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Abstract: The activation of small molecules by silylenes
bearing unique electronic properties has been well estab-
lished in the past few decades. Here, we disclose the
reactivity study of acyclic imino(silyl)silylene 1 with an N-
heterocyclic imine ligand (NHI) towards various small
molecules. Silylene 1 undergoes facile activation of gaseous
molecules like dihydrogen, ethylene, and carbon dioxide.

While the cycloaddition of carbonyl compounds to 1 was
shown as a straightforward synthetic approach of oxasila-
cycles, reaction with silane as well as borane led to the
corresponding E� H (E=Si, B) insertion products. Moreover,
reaction with heavier chalcogens allow the isolation of
neutral three-coordinate silicon-heavier chalcogen double
bond complexes.
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Since the isolation of decamethylsilicocene Cp*2Si(II) by Jutzi
in 1986,[1] silylenes, the silicon analogues of carbenes, have
emerged as transition metal mimics since its ambiphilic nature
with a lone pair and a vacant p-orbital.[2] With the deep
investigations in the past decades, silylenes have been a
promising candidate in small molecule activations, especially
simple two-coordinate acyclic silylenes, which firstly isolated
at ambient temperature until 2012 (e.g. I and II, Chart 1).[3] In
contrast to their cyclic counterparts, acyclic silylenes are
structurally flexible and possess a smaller HOMO-LUMO gap
(~2–4 eV).[2a,4] Both key advantages facilitate rigid σ-bond
cleavage or oxidative addition of small molecules. For
instance, the direct cleavage of strong σ-bond of dihydrogen
was achieved by I at room temperature.[3a] while cyclic
dialkylsilylene need cooperate with another Lewis acids or
bases to form Frustrated Lewis Pairs.[5] And the homologation
of carbon monoxide also accomplished by I under mild
condition.[6] In the following years, the extensions of acyclic
silylenes with different substituents, such as aminosilyl III,[7]
diamino IV,[8] and diboryloxy V,[9] were achieved by the
Aldridge group. Bulky vinyl silylsilylene VI[10] and divinylsi-
lylene VII[11] were isolated and studied by Rivard et al.
recently (Chart 1).
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Our group has been focusing on the research of low-valent
silicon species, especially two-coordinate acyclic silylenes. In
2017, We demonstrated the reversible intramolecular C=C
bond activation of its ligand’s aromatic framework by a
transient acyclic silylene, which can be used as synthetic
equivalent of the corresponding silylene in the activation of
small molecules.[12] It is worth mentioning that iminosiloxysi-
lylene VIII was obtained by oxygen migration from silanone,
which formed by the reaction of the silepin and N2O.[13] We
also reported the equilibrium of silepin and silylene, in which
both isomers can be observed at ambient conditions.[14] Very
recently, we reported the synthesis and isolation of the acyclic
imino(silyl)silylene 1 bearing a methylated backbone NHI
ligand, which reflects both high σ-donor and π-acceptor
abilities.[15] Furthermore, 1 prevents the intramolecular C=C
bond activation of its aromatic framework. Instead, it exhibits
intermolecular dearomatization of arenes at ambient temper-
ature forming corresponding silepins, which possess almost
planar geometry. DFT calculations reveal Büchner-ring-ex-
pansion type mechanisms for these transformations with
energy barriers achievable at ambient conditions. Besides, we
are still interested in the differences in reactivity between the
isolated silylene 1, the masked silylene (silepin),[12,14] and the
siloxysilylene.[13,16] Herein, we present the reactivity study of 1
towards small gaseous molecules, alkyne, ketones, silane,
borane, and chalcogens.

According to NMR studies, exposure of a freshly prepared
solution of 1 to dihydrogen (1 bar) at room temperature led to
a color change from blue to pale yellow within 5 minutes
(Scheme 1). 1H NMR analysis showed the quantitative
formation of a sole product with a new triplet Si� H resonance
observed at 4.70 ppm (1JSi-H=178.4 Hz) and its corresponding
29Si{1H} NMR signal to be found at � 69.2 ppm. The observed
red shift of the Si� H stretching vibration frequencies in the IR
spectrum of 2 (2044 cm� 1) compared to those known sub-
stituted hydrosilanes could be attributed to the stronger
electron donating ability of the NHI and silyl ligand.[17]
Dihydrosilane 2 also could be obtained by treating silylene 1

with 1,4-cyclohexadiene at ambient temperature. Subse-
quently, exposure of a freshly prepared solution of 1 to
ethylene (1 bar) and carbon dioxide (1 bar) at room temper-
ature, respectively, led to a rapid color change from blue to
pale yellow. The cycloaddition products silirane 3 and
carbonate silane 4 were isolated finally through the reaction
with ethylene (3) and CO2 (4) (Scheme 1). The tetra-
coordinate central silicon nuclei resonate at � 110.8 ppm and
� 45.6 ppm in 29Si{1H} NMR, respectively, about 10 ppm
upfield shifted compared with previously reported silepin’s
results,[12,14] indicating higher π-donor ability of the methylated
backbone NHI. However, further or reversible activation of
ethylene could not detect even heated to 120 °C.[14,18] Com-
pared with our reversible silepins (“masked silylenes”), the
milder condition and faster reaction periods of oxidative
reactions, indicate the higher reactivity of 1. Furthermore, we
also investigated the reactivity toward alkynes. Treatment of
silylene 1 with an equivalent diphenylacetylene at room
temperature resulted the cycloadduct silacyclopropene 5
(Scheme 1). The 29Si{1H} NMR spectrum displayed a signal at
� 129.3 ppm for the central silicon, which is more upfield
shifted than the corresponding cycloadduct using II
(� 72.8 ppm)[19] and III (� 100.1 ppm).[20]

Over the past decades, oxasilacycles are widely used as
cross-linker reagents in polymer chemistry.[21] However, the
common methods for the synthesis of oxasilacycles is still
limited to intramolecular hydrosilylation, catalyzed by metal-
loid catalyst,[22] or direct salt metathesis.[23] With the appear-
ance of silylenes, the regio- and stereo-selective oxidation
reaction of silylenes with carbonyl compounds, provides a
promising approach for the preparation of oxasilacycles.[24]
Therefore, the investigation of silylene 1 with carbonyl
compounds is presented. Different with the reaction of 1 and
carbon dioxide forming silanone intermediate, treatment of 1
with 9,10-phenanthrenequinone in benzene at room temper-
ature, corresponding [1+4] cycloaddition adduct 6 was
isolated as the sole product (Scheme 2). The central nucleus
was observed in 29Si{1H} NMR at � 31.1 ppm. It represents
the rare example of rearomatization of phenanthrene, mediated
by silylene.[25] When 1 was treated with xanthone in benzene

Scheme 1. Small molecule activation of silylene 1 with H2, ethylene,
CO2, and diphenylacetylene. Scheme 2. Reaction of silylene 1 with quinone and xanthone.
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at room temperature, dearomative cycloaddition adduct 7 was
isolated as orange powder in 93% yield (Scheme 2). The 29Si
{1H} NMR displayed a resonance at � 30.2 ppm for the central
silicon. A new singlet signal appeared at 3.55 ppm in 1H
NMR, corresponding to the dearomative C� H signal of the
benzene ring, is similar with known dearomatization of
arylketones by silylenes.[24,26]

While silylene 1 underwent intramolecular C� H bond
activation upon heating to 75 °C for 5 days, more reactive

Si� H and B� H bonds are worth to investigated as well. When
silylene 1 is treated with one equivalent of diphenylsilane
(Scheme 3), two triplet Si� H resonances were observed at
4.93 ppm (1JSi� H=160.8 Hz) and 5.90 ppm (1JSi� H=160.8 Hz)
in 1H NMR spectrum, indicating the formation of a new Si� H
bond, the signals belong to the central silicon and biphenylsilyl
group, respectively. The corresponding 29Si{1H} NMR reso-
nances appeared at � 68.6 and � 28.0 ppm. Upon treatment of
silylene 1 with one equivalent of pinacolborane (Scheme 3), a
new triplet Si� H resonance was observed at 4.84 ppm (1JSi� H=

170.8 Hz) in 1H NMR spectrum, and in 11B{1H} NMR a broad
signal was observed at 35.7 ppm, indicating a three-coordinate
boron species. However, only one signal was observed at
5.6 ppm in 29Si{1H} NMR, related to the t-butylsilyl groups.
SC-XRD analysis revealed the Si� H and B� H bonds insertion
afforded silane 8 and borylsilane 9 (Figure 1). In 8, the
Si1� Si2 and Si1� Si3 distance of 2.3944(7) and 2.3779(6) Å
are almost identical. In 9, The Si1� B1 distance of 2.043(3) Å
is similar to our previously reported silylborane (2.02 Å).[27]
Infrared spectroscopy showed Si� H stretching mode of 8
(2058, 2140 cm� 1) and 9 (2034 cm� 1), respectively. These are
red-shifted than related compound.[17f,g] However, further
attempt of hydrosilylation and hydroboration of alkenes,
alkynes, carbon dioxide or ketones mediated by silylene 1
failed.[28]

With the widespread establishment of neutral three-
coordinate silanones in the past five years,[13,29] the research of
its heavy congeners is still continuing. Different to oxygen,
heavier chalcogens possess smaller electronegativity difference
values with silicon, resulting less polarized Si=E bond and
more feasible to isolate monomeric R2Si=E complexes (E=S,
Se, and Te).[30] In 1989, Corriu et al. demonstrated the isolation
of silanethione with a silicon sulfur double bond.[31] Since
then, a plethora of donor stabilized terminal silicon-heavy
chalcogenides were presented.[6,32] However, among these,
only a few neutral three-coordinate silicon-heavy chalcogen
double bond compounds (IX–XI) were isolated and studied
(Scheme 4, a).[6,33] To compare silylene 1 with our previously
reported silepin[13] in the formation of silanone and its
successful application in Sila-Wittig olefination,[34] a hexane
solution of silylene 1 was degassed and exposed to N2O at
� 78 °C. However, it just led to an ill-defined mixture, possibly
due to the high reactivity of acyclic silylene 1 and its
corresponding silanone. Subsequently, treatment of 1 with one
equivalent of the weaker oxygen source triethylphosphine
oxide at room temperature for 24 h (Scheme 4, b) formed a
pale green solution. Colorless crystals were obtained by
recrystallization from a saturated pentane solution and fully
characterized. The 29Si{1H} NMR spectrum displayed a signal
at 59.3 ppm for the central silicon atom, which is almost
similar with our previously reported siloxysilylene
(58.9 ppm).[13] SC-XRD analysis revealed the structure of
iminosiloxysilylene 10 (Figure 2). Similar to the formation of
siloxysilylene VIII, silylene 1 reacted with triethylphosphine
oxide to afford a more polarized silanone intermediate, due to
the electronic effect of the methylated backbone NHI, which

Scheme 3. Reaction of silylene 1 with silane and borane.

Figure 1. Molecular structures of 8 and 9. Ellipsoids set at 50%
probability. Hydrogen atoms are omitted for clarity, expect for the
respective Si� H nuclei of silane. Selected bond lengths [Å] and
angles [°]: 8: Si1� Si2 2.3944(7), Si1� Si3 2.3779(6), Si1� N1
1.7004(14), N1� Si1� Si2 111.04(5), Si2� Si1� Si3 120.65(2); 9: Si1� Si2
2.4094(11), Si1� B1 2.043(3), Si1� N1 1.702(2), N1� Si1� Si2
110.87(8), Si2� Si1� B1 108.70(8).
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more easily undergoes oxygen migration to the silicon-silicon
single bond, resulting in siloxysilylene 10. The Si1� O1
distance of 1.613(3) Å, and N1� Si1� O1 angle of 104.33(15)°
are also similar with VIII.[13]

Next, 1 :1 reaction of 1 with S, Se, and Te were conducted,
to afford the desired monomeric Si=E compounds 11 (E=S),
12 (E=Se), 13 (E=Te), respectively (Scheme 4, b). The 29Si
{1H} NMR spectrums display signals at 105.5, 109.9, and
101.9 ppm for the central silicon atom, respectively. These 29Si
{1H} NMR signals are upfield shifted compared to known
neutral three-coordinate silicon-chalcogen double bond com-
pounds (133.4–229.5 ppm),[6,33] indicating a more electron
dense silicon center donated by the NHI and silyl ligand. SC-
XRD analysis confirmed the monomeric form of 11 with a
planar silicon center (Figure 2). The Si1� S1 distance of
1.9838(5) Å is slightly longer than known three-coordinate
silanethiones (1.948(4) and 1.960(1) Å),[6,33] but still much
shorter than some known Si� S single bond lengths (2.093–
2.182(11) Å).[18,32t,35]

After the remarkable room temperature intermolecular
dearomatization of arenes by imino(silyl)silylene 1, a variety
of small molecule activations of 1 was demonstrated. More
facile activation of dihydrogen, ethylene, and carbon dioxide
pinpoint the higher reactivity of 1 than the “masked silylene”
(silepin) reported by us before could show. Different to carbon
dioxide, regioselective rearomatization and dearomatization of
carbonyl compounds, provides a promising approach for the
preparation of oxasilacycles. Even the activation of a
representative hydrosilane and hydroborane were easily
achieved by 1, catalytic hydrosilylation and hydroboration,
however, could not be achieved. In addition, the reaction of
silylene 1 with heavier chalcogen elements afforded the
monomeric R2Si=E (E=S, Se, and Te), which represent rare
examples of three-coordinate silicon-heavier chalcogen double
bond complexes. Further reactivity studies of 1 towards the
activation of various small molecules are currently underway.
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