
Remarkably, the reduction of trichlorosilane 19 with 3 equiv of
potassium graphite furnished bis(silylene) 4a. The product was
isolated in low yield (5.2%) as orange-red crystals from the resulting
mixture (Scheme $).*' With a formal oxidation state of 41, the
silicon atom in 4a shows a resonance at & 75.7 ppm in the **Si NMR
spectrum, which is downfield compared to that of the NHC donor-
stabilized NHC—Si(Cl)Si(Cl)~~NHC complex (38.4 ppm) re-
ported by Robinson et al.** It is noteworthy that the **Si chemical
shift of 4a is comparable to the value reported for the isolable
disilyne RSi=SiR (89 ppm; R = Si(Pr'){ CH[SiMes],},) described
by Sekiguchi and co-workers.*

In the molecular structure of 4a, established by an X-ray
diffraction analysis (Figure S), each of the silicon atoms exhibits a
distorted-tetrahedral geometry and the vertex of the Si(I) atom is
occupied by a lone pair of electrons. The Si—Si distance of 2.413(2)
A is about 0.07 A longer than the sum of the silicon covalent radii
(2.34 A)* (Si—Si single bond) and is similar to that of NHC—Si-
(C1Si(C)<~NHC (2.393 A).** The Si—Si single bond in 4a can be
cleaved by Br, to form the bromo NHSi 22.*° Due to the structural
similarities to 3, its intriguing reactivity with regard to small-molecule
activation is included in this account.

The very recent successful synthesis of the bis-phosphane
Si(I)—Si(I) complex 4b is quite similar to the route applied for the
formation of 4a. The reduction of the corresponding trichlorosilane
derivative using 3 molar equiv of elemental lithium in THF at room
temperature afforded 4b as red crystals in 13% yield (Scheme 6).2°
In the *”Si NMR spectrum, the latter exhibits a doublet of doublets at
6 —185 ppm (YJsp = 192.1 Hz, JJgp = 60.1 Hz), indicating the
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Figure 6. Molecular structure of 4b with thermal ellipsoids drawn at the
50% probability level.

Scheme 7. Synthesis and Coordination of Bis-Silylene Oxide 5
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presence of two phosphorus atoms in the molecule. The *'P NMR
spectrum displays only one singlet at 0 34.7 ppm.

The molecular structure of 4b established by X-ray crystal-
lography reveals a cis-bent geometry for the N—Si—Si—N
skeleton with a torsion angle of 4.98° (Figure 6). Each silicon
atom interacts with a phosphorus center on both sides of the
Si;N, plane, forming two five-membered rings. Most interest-
ingly, the Si—Si distance of 2.331(1) A is significantly shorter
than those observed for 4a (2.413(2) A)*' and NHC—Si(Cl)Si-
(C)-NHC (2.393 A),* suggesting some multiple-bond
(disilyne-like) character for the Si—Si bonding interaction in
4b, which should give rise to a different reactivity pattern in
comparison with 4a.

2.5. Synthesis and Coordination of Bis-Silylene Oxide 5.
Dehydrochlorination of respective chlorosilane using strong
bases, e.g. NHCs or amides, has been reported to generate several
stable NHSi's and appears to be a powerful method for generating
low-valent silicon species.*® Very recently the first isolable bis-
(silylene) oxide 5 was also successfully synthesized using this strategy
(Scheme 7).2° The 2-fold dehydrochlorination of bis-amidinate-
substituted chlorodisiloxane 23, resulting from the reaction of 1,1,3,3-
tetrachlorodisiloxane, CLSiH—O—SiHCL,, with 2 molar equiv of

Figure 7. Molecular structure of § with thermal ellipsoids drawn at the
50% probability level.

lithium amidinate 18, led to the formation of the desired product § in
76% yield.

The *Si{'H} NMR spectrum of 5 shows a singlet at & —16.1
ppm, which is upfield with respect to the chlorosilylene 3 (14.6 ppm)
but comparable to those of the related silylene alkoxides 21b (—5.2
ppm) and 21c (—13.5 ppm), rerspectively. Compound § features a
molecular structure similar to that of bis-NHSi 4a, however, with an
oxygen atom as a bridge between the two Si(II) centers (Figure 7).
The two Si—O bonds (1.641(2) and 1.652(2) A) as well as the
Si—O—Si angle of 159.9(2)° fall in the geometric parameter ranges
for disiloxanes and those of the mixed-valent Si(II)—O—Si(IV)
disiloxane 2 (see section 3). With two divalent silicon centers, 5 is
capable of reacting with [Ni(COD),] (COD = cycloocta-1,3-diene)
to furnish the unique bis(silylene) oxide nickel(0) complex 24
(Scheme 7).2

3. REACTION OF SILYLENE 1 WITH H,0, H,0—B(C¢Fs)s,
AND H,S

Akin to other known stable silylenes, 1 is very sensitive toward
moisture. Simple addition of liquid water to a solution of 1 led
merely to complete hydrolysis and formation of the “free” f3-
diketiminate ligand 6. However, as mentioned in section 2.2,
slow diffusion of water vapor into a hexane solution of 1 at 4 °C
afforded 2 as brown-red crystals in 52% yield (Scheme 8).2° The
reaction of 1 with water has some similarities to the case for other
known silylenes, which activate both O—H bonds of the water
molecule to give a disiloxane.*”'"*” Notably, 2 was the only
detectable product ("H NMR) even when an excess of 1 was
applied. The mechanism is still unknown. However, the main
difference of 1 compared to other NHSi's with respect to water
addition is that the first step of reaction of H,O with 1 proceeds
heterolytically in a 1,4-fashion to from the intermediate 25, due
to the presence of both the electrophilic (oxophilic) Si(II) site
and Brensted basic exocyclic methylene group. The formation of
2 suggests that proton migration from a terminal methyl group to
the silicon center in 2§ to form the transient 26 seems to be much
faster than the proton transfer from the OH group to the divalent
silicon atom, preventing the formation of silaformamide 27.

It is worth mentioning that a second proton migration in 2
from one of the other exocyclic methyl groups to the Si(Il) center is
also possible. In fact, the disiloxane species 28 has been obtained as
yellow crystals in the presence of trace amounts of a proton source
(e.g, silica) as catalyst (Scheme 8).** In contrast, the isomerization
can be easily avoided by using a small amount of triethylamine.
Unlike its precursor 2, compound 28 is symmetric and possesses
only one stereoisomer, as indicated by NMR spectroscopy and X-ray
diffraction analysis. In comparison to the structural parameters of
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Scheme 8. Reaction of 1 with H,O
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Figure 8. Comparison of selected parameters of the molecular structure
of 2 (a) with those of 28 (b). Thermal ellipsoids are drawn at the 50%
probability level. The H atoms, except those at C1 and C6, are omitted
for clarity. R = 2,6-Pr’,CeHs,

2, the Si—N distances of 28 are significantly shorter and the Si—O
distances are practically identical (Figure 8).

Interestingly, the reaction of 1 with the much stronger Bronsted
acid H,O—B(CgFs); adduct led solely to the donor—acceptor
stabilized silaformamide—borane adduct 29. A mechanism via
formation of intermediate 30 as a 1,4-adduct has been proposed
(Scheme 9).2° Subsequent OH proton migration to the silicon cen-
ter in 30 furnished the final product 29, which proved stable enough
to be isolated and completely characterized. In the molecular struc-
ture of 29, the silicon atom of the silaformyl group (Si(H)=O0) is
tetrahedrally coordinated due to an intramolecularly dative N—Si
bond and features a remarkably short silicon—oxygen interatomic
distance of 1.552(2) A, about 7% shorter than those observed in silyl
ethers (Si—O—C) and common disiloxanes (Si—O—S8i).* In line

Scheme 9. Reaction of 1 with H,O—B(C4F;);
Dip

H20-B(CgFs)3 N,
- . C si” H

N/
N "0 — B(CeFs)s
Dip

30 Dip

N H
N O_’B(Cer)
D|p

29

Scheme 10. Reaction of 1 with H,S

with that, a relatively high Si—O stretching frequency of 1165 cm™ '
was observed, indicating some Si=O character. In fact, a population
analysis for 29 in terms of natural atomic orbitals revealed a signifi-
cant population for the two antibonding Si—N bonds (0% ;-acceptor
orbitals mainly located at silicon) and a decreased population for the
two oxygen lone pairs (n,-donor orbitals), which Indlcated a
substantial 77-bonding interaction between these orbitals.”’

NHSi 1 also reacts readily with H,S to give the donor stabilized
silathioformamide 31 in excellent yield (Scheme 10).° Analogous to
the reaction of 1 with water, the two possible intermediates 32 and
33 were suggested. The facile formation of 31, which is in sharp
contrast to the water activation product 2, could be attributed to the
higher Bronsted acidity of H,S compared to that of H,O. Com-
pound 31 represents the first isolable donor-stablilized silathiofor-
mamide. As expected, the Si=S distance of 1.9854(9) A in 31 is
significantly shorter than Si—S$ single bonds (ca. 2.14 A).>!

4. ACTIVATION OF N—H BOND IN AMMONIA AND
HYDRAZINES WITH 1

Recently, activation of the N—H bonds of ammonia has
attracted considerable attention.”> Interestingly, and akin to
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Scheme 11. Activation of Ammonia, Hydrazines, and a
Hydrazone with 1
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Scheme 12. Activation of PH; and AsH; with 1
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the case for NHCs,*'® 1 is capable of metal-free activation of
ammonia. When dry ammonia was allowed to pass through a
solution of 1, a reaction rapidly took place and the 1,1 N—H bond
insertion product 34 was isolated in high yield (90%) (Scheme 11).3
This reactivity is unprecedented for other stable silylenes. Addition-
ally, 1 activates N—H bonds of hydrazine and methylhydrazine to
give the 1,1-insertion products 35 and 36, respectively.** However, 1
reacts with diphenyl hydrazone in toluene differently to afford the
dearomatized siloxy-indolin-1-amine 37 in almost quantitative yield.
In this reaction, no insertion of the Si(II) center into the N—H bond
of the NH, group has been observed.

5. ACTIVATION OF PH; AND AsH;

In contrast to the reaction with NHj, the activation PH; with 1
proceeds much more slowly, leading to the expected 1,1-addition
product, silylphosphane 38 (Scheme 12).%° Accordingly, a 20-
fold excess of PH; was used to complete the conversion. The
reaction of 1 with AsHj takes place again very quickly, owing to
the greater Bronsted acidity. Unexpectedly, arsasilene 40 was
isolated as dark blue crystals from the resulting solution in 48%
yield (Scheme 12).

Although the expected 1,1-addition product 39, a tautomer of
40, has not been isolated from the reaction mixture, it does exist
in solution, as indicated by "H NMR spectroscopy. In fact, dissolu-
tion of pure 40 in benzene leads to equilibrium with a minor amount
of 39. Compound 40 represents a unique donor-stabilized arsasilene
with a HSi=AsH subunit. Its molecular structure established by
X-ray diffraction analysis revealed a rather short Si—As distance
(22178(1) A), which lies between those of single (2.36 A) and
double bonds (2.16 A)*® and suggests a significant Si=As character.
Accordingly, MO analysis of the corresponding model system of 40,
in which the 2,6-Pr',C4Hy substituents were replaced with phenyl
groups, exhibited a reduced Wiberg bond index of 1.465 compared

Figure 9. HOMO (left) and LUMO (right) of a model compound for 40.

Scheme 13. Activation of Acetylene and Terminal Alkynes
with 1
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with that of the reference system (H,N),Si=AsH (1.643). The
weakening of the Si=As bond character in 40 with respect to those
Si=As systems with a three-coordinate silicon atom is presumably
due to the dative N—Si interaction. The deep blue color of 40 is
caused by the HOMO (Si=As ;r) — LUMO (Si=As 77¥) transition,
consistent with results of DFT calculations (Figure 9).

The different reactivities of 1 toward NH3, PH3, and AsHj; has
been investigated in more detail by DFT calculations on the
respective model systems, in which the bulky 2,6-Pr,CeH;
substituents were replaced by phenyl groups.>® The relative
energy of the model compound for 40 is 5.7 kcal mol " lower
than that of the 1,1-addition product 39, which is in good
agreement with the experimental results described above. In
the case of NHj;, the model system of the 1,1-addition product 34
is at least 14.7 kcal mol ' more stable than its tautomeric
iminosilane. This also accounts well for the exclusive formation
of 34 in the reaction of 1 with ammonia.>® The calculated relative
energy of a model of the phosphasilene analogue of 40 is slightly
lower (3.0 kcal mol ") than that of the 1,1-addition product 38
resulting from the reaction of 1 with PH3; nevertheless, only 38
was obtained and no experimental evidence has been found for
the formation of the corresponding phosphasilene in the reac-
tion, even at low temperature.

6. ACTIVATION OF TERMINAL ALKYNES: C—H ACTI-
VATION VS [2 + 1] CYCLOADDITION

Astonishingly, the activation of parent acetylene by 1 is tem-
perature dependent: at relatively low temperature (—78 °C) 1
slowly undergoes [2 + 1] cycloaddition with acetylene to give
the silacycloprop-3-ene 41 as the only product (Scheme 13).>
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Scheme 14. Reaction of 41 with B(C¢Fs); and [H(Et,0),]B(C¢Fs),

(CeF5)3B Dip H
N\
r sl
N\
B(CeFs)3 bip H
Dip D|p H Dip H 46
S|<[ S| ® -~ ;: S|<[
D|p Dlp N,Dip H
H(Etzo)zB(CeF5)4 + sl
N\
Dip
Dip (C2Hs)20 B(CeFs)a
- N\ OC2H5 -C5H 47
BCoFsls ((+ sl 24
N C=CH,
. H
Dip
48

At room temperature, however, C—H activation and scission
occurs very quickly, leading exclusively to terminal alkynylsilane
42. Interestingly, after an induction period of a few hours at low
temperature (—78 °C), the same starting materials surprisingly
undergo only [2 + 1] cycloaddition at room temperature to
furnish 41 in several hours. More practically, the latter cycloaddi-
tion can also be conducted by using a small amount of 41 prior to
the introduction of acetylene into solutions of 1. While the
reaction of 1 with diphenylacetylene only led to the formation of
the corresponding silacycloprop-3-ene [2 + 1] cycloadduct, 1
and phenylacetylene undergo reactions similar to that of 1 and
the parent acetylene, affording either 44 or 45 depending on the
reaction conditions. Moreover, a second C—H activation of the
acetylene molecule can also occur by the treatment of 42 with 1
equiv of 1 in hexane at room temperature (Scheme 13). Thus,
1,2-disilylacetylene 43 could also be isolated in the form of
colorless crystals in high yield. It is further noteworthy that
neither facile silylene C—H bond insertion for parent acetylene
(or related terminal alkyne derivatives) nor formation of isolable
silacycloprop-3-ene starting from other isolable silylenes has
been reported previously.>®

Consistent with results from DFT calculations, 41 and 42
cannot interconvert into each other for kinetic reasons.’’
Although the mechanism of the peculiar formation of the [2 +
1] cycloaddition product 41 at low temperature is still unknown,
an autocatalytic process based on the ylide-like resonance
structures 41’ and 41" (Scheme 14) has been proposed.”” In
line with that, theoretical calculations predicted a relatively
large proton afﬁmty of the exocyclic methylene group in 41
(1111.6 kJ mol ™ ') and the dipole moment of 41 is relatively
large (experimental 3.1 D vs calculated 2.3 D). Thus, 41 could
serve as auxiliary bases capable of mediating the [2 + 1]
cycloaddition of 1 with terminal alkynes vs C—H activation
(silylene insertion). The ylide resonance structure 41 enabled
the reaction of 41 with B(C4Fs); to form the first isolable,
zwitterionic silacyclopropenylium—boranide adduct 46 in
high yield.*” Moreover, protonation of 41 with the convenient
Bronsted acid H(OEt,), "B(C¢Fs), led to quantitative for-
mation of the corresponding silacyclopropenylium salt 47. In
the presence of diethyl ether, the highly electrophilic Si atom
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Scheme 15. Reaction of 3 with Diphenylacetylene
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in 47 slowly mediates a striking C—O bond cleavage to release
ethylene and 48.

The reactivity of chlorosilylene 3 toward diphenylacetylene
has also been examined.®” The unexpected resultant disilacyclo-
butene 49 was isolated from the reaction mixture in 42% yield
(Scheme 15). It was postulated that, after an initial cycloprope-
nation reaction to form 50, an insertion of a second equivalent of
3 into one of the Si—C bonds occurred to yield 49.

The addition of 2 equiv of diphenylacetylene to 4a has recently
been reported as well.”* Both diphenylacetylene equivalents add
across the Si—Si bond in 4a, with concomitant Si—Si bond
scission, to give the 1,4-disilabenzene derivative 51 with an
unprecedented electronic situation at silicon (Scheme 16). The
disilabenzene moiety is almost planar in the solid state, despite
the tetrahedral silicon centers, and theoretical calculations sup-
port the presence of some aromatic character (NICS(1) = —3.6).

7. SILICON-MEDIATED ACTIVATION OF C—H AND C—F
BONDS IN FLUOROBENZENES

NHSi 1 reacts with pentafluorobenzene (C¢FsH) at room
temperature with chemoselective formation of the corre })ond-
ing arylsilicon(IV) hydride 52 in high yield (Scheme 17).°" The
latter reaction occurs via oxidative addition of the aromatic C—H
bond onto the Si(I) center instead of C—F bond activation,
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Scheme 16. Reaction of 4a with Diphenylacetylene
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Scheme 17. C—H Activation of Pentafluorobenzene and
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presumably due to a smaller C—H bond energy compared to that
of the C—F bonds. Likewise, 1 can also activate one of the C—H
bonds in 1,3,5-trifluorobenzene (1,3,5-C¢F;H;) at ambient
temperature, which leads to the formation of 53 in good yield.

Nevertheless, 1 is also capable of activating aromatic C—F
bonds in hexafluorobenzene (C¢Fs), octafluorotoluene (C4FsCF;),
and pentafluoropyridine (CsFsN) without any additional catalyst,
yielding the corresponding arylsilyl fluorides 54—56 through oxida-
tive addition of a C—F bond to the Si(II) center (Scheme 18).° In
the case of the reactions with octafluorotoluene and pentaﬂuoropyr-
idine, regioselective C—F bond activation occurred as well, leading to
the formation of 55 and 56, respectively.

Similarly, the chlorosilylene 3 can also activate aromatic C—F
bonds in hexafluorobenzene (C¢F), octafluorotoluene (C4FsCF;),
and pentafluoropyridine (CsFsN) to give the correspondmg five-
coordinate silicon(IV) fluorides 57—59 (Scheme 19).°" Regiose-
lective C—F bond cleavage takes place as well in the reaction with
octafluorotoluene and pentafluoropyridine, affording 58 and 59 as
the main products, respectively. In contrast to the reactivity of NHSi

1 toward pentafluorobenzene, the reaction of 3 with this fluoroarene
led to chemoselective as well as regioselective C—F bond activation,

producing the five-coordinate 60 in high yield.

8. ACTIVATION OF HALOALKANES AND HALOSILANES
WITH 1

NHSi 1 is capable of activating haloalkanes. However, this
reactivity is significantly different from that of other NHSi's. The
insertion of the other NHSi's into a C—X bond (X = Cl, Br, I) of
haloalkanes, on the basis of a free-radical mechanism, i 1s strongly
dependent on the nature of the haloalkane molecules.®> In most
of the cases, the latter reactions end up with the formation of
disilanes of the type LSi(X)—Si(R)L (L = supporting ligand, X =
halide) and the doubly 1,1-inserted compounds (LSiX),CR,,
respectively. In contrast, the insertion of 1 into C—X bonds of
haloalkanes yielded exclusively the 1,1-insertion products LSi-
(R)X and in some cases also small amounts of dihalosilanes
LSiX,.%

As shown in Scheme 20, the reaction of 1 with the mono-
haloalkane Mel furnished solely the 1,1-insertion product 61. In
addition, 1 inserts readily into the aliphatic C—Br bond of
PhCH,Br, yielding the corresponding 1,1-insertion product 62.
The reaction of 1 with CH,Cl, afforded the 1,1-insertion product
63 in almost quantitative yield, while the analogous reaction with
CH,CII led exclusively to the iodo(chloromethyl)silane 64,
irrespective of the relative molar ratio of the starting materials.
Moreover, the reaction of 1 with CH,Br, afforded the 1,1-
insertion product 65 along with dibromosilane 8a in S8 and
42% yields, respectively. Even treatment of 1 with perhaloge-
nated hydrocarbons afforded the respective 1,1-insertion pro-
ducts. This has been shown by the reaction of 1 with CHCl; and
MeCCl; to give chloro(dichloroalkyl)silanes 66 and 67, respec-
tively, along with a small amount of dihalosilane 8b.

Likewise, the reaction of 1 with the trichlorosilanes HSiCl,
and MeSiCl; leads to the corresponding main products 68 and
69, respectively (Scheme 21). In both cases, the minor product
70 has been identified by NMR spectroscopy and mass spectro-
metry. Sterically more congested chlorosilanes such as Ph,SiCl,
and PhSiCl; are resistant toward 1.

9. ACTIVATION OF UNSATURATED ORGANIC FUNC-
TIONAL GROUPS

Akin to the behavior of the divalent silicon atom in 1 toward
C—C triple bonds in alkynes (see section 6), it was expected that
the carbene-like electron deficiency of the Si(II) atom enables a
variety of cycloaddition reactions with other unsaturated organic
functional groups to yield silaheterocycles. In fact, 1 reacts with
2,3-dimethylbuta-1,3-diene in hexane even at low temperature,
yielding the expected [4 + 1] cycloadduct 71 (Scheme 22).%*
Similarly, the reaction of 1 with benzylideneacetone yielded the
[4 + 1] cycloadduct 7255

Remarkably, the reaction of 1 with benzophenone at —78 °C
led for the first time to the isolation of the unusual [4 + 1] cyclo-
addition product 73, containing a methylenecyclohexadiene moiety
which resulted from concomitant dearomatization of a phenyl group
(Scheme 22). The tendency of 73 to undergo rearomatization of the
cross-conjugated methylene-cyclohexadiene 77 system facilitated its
slow tautomerization to 74 even at room temperature. The latter has
also been isolated and structurally characterized. Related intermedi-
ates of 73 with a nonaromatic siloxindane ring system have been
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Scheme 19. C—F Bond Activation of Fluorobenzenes with 3
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previously proposed but could not be detected for similar reactions
of transient silylenes®® and a stable silylene®” with benzophenone,
respectively.

Unexpectively, the reaction of 1 with the heteroatom -
conjugated acetone azine initially afforded the unusual [3 + 1]
cycloadduct 75,%* the first zwitterionic 1-sila-2,3-diazacyclobu-
tane, which subsequently underwent isomerization in solution
to give the 1-sila-2,3-diazacyclobutane 76. The latter isomer-
ized further in solution at room temperature by ring expansion
and release of strain energy of the four-membered SiCN, ring
in 76, yielding 1-sila-4,5-diazacyclohex-3-ene 77. In contrast,
the isoelectronic 1,1,4,4-tetramethylbuta-1,3-diene did not
react with 1, even at 50 °C. As mentioned above, employing
the less bulky 2,3-dimethylbuta-1,3-diene furnished the ex-
pected [4 + 1] cycloadduct 71.

1758

The reaction of 1 with diphenyldiazomethane led to the
isolation of the first diiminylsilane, LSi(N=CPh,), (78)
(Scheme 23).°® Moreover, treatment of 1 with trimethylsilyl
azide afforded solely the corresponding silatetrazoline 79, instead
of formation of the corresponding iminosilane. Such iminosi-
lanes have been formed in the case of silylene Ia® and Ic.”°
Conversion of 1 with cyclohexyl isocyanide yielded not only
silacyanide 80 but also the remarkable azasilacyclobutane 81;%*
the latter resulting via a cascade of coupling reactions of three
isocyanide molecules and 2-fold C—H activation and intramo-
lecular hydrogen atom transfer. The simple Lewis adduct 82 was
not detected in the resulting mixture, although a similar adduct
has been isolated by Kira and co-workers with silylene V.”*

Very interesting results from the reaction of 3 with benzo-
phenone have also been reported In this case, the [1 + 2]
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cycloaddition occurred and the first siloxirane 83, with a three-
membered SiOC ring and a pentacoordinate silicon center, could
be isolated (Scheme 24). Additionally, the reactivity of 3 toward
1,2-diphenyl-1,2-ethanedione (benzil) was examined. The reac-
tion with equimolar amounts of benzil led to the formation of the
[1 + 4] cycloaddition product 84 in good yield.

The reactivity of the bis-NHSi 4a toward benzophenone and
benzil has also been described.” In the case of the reaction of 4a
with 2 equiv of benzophenone, the unexpected dioxasiletane 85
with a four-membered Si,O, ring (Scheme 25) has been formed
and isolated. The formation of 85 involved Si—Si bond rupture
and deoxygenation of the C=O bond of benzophenone with 4a.
In contrast, the reaction with 2 molar equiv of benzil led to the
formation of the 2-fold [1 + 4] cycloaddition product 86.”* In

Scheme 21. Si—X Bond Activation of Halosilanes with 1
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this case, the Si—Si bond was retained and its bond length of
2.36 A is even slightly shorter than that in 4a (2.41 A).

10. ACTIVATION OF WHITE PHOSPHORUS (P,)

Apart from the facile, metal-free activation of white phos-
phorus employing NHCs and even diamino cyclopropenyl-
idenes,”>”® no similar reaction for stable silylenes, except for
the brief mention that perhaps Ia catalyzes the transformation of
white phosphorus to the more stable red phosphorus allo-
trope,*”” was reported until recently. In 2007 we reported that 1
reacts directly with P, at room temperature in toluene, leading to the
formation of two activation products which differ from those
reported for NHCs (Scheme 26).”” One of the products is the
1:1 adduct 87, resulting from Si(II) atom insertion of 1 molar equiv
of 1 into a P—P bond of the P, tetrahedron. A second equivalent of
1 could also be inserted into another P—P bond of 87 to give the
isolable 2:1 adduct 88 with a Si,P, skeleton. Both products have
been isolated and fully characterized. Interestingly, 87 reacts with

[Ni'(B-diketiminate) ], - (toluene) complexes to give the doubly
P P activated mixed P, complex 89.”° Recently, theoretical studies
on the activation of P, by an NHSi of type 1 have been reported.””™
Accordingly, an electrophilic attack at P, was suggested by Schoeller
as an initial step of this process.”” This is in sharp contrast to the
behavior of NHC's, which prefers a nucleoph]hc attack at P,,
affording a cyclotriphosphene species.”® Remarkably, the electro-
philic approach of the NHS:i is catalyzed by addition of a second P,
molecule, forming a trigonal bipyramid at the Si(II) center as a
transition state which subsequently decomposes to 87 and P,. It is
worth mentioning that similar P, activation with Al(3-diketiminate)
has been reported by Roesky et al; however, only the doubly
activated analogue of 88 was observed and isolated.*"

Scheme 22. Activation of Selected Unsaturated Organic Functional Groups with 1
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Scheme 23. Reaction of 1 with Selected Unsaturated Organic
Functional Groups
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Scheme 24. Reaction of 3 with Benzophenone and Benzil
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11. ACTIVATION OF N,O AND CO,

Although direct activation of N,O or CO, with 1 failed, by
introducing a strong donor, e.g. through donor coordination of
NHCs or 4-dimethylaminopyridine (DMAP) to the Si(II) center
of 1, the activation became successful due to the “Umpolung” of
the Si(II) site. Thus, the NHC—Si(II) adducts 90 and 91 were
accessible in high yields from the reaction of 1 with the 1,3,4,5-
tetramethylimidazol-2-ylidine or 1,3-diisopropyl-4,5-dimethyli-
midazol-2-ylidine (Scheme 27).***> Remarkably, adduct 90 is
not stable at room temperature and slowly undergoes rearrange-
ment to furnish the new silyl-substituted NHC 92 through

Scheme 25. Activation of Benzophenone and Benzil with 4a
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Scheme 26. Activation of White Phosphorus with 1
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Scheme 27. Umpolung of the Si(II) atom in 1 through Donor
Coordination of NHC and DMAP Ligands
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insertion of the Si(II) center into one C—H bond of an N-
methyl group of 90.*> The NHC 92 has been isolated and also
structurally characterized. In contrast, the NHC adduct 91 is
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Scheme 28. Oxygenation of 90, 91, and 93 with N,O

o
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94 LB = 1,3,4,5-tetramethylimidazol-2-ylidine
95 LB = 1,3-diisopropyl-4,5-dimethylimidazol-2-ylidine
) 96 LB = 4-dimethylaminopyridine (DMAP)

Figure 10. Molecular structures of 94 (R = Me, E = 0), 95 (R=Pr, E =
0),112a (R=Pr,E=S),112b (R =Me, E=S), 113a (R =Pr’, E = Se),
113b (R =Me, E = Se), 114a (R = Pr', E = Te), and 114b (R = Me, E =
Te) with thermal ellipsoids drawn at the S0% probability level.

stable even at elevated temperature. Likewise, the less basic
DMAP ligand also coordinates readily to the Si(II) center of 1 to
give the stable adduct 93.%*

Exposure of toluene solutions of complex 90, 91, and 93 at
room temperature to N,O immediately furnished the corre-
sponding desired Si=O adducts 94—96 (Scheme 28),
respectively.*”**® The resultant species 94—96 all feature a
terminal oxygen atom with remarkably short Si—O distances,
ranging from 1.527(2) to 1.5412(2) A (Figure 10). Because of
coordination of the Lewis base (NHC or DMAP) to the silicon
atoms, the hypothetical sila-urea N,Si=O moieties in the latter
complexes lose their planarity and thus the silicon atoms adopt a
distorted-tetrahedral geometry.

It should be mentioned that the isolation of silanones
(R,Si=0) that are stable at room temperature (“Kipping’s
dream”)® could not be achieved as yet. The absence of isolable
silanones is probably due to the pronounced polarity of the
silicon—oxygen 7 bond and hence the extraordinary high
tendency of silanones to undergo oligomerization.®” However,
taking advantage of the donor—acceptor stabilization concept,
the donor-stabilized Si=O double bond species 94—96 are
sufficiently stable for isolation at ambient temperature.

Despite of the LB—Si=O stabilization, these adducts are
suitable silanone analogues for the elucidation of the Si=O
reactivity toward both electrophilic and nucleophilic reagents.
Owing to the intrinsingly strong polarity (ylide character) of the
Si=O subunit, the DMAP-stabilized silanone 96 reacts readily
with trimethylaluminum and dimethylzinc to give the corre-
sponding Lewis adducts.®® In contrast, the reaction of 96 with
zinc acetate furnished Si=O addition products. More interest-
ingly, the silanone complex 96 can activate ammonia under mild
conditions after replacement of the DMAP ligand to give the

intriguing sila-heminaminal 97 (Scheme 29).%* Related hemi-
aminals of carbon analogues are generally elusive and can only be
detected with special environments.*” In accordance with DFT
calculations, 97 undergoes tautomerization to yieled the unpre-
cedented silanoic amide derivative 98. Compounds 97 and 98 are
observed in equilibrium both in solution and in the solid state
with an SiOH- + - O=Si interaction. In the solid state, the Si—O
distances of 1.545(2) and 1.546(2) A in 98 revealed the presence
of a Si=O bond, while the Si—O bond length of 1.607(2) A in 97
is close to a normal Si—O bond.

The reaction with water by exposing a solution of 96 in THF
to H,O vapor at room temperature led merely to the parent f3-
diketiminate ligand 6 and “free” DMAP along with the precipita-
tion of SiO, (Scheme 29).”° Attempts to synthesize the silacar-
boxylic (“silanoic”) acid—base complex 99 by addition of water
to 96 at low temperature (<0 °C) was hitherto unsuccessful.
However, the conversion of 96 with H,O—B(CgFs); furnished
the first isolable LSi(=O)OH complex in the form of [LSi-
(OH: - -DMAP)(=0—B(C¢Fs)3)] (100) in almost quantita-
tive yield.

In contrast to the reaction with water, the addition of H,S to
96 led to the desired product 101, which could be isolated as
yellow crystals in excellent yield (Scheme 29). The Si—S bond
length of 1.993(1) A observed in the molecular structure of 101
is close to that value for 31 (1.985(1) A) and indicates a
significant Si=S bond character. Notably, 101 does not undergo
a 1,3-proton shift to give the possible LSi(=O)SH- - - DMAP
isomer, presumably due to the weaker p,—p, bond and the
higher bond polarity of Si=O compared with the Si=S$
subunit.”’ Featuring the unique Si(=S)OH subunit, 101 repre-
sents the first silathiocarboxylic acid—base adduct. The latter
compound reacted easily with organometallic bases to form
metal silathiocarboxylates. Accordingly, treatment of 101 with
1 molar equiv of AlMe; in toluene at ambient temperature
furnished the aluminum silathiocarboxylate LSi(=S)(OAIMe,-
(DMAP)) (102) with the DMAP coordinated at the Al atom.

The activation of CO, has been unsuccessful with the donor-
supported NHSis 90, 91, and 93. Interestingly, both CO, and
N,O can be activated by using the intramolecular donor-stabi-
lized siloxy silylene 2, leading to the same isolable silanoic silyl
ester 103 along with the liberation of dinitrogen and carbon
monoxide, respectively (Scheme 30).>' The Si—O distance of
1.579(3) A in 103 is slightly longer than those observed in the
aforementioned NHC's and DMAP-stabilized Si=O species
94—96.%>%%% The latter formation of 103 on application of
CO, as monooxygen source represents the first Si(II)-mediated
CO, activation with an NHSi.

Very recently, the reaction of bis-NHSi 4a with N,O has been
reported to give the siloxy compounds 104 (Scheme 31).”> This
species was fully characterized, and a mechanism for its formation
was suggested by the authors. It contains two four-membered
disiloxane rings bridged by two oxygen atoms and represents a
new class of silicon—oxygen compounds.

1761 dx.doi.org/10.1021/0m200017h |Organometallics 2011, 30, 1748-1767



Organometallics

Scheme 29. Reactivity of DMAP-Stabilized Silanone 96
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Another fascinating CO, activation by a low-valent silicon
species was reported very recently: Bacereido et al. described the
oxygenation of bis(silylene) 4b with CO, to give the striking
carboxylato bis-silicate 104b in high yield (Scheme 32).>* The
formation of 104b requires consumption of 4 molar equiv
of CO,.

12. ACTIVATION OF O,

Due to the presence of Si(Il) centers, all stable silylenes are
sensitive toward dioxygen. The reactivity of stable silylenes
toward O, was studied extensively, with the hope of isolating a
monomeric Si=O-containing species. Nevertheless, only [2 + 2]
dimers with a four-membered Si,O, ring could be obtained as

Scheme 32. Activation of CO, with 4b
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isolable products.® In line with that, 1 reacts also readily with dry
dioxygen, affording only an unidentified mixture of products.
However, more nucleophilic Si(II) atoms as present in intramo-
lecular donor-stabilized siloxy silylene 2 are capable of reacting
readily with dioxygen to furnish the isolable cyclodisiloxane 105
in high yield (Scheme 33).>" Most likely, the reaction proceeds
via a side-on Si- - -O, complex which subsequently rearranged to
yield 105 as the final product.

Very interestingly, the NHC—NHSi complexes 90 and 91 can
undergo controlled activation of dioxygen, first to give the
isolable dioxasilirane adducts 106 and 107, which have been
isolated at low temperature (—30 °C) in crystalline form and
fully characterized (Scheme 34).”" The O, ligand in both 106
and 107 is “side-on” coordinated to the tetravalent silicon atom
and lies almost within the C3N,Si ring plane (Figure 11).
Unexpectedly, the five-coordinate Si atom adopts a square-
pyramidal coordination for steric reasons. The compounds 106
and 107 represent the first isolable silicon peroxide species with a
“side-on” O, ligand. The O—O distances of 1.547(3) A in 107
and 1.510(3) A in 106, respectlvely, are slightly longer than that
in dlmesrcyldlomrane (1.50 A)** and those observed for related

“side-on” metal peroxo complexes (1.4—1.5 A).”

When it was warmed to room temperature, the dioxasilirane

adduct 106 rearranged in toluene by transferring one oxygen

1762 dx.doi.org/10.1021/0m200017h |Organometallics 2011, 30, 1748-1767



Organometallics

Scheme 33. Activation of O, with 2
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Figure 11. Molecular structure of 106 (R = Pr’) and 107 (R = Me) with
thermal ellipsoids drawn at the 50% probability level.

atom to the NHC-carbene center to give the ketone (cyclourea)-
stabilized silanone (cyclic sila-urea) 108 (Scheme 34). Complex
108 was isolated as colorless crystals, which features the shortest
Si—O distance (1.532(1) A) in a Si=O-containing molecular
compound ever structurally characterized (Figure 12).

The relatively long Sil—O2 distance to the cyclourea moiety
(1.727(2) A) and the short O—C distance (1.294(3) A) suggested
a dative interaction between the cyclourea and the cyclic sila-urea
moieties. This is well supported by DFT calculations of the model
compound, in which the 2,6-Pr,CeH, groups at nitrogen in the
C;N, skeleton were replaced by methyl substituents and the organic
groups in the cyclourea moiety by hydrogen atoms. The natural
resonance theory (NRT) bond orders and the Wiberg bond
indices as well as plots of the electron localization function (ELF)
(Figure 13) are in accordance with the coordinative nature of the

Figure 12. Molecular structure of 108 with thermal ellipsoids drawn at
50% probability level.

Figure 13. Electron localization function (ELF) representation (ELF
surface = 0.80 isosurface) of the Si—O02 versus C—O1 and C—0O1—Si
bonding of a model compound of 108 (B3YLP/TZVPP//RI-BP86/
TZVP).

C=O0—S$i interaction. Additionally, the large ionicity of the Si=O
bond in the model compound was clearly shown from ELF plots.

13. ACTIVATION OF ELEMENTAL SULFUR, SELENIUM,
AND TELLURIUM

Both intra- and intermolecular donor-supported NHSi's (2,
90, and 91) can activate elemental sulfur, selenium, and tellurium
to give the corresponding donor-stabilized heavier silanone or
silanoic silyl ester congeners.*>”* For instance, siloxyl silylene 2 is
capable of activating heavier elemental chalcogens in toluene at
room temperature, affording the N-donor-stabilized silanechal-
cogenones 109—111 in high yields (Scheme 35).

Likewise, the reaction of NHC—NHSi adducts 90 and 91
with the respective elemental chalcogens in toluene at room
temperature led to the formation of the expected NHC-sup-
ported silanechalcogenones 112ab—114ab (Scheme 36). The
latter have been isolated and fully characterized, including X-ray
diffraction (Figure 12). In addition, the nature of the Si=S$
double bonds in 103 and the Si=O double bonds in 109 have
been even thorou%hly investigated by solid-state NMR and high-
level calculations.” In spite of the fact that the Si=E bond is
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Scheme 35. Activation of Elemental Chalcogens with 2
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Scheme 36. Activation of Elemental Chalcogens by 90 and 91
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donor-stabilized, careful analysis of the analytical data indicated
that there is significant Si—E double-bond character in these
species.

14. CONCLUSION AND OUTLOOK

It is hoped that this review has demonstrated the striking and
powerful potential of the ylide-like NHSi 1, the first halogen-
substituted NHSi 3, and the bis-NHSi's 2, 4a,b, and S, which are
suitable for facile, low-valent, silicon-based small-molecule acti-
vation. Their reactivity pattern differs from those of other known
stable silylenes and opens new doorways to silicon-based build-
ing blocks and functional groups. For instance, the exocyclic
methylene group in 1, which may behave as an additional
nucleophilic group, cooperates with the two genuine Si(II)
reactive sites (a lone pair and an empty 3p orbital) and makes
this species more capable of activating X—Y bonds in small
molecules under gentle reaction conditions. The activation that
directly led to the formation of isolable, doubly bonded silicon
species, such as Si=S- and Si=As-containing compounds, re-
presents long sought after achievements in contemporary silicon
chemistry. Owing to the presence of an unsaturated silicon atom,
1 exhibits carbene-like reactivity toward small unsaturated or-
ganics to furnish a variety of new organosilanes. Moreover, it
undergoes unique consecutive P—P bond activation of white
phosphorus (P,), affording organosilicon—phosphorus com-
pounds by a metal-free route. Remarkably, the nucleophilicity
of the Si(II) centers can be significantly increased and tuned by
introducing strong donors (e.g, NHCs, DMAP, and cyclic
imine) datively bonded to silicon (“Umpolung”). The latter
chemical trick broadened the suitability and performance of
NHSi's for activation of small molecules such as N,O, CO,,
and O, and gives rise to novel isolable silicon species which
otherwise are extremely difficult to obtain (e.g, silanone, silanoic
acid and dioxasilirane derivatives).

Replacing precious metal or even utilizing nonmetals for
small-molecule activation and catalysis is an emergent field in
synthetic chemistry which is in its infancy (or in the case of
“organocatalysis” is in a renaissance). It is hoped that this account
will stimulate more extensive studies with respect to silicon (and

other nonmetal)-based small-molecule activation for the synth-
esis of value-added products. This includes the exploration and
utilization of transition-metal complexes with the aforemen-
tioned multifunctional NHS:i ligands for facile bond activation.”®
It seems particularly interesting to gain access to catalytically
active NHSi's and their metal complexes in the near future.
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