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Abstract: Isolation of the neutral homocyclic silylene 2 is
possible via amine ligand abstraction with potassium graphite
(KC8) and subsequent reaction with SiMe3Cl from a bicyclic
silicon(I) amide J. This reaction proceeds via an anionic
homoaromatic silicon ring compound 1 as an intermediate.
The twofold-coordinated silicon atom in the homocyclic
silylene 2 is stabilized by an allyl-type π-electron delocaliza-
tion. 2 reacts in an oxidative addition with two equivalents of
MeOH and in cycloadditions with ethene, phenylacetylene,
diphenylacetylene and with 2,3-dimethyl-1,3-butadiene to
afford novel functionalized ring compounds.

Introduction

Silicon analogues to carbenes, i.e. silylenes[1] have recently
emerged as reactive species in main group element based
small molecule activation.[2] For instance, silylenes can
provide oxidative addition with H2 and NH3 under mild
conditions.[3] Some reactions of silylenes with suitable
reagents also proceed reversibly such as the addition of
ethene.[4] Furthermore, an equilibrium reaction between
silicon species in the formal oxidation state + II and + IV
was observed in an intramolecular reaction of a silylene with
an aryl substituent to form a sila-cycloheptatriene (silepin)
A (Figure 1). This system can activate H2, CO2 and
ethene.[3a]

Silylenes are also utilized as ligands in transition metal
complexes for catalysis due to their strong donor ability.[5]

Especially, heterocyclic silylenes such as amino(bora-ylide)[6]

D and amino(phospha-ylide) stabilized silylenes[7] E are
stronger σ-donors than N-heterocyclic carbenes and conven-
tional phosphines such as PtBu3 and PPh3 (Figure 1).

Synthetic access to cyclic and acyclic silylenes[3, 8] has
become very broad after the report on the first N-
heterocyclic silylenes (B, C).[9] In both types of silylenes
different substituents can be introduced primarily via silicon-
(IV)halides and reductive dehalogenation. For instance, in
heterocyclic silylenes besides bora-ylides in D[6] and phos-
pha-ylides in E[7] and F,[10] a combination of alkyl and amine
in G[11] and alkyls in H[12] were utilized. The synthesis of an
acyclic bis(silyl)substituted silylene I[13] (Figure 1) was
recently reported that is in equilibrium with a disilene
compound via a silyl group migration. This compound reacts
with H2 under very mild conditions (hexane, � 40 °C).
However, the synthesis of an isolable neutral homocyclic
silylene that features only silicon atoms connected to the
twofold-coordinated silicon atom has not been reported so
far.

Results and Discussion

We obtained access to a homocyclic silylene in an unconven-
tional two-step procedure by 1) the reduction of J[14] with
2 equiv. of KC8 in the presence of [18]crown-6 leading to the
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Figure 1. Isolable heterocyclic silylenes B–H and acyclic silylenes A and
I that are in equilibrium with SiIV species. Ar=2,6-iPr2C6H3).
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elimination of K{N(SiMe3)Dipp}. This reaction affords an
anionic silicon ring compound 1 that in step 2) in the
subsequent reaction with SiMe3Cl yields the homocyclic
silylene 2 in form of orange-red crystals (Method A,
Scheme 1).

Alternatively, the formation of 2 is possible directly from
J by in situ generation of 1·K+ and addition of two equiv of
SiMe3Cl. In this case the amine N(SiMe3)2Dipp was identi-
fied as the side product (Method B, Scheme 1). This
synthesis of the homocyclic silylene 2 starting from a four-
membered neutral or anionic precursor is a novel approach
for the access of silylenes.

Compounds 1 (Figure 2) and 2 (Figure 3) were compre-
hensively characterized with single crystal X-ray
diffraction,[15] NMR and UV/Vis spectroscopy, ESI mass
spectrometry, DFT (TPSS-D3/def2-TZVP)[16] and broken
symmetry[17] calculations.

The cleavage of one amine substituent from J affords 1
with a folded four-membered silicon ring with two amine
substituents oriented above the Si4-plane and one amine
positioned below this plane. The latter amine is bound to

the trigonal pyramidal Si3 atom (Ʃ∡Si3: 278.64(2)°). The
other two amine substituents bind to the two trigonal planar
Si2 and Si4 atoms (Ʃ∡Si2: 357.97(3)°, Ʃ∡Si4: 358.08(3)°).
The two-fold coordinated Si1 atom has a small Si2-Si1-Si4
bond angle of 65.21(4)°. This bond angle is significantly
smaller than that in other cyclic silylenes (92.6–99.3°)
because Si1 is incorporated into a rhombic four-membered
ring and not in a five-membered ring as in the case of B, F–
H.

In the 29Si NMR spectrum the pyramidal Si3 atom has a
chemical shift of δ29Si=96.7 ppm. This resonance is very
unusual for the configuration of Si3. But chemical shifts in
the downfield region were reported for fourfold-coordinated
silicon atoms in siliconoids[18] and for the central silicon
atom of the allyl-type system in the cyclotetrasilenide
[Si4(SiMetBu2)3(tBu)2]

� .[19] The two trigonal planar Si2 and
Si4 atoms resonate at δ29Si=220.0 ppm. The Si1 atom
displays a signal in the downfield region at δ29Si=437.9 ppm
which is in the range of acyclic amido(boryl) and amido-
(silyl)silylenes.[3b,c] The measured chemical shifts for 1 in
THF-d8 are in very good agreement with those calculated
for the DFT-optimized structure 1-opt (Table S3).

The geometric and electronic properties within the Si4
ring in J and in 1 differ considerably. The dihedral angle
between the two three-membered rings in J (131.76°) is
smaller than that in 1 (Si1� Si2� Si4� Si3: 159.86°). Thus the
Si4 ring in 1 approaches planarity compared to J. Although
the distance between the trans-annular silicon atoms Si2 and
Si4 in 1 is almost identical to that in J, we found that no
covalent σ-bond exists between these atoms in 1. This is
confirmed by their low field signals in the 29Si NMR
spectrum (δ=220.0 ppm). In this downfield region usually
signals of silyl cations are recorded such as for [Et3Si-
(benzene)]+ (δ=92.3 ppm)[20] and for [Mes3Si]

+ (δ=

225.5 ppm).[21] This underlines the unsaturated character of
Si2 and Si4 in 1. Furthermore, quantum theory of atoms in
molecules (QTAIM)[22] reveals the absence of a bond critical
point between these two atoms (Figure S37). This is in

Scheme 1. Synthesis of 1 and 2.

Figure 2. Left: Molecular structure of 1. Thermal ellipsoids are set at 50% probability level. H atoms are not shown. Selected bond lengths [Å] and
angles [°] for 1: Si1–Si2 2.274(8), Si2–Si3 2.411(8), Si3–Si4 2.447(8), Si4–Si1 2.275(8), Si2···Si4 2.451(8), Si1···Si3 3.951(1), Si2–N1 1.766(2), Si3–N2
1.848(2), Si4–N3 1.774(2); Si2-Si1-Si4 65.21(3), Si2-Si3-Si4 60.60(2), N1-Si2-Si4 149.75(7), N3-Si4-Si2, 151.11(7), Si1-Si2-Si4-Si3 159.864(5). Center
and Right: Frontier molecular orbitals of 1-opt with orientation of the molecule identical to that shown on the left (TPSS-D3/def2-TZVP, Isovalue
set at + /� 0.05 a.u.).
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contrast to the bonding situation found for J with a bond
critical point located at the bridgehead bond (Figure S38)
and with signals for the bridgehead atoms appearing at
much higher field in the 29Si NMR spectrum (δ=57.6 and
58.5 ppm) than those of 1. Additionally, the HOMO � 1 of J
(TPSS-D3/def2-TZVP)[16] entails the σ-bond between these
atoms. Investigations of the molecular orbitals of 1 (TPSS-
D3/def2-TZVP) reveal the absence of such a bond. Instead,
π-type electron delocalization takes place at Si1, Si2 and Si4
in the HOMO-2. This hints towards a three-center two-
electron (3c–2e) π-bond involving these silicon atoms in 1,
represented with a dashed line in Scheme 1.

Nucleus independent chemical shift (NICS(0))
calculations[23] at the center of the three-membered ring
formed by Si1, Si2 and Si4 reveals a highly negative value of
δ= � 25 ppm (Supporting Information Page S32) which is
smaller than that of benzene (δ= � 9.7) ppm and confirms
this finding.

Furthermore, NBO analysis[24] of a model compound 1H
with N(SiH3)H substituents revealed a 3c–2e π-bond located
between Si1, Si2 and Si4 (Table S8). The short Si1� Si2 and
Si1� Si4 bonds (2.274(8) and 2.275(8) Å) that are in the
upper range of Si=Si double bonds (2.14–2.29 Å)[25] under-
line their partial double bond character that is caused by the
3c–2e π-bond. Additionally, σ-type lone pairs are found at
Si1 and Si3 in the HOMO with a larger contribution at Si3.
The LUMO of 1 comprises an empty p-type orbital at Si1
and indicates a 1,3-orbital interaction involving Si2 and Si4
(Figure 2 and S36). Thus, 1 can be considered as an anionic

homoaromatic compound in which homoconjugation occurs
which is the reason for the folded Si4 ring in 1. Only a few
silicon-based homoaromatic compounds were reported such
as the homocyclo-trisilenylium cation [Si4(SiMetBu2)3-
(tBu)2]

+,[26] the molybdenum and tungsten complexes [M-
(Cp)2{Si4(SiMetBu2)4}] (M=Mo, W; Cp=

cyclopentadienyl)[27] and the siliconoid cluster Si5(Trip)6
(Trip=2,4,6-iPr3C6H2).

[28] Investigation of 1 with a broken
symmetry approach[17] demonstrates that 1 has closed shell
singlet character while triplet and/or open-shell singlet states
are energetically disfavored (Supporting Information Pa-
ges S37, S50–S52).

Reaction of 1 · [K([18]crown-6) ·2THF] with SiMe3Cl at
� 20 °C in THF results in the addition of the SiMe3 group at
the trigonal pyramidal Si3 atom under release of the salt
KCl and [18]crown-6. This reaction affords the neutral
orange-red silicon compound 2 with a rhombic four-
membered ring in 85% yield (Scheme 1). In contrast to J
and 1, the rhombic Si4 ring in 2 is almost planar with a sum
of internal bond angles of 357.81(2)°.

Additionally, in 2, the nitrogen atoms connected to Si2
and Si2’ are arranged almost in plane to the rhombic Si4 unit
but feature bond lengths of 1.750(2) Å that are only 0.02 Å
shorter than those in 1. Thus, they are still in the lower
range of Si� N single bonds.[29]

In 2, depicted in Figure 3, the two-fold coordinated Si1
atom is retained and displays a larger Si� Si� Si bond angle of
73.24(4)° compared to that in 1 (65.21(3)°). This is related to
the increased transannular distance between Si2 and Si2’

Figure 3. Top: Molecular structure of 2. Thermal ellipsoids are set at a 50% probability level. H atoms are not shown. Selected bond lengths [Å] and
angles [°] for 2: Si1–Si2 2.248(9), Si2–Si3 2.408(1), Si3–Si4 2.400(5), Si2···Si2’ 2.682(1), Si1···Si3 3.779(1), Si2–N1 1.750(2), Si3–N2 1.759(3), Si2-
Si1-Si2’ 73.24(4), Si1-Si2-Si3 108.44(3), Si2-Si3-Si2’ 67.69(4), N1-Si2-Si2’ 167.72(6), Si1-Si2-Si2’-Si3 166.633(2). Bottom: Frontier molecular orbitals
of 2-opt with orientation of the molecule identical to that shown on the left (TPSS-D3/def2-TZVP, Isovalue set at + /� 0.05 a.u.).
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(2.682(1) Å) in 2 which is 0.23 Å longer than that in 1.
Similar to 1, the Si2 and Si2’ atoms in 2 are trigonal planar
with sum of surrounding bond angles of 359.80(1)°. These
atoms resonate in the downfield region at 225.3 ppm which
is similar to the situation in 1. The two-fold coordinated Si1
atom in 2 forms short bonds to Si2 and Si2’ (2.248(9) Å) that
are in the upper range of Si=Si double bonds (2.14–
2.29 Å).[25] These bonds are only slightly shorter (0.03 Å)
than those in 1 (2.274(8) and 2.275(8) Å) and indicate partial
double bond character. 29Si NMR spectroscopy of 2 revealed
a resonance of the twofold-coordinated Si1 atom at
195.0 ppm (Table S10). This signal is shifted by 243 ppm to
higher field compared to the corresponding resonance of Si1
in 1. This suggests that a different type of π-electron
delocalization is dominating in 2 compared to the 3c–2e π-
bond in 1 which is also indicated by the larger transannular
distance between Si2 and Si2’ in 2.

Compared to the carbocyclic silylene H[12] (δ=

576.4 ppm), the resonance for the twofold-coordinated
silicon atom in 2 is shifted to higher field. However, the
signal is in the region of that of the acyclic amido-substituted
thermally unstable silylene Si{N(SiMe3)2}2 (δ=223.9 ppm),[30]

the sterically crowded acyclic boryl-amido substituted sily-
lene Si{N(SiMe3)(DAB)}2 (δ=204.6 ppm, DAB=B-
(DippNCH)2, Dipp=2,6-iPr2C6H3)

[3d] and the phospha-ylide-
stabilized carbocyclic silylene F (δ=212.4 ppm).[10]

The UV/Vis absorption spectrum of 2 in n-hexane
exhibited a distinct absorption band at λmax=400 nm arising
from the HOMO!LUMO transition as indicated by TD-
DFT calculations (Page S14). A second absorption at λmax=

365 nm is associated to the transition HOMO!LUMO+1.
The wavelengths of these absorption bands are between the
longest wavelength absorption band of H (λmax=440 nm)[12]

and that of B (λmax=292 nm).[9]

The bonding situation in 2 was elucidated applying
molecular orbital theory, NBO[24] and NPA[31] analysis with
DFT on 2-opt. The HOMO� 1 contains the σ-type lone pair
at Si1. Atom orbitals of π-symmetry delocalized at Si1/Si2
and Si1/Si2’ with the main contribution at Si1 are visible in
the HOMO. In accordance with the observed Si� N single
bond lengths the molecular orbitals of 2-opt confirm the
absence of Si=N double bond character. This suggests that
the N atoms carry p-type lone pairs of electrons that allow
for the occurrance of negative hyperconjugation into the
antibonding σ*-orbitals of the Si� Si bonds. The LUMO and
LUMO+1 include empty p-type orbitals at Si1/Si2 and Si1/
Si2’, respectively (Figure 3 and Figure S41). They do not
show any 1,3-orbital interaction between Si2 and Si2’ in
contrast to the LUMO of 1. This indicates that an allyl-type
π-electron delocalization is dominating in 2. This situation is
related to that in the cationic Si4 ring compound [{Si3(tBu)2-
(SiMetBu2)}{Si(tBu)2}]

+ with allylic character.[32] Conse-
quently, 2 can be represented with the resonance structures
shown in Figure 3.

Wiberg bond indices (WBI)[33] of 2-opt support the
partial double bond character of the Si1� Si2/Si2’ bonds
which have bond orders of 1.28/1.26 and are thus somewhat
higher than the Si� Si single bonds from Si2/Si2’ to Si3 (0.92)
in 2-opt (Table S12). The WBI (0.55) for the transannular

Si2···Si2’ distance in 2-opt is lower than that of 1-opt (0.74).
Similar to the case of 1-opt, no bond critical point was found
with Bader’s quantum theory of atoms in molecules between
these transannular atoms in 2-opt (Figure S42). Investiga-
tions of 2 with a broken symmetry approach[17] demonstrates
that 2 has also closed shell singlet character despite the
almost planar four-membered ring. For 2 triplet and/or
open-shell singlet states are energetically disfavored (Sup-
porting Information Pages S48, S52–S54).

Calculated partial charges for 2 with natural population
analysis (NPA)[31] revealed a negative partial charge of
� 0.17 for Si1 and positive partial charges of +0.64 and
+0.63 for Si2 and Si2’ and of +0.40 for the four-coordinate
Si3 atom of the four-membered silicon ring. Thus, in
contrast to the N-heterocyclic silylene C (+1.26), the cyclic
(amino)phospha-ylide substituted silylene E (+1.00) and the
cyclic (amino)-bora-ylide substituted silylene D (+0.65) the
Si1 atom carries a negative partial charge. This suggests that
2 is electron-rich and features nucleophilic character. NBO
analysis[24] of a model compound of 2 indicates the presence
of a formally “empty” p-orbital at Si1 (occupancy with
0.64 e� ) besides a lone pair of σ-character at Si1 (Table S13).
A partially occupied (0.54 e� ) formally “empty” p-orbital
was also observed with NBO analysis for the N-heterocyclic
silylene B.[34] Due to the dominating allyl-type character
involving Si1, Si2 and Si2’ in 2, the empty p-orbital at Si1 is
partially filled and stabilized. These spectroscopic and
computational data indicate the formation of the first
isolable neutral homocyclic silylene. This type of silylene
was previously only observed as an intermediate,[35] and a
dicationic base-coordinated silicon ring compound was
isolated that may be considered as a cationic base-stabilized
homocyclic silylene.[36]

Silylene 2 does not react with dihydrogen even at
elevated temperatures of 80 °C and a pressure of 1 bar. But
2 undergoes reactions with ethene, 2,3-dimethyl-1,3-buta-
diene, phenyl- and diphenylacetylene and methanol to yield
3–7 (Scheme 2 and Figure 4/Figure 5).[15] In the reaction with
two equiv. methanol a completely saturated four-membered
ring species 3 was obtained in a two-fold oxidative addition.
The reaction with ethene affords the unusual tricyclic

Scheme 2. Reactivity of 2, R=N(SiMe3)Dipp.
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saturated ring species 4. Cycloadditions with acetylenes and
2,3-dimethyl-1,3-butadiene yield unsaturated bicyclic ring
compounds 5–7.

In the reactions of 2 with MeOH, phenylacetylene,
diphenylacetylene and 2,3-dimethyl-1,3-butadiene shown in
Scheme 2 a formal 1,2-silyl shift occurs. Formation of 4,
from 2 and ethene is accompanied by a 1,3-silyl migration.

This suggests that isomers of 2 with the corresponding
migrated silyl group might occur in solution. For this reason,
we performed temperature-dependent NMR (210 K to
360 K in THF-d8/PhMe-d8) (Figure S27) and UV/Vis spec-
troscopy (25 °C to 150 °C in PhMe, and at � 150 °C to 25 °C
in 2-methylpentane (Figures S14, S15). Both experiments do
not show any evidence for an equilibrium between 2 and a
corresponding tetrasilacyclobutene 2’ or the constitutional
isomer 2’’ in solution (see Figure 6).

In contrast to previously known silylenes the oxidative
addition of 2 with methanol proceeds not only once but
twice and is accompanied by the formal 1,2-silyl-migration
to yield 3. By reacting only one equivalent of methanol with
2, we attempted to isolate a possible intermediate. However,
this reaction results in the formation of the product 3 besides
unreacted 2 (see Figure S61). This suggests that the
intermediate is more reactive than 2. A selective reaction
with only two equiv. of methanol was previously also
observed with unsaturated silicon species such as a tetrasila-
bicyclo[1.1.0]butene, an unsymmetrically substituted disi-
lene, a trisilaallene and a disilyne.[37]

The products of 2 with the alkynes correspond to [2+1]
cycloadditions and that with 2,3-dimethyl-1,3-butadiene to a
[4+1] cycloaddition. This reaction behavior is known for
silylenes[38] and therefore confirms the silylene character of
2. The Si=Si double bonds between Si2 and Si3 in 5–7 were
confirmed by the short bond lengths (2.219(2)–2.260(8) Å)
and their downfield chemical shifts in the 29Si NMR
spectrum (for 5: 31.4 and 56.5 ppm for 6: 38.8 and 52.9 ppm,
and for 7: 33.0 and 41.4 ppm). We propose that the reaction
of 2 with ethene occurs via a [2+1] cycloaddition at the two-
coordinate Si1 atom as the first step, which is typical for
silylenes[39] and may primarily lead to a similar product as
those observed with phenylacetylene and diphenylacetylene.

To shed light on these points, we explored the possible
equilibrium between 2 and 2’ or 2’’ and the reaction of 2
with ethene, phenylacetylene and methanol with a modified
DFT procedure (PW6B95-D3//PBEh-3c+COSMO-RS)[40]

shown in Figure 6, 7 and 8. 1,2-silyl migration transforming 2
to 2’ via TSb(2-2’) is kinetically disfavoured (ΔG� =

51.9 kcalmol� 1). A rearrangement of the Si4 core through an
almost tetrahedral transition structure via TSa(2-2’) (Fig-
ure S106) has a low barrier (ΔG� =22.8 kcalmol� 1) and is
slightly endergonic (ΔG(2!2’)= +1.7 kcalmol� 1), leaving
the concentration of 2’ too low for NMR observation.
Skeletal isomerizations were recently also discussed for a
1,3-dichlorobicyclo[1.1.0]tetrasilane.[41] Formation of the
even less stable bicyclic isomer 2’’ (ΔG(2!2’’)=

3.7 kcalmol� 1) by 1,2-silyl shift from 2’ via TS(2’-2’’) is
kinetically unfavoured (ΔG� =36.1 kcalmol� 1).

Considering these facts, we propose that the reaction of
2 with ethene initially occurs with its isomer 2’ via a [2+1]
cycloaddition at the divalent Si1 atom. The barrier of
formation of Int1-4’ from 2’ is ΔG� =19.0 kcalmol� 1, which
is compatible with the experimental conditions and lower
than the barriers of rearrangement to 2 or 2’’. Furthermore,
formation of Int1-4’ is slightly exergonic (ΔG=

� 4.8 kcalmol� 1). This is different to the endergonic reaction
to silacyclopropane Int1-4 (ΔG=6.1 kcalmol� 1), which also

Figure 4. Cutouts of molecular structures 3–5. Thermal ellipsoids are
set at a 50% probability level. SiMe3 and Dipp groups are not shown.
Selected bond lengths [Å] for 3: Si1–O1 1.633(4), Si1–O2 1.643(4), Si1–
Si2 2.3709(19), Si2–Si3 2.3831(19), Si3–Si4 2.4266(19), Si4–Si1 2.4026
(18), Si4–Si8 2.392(2), Si1···Si3 3.114(2), Si2···Si4 3.468(2). For 4: Si1–
Si2 2.3649(8), Si2–Si3 2.4178(7), Si3–Si4 2.3914(8), Si4–Si1 2.3638(8),
Si2–Si4 2.3493(8), Si1···Si3 2.9819(2), Si1–C1 1.922(2), Si3–C2
1.896(2), C1–C2 1.504(3). For 5: Si1–Si2 2.2840(11), Si2–Si3 2.2302
(11), Si3–Si4 2.3634(11), Si4–Si1 2.3640(11), Si1···Si3 3.0701(1), Si2…

Si4 3.328(1), Si1–C1 1.818(3), Si1–C2 1.838(3), C1–C2 1.331(5).

Figure 5. Cutouts of molecular structures 6 and 7. Thermal ellipsoids
are set at a 50% probability level. SiMe3 and Dipp groups are not
shown. Selected bond lengths [Å] For 6: Si1–Si2 2.3025(9), Si2–Si3
2.2600(8), Si3–Si4 2.3705(8), Si4–Si1 2.3729(9), Si1···Si3 3.1195(1),
Si2···Si4 3.370(1), Si1–C1 1.840(2), Si1–C2 1.839(2), C1–C2 1.341(3).
For 7: Si1–Si2 2.3021(15), Si2–Si3 2.2193(15), Si3–Si4 2.3642(16), Si4–
Si1 2.3815(15), Si1…Si3 3.1579(2), Si2···Si4 3.278(2), Si1–C1 1.893(5),
C1–C2 1.523(7), C2–C3 1.322(7), C3–C4 1.506(6), Si1–C4 1.903(5).
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has a higher activation barrier of ethene insertion of ΔG� =

29.9 kcalmol� 1.
We further identified a viable reaction sequence which

rationalizes the rearrangement of Int1-4’ to the observed
product 4 under the reaction conditions. Firstly, we identi-
fied a 1,2-alkyl shift with the highest barrier of ΔG� =

28.7 kcalmol� 1 via TS2-4’ to the intermediate Int2-4’ repre-
senting the rate-determining step. This is followed by the
1,2-silyl shift which transfers the SiMe3 group to the silylene
center with a sufficiently low barrier via TS3-4’ (ΔG� =

21.2 kcalmol� 1). The second alkyl shift from Int3-4’ to
product 4 is irreversible due to the stability of 4. An
alternative ethylene-bridged product 4a (Figure 6) which
could be formed from Int3-4’ is significantly less stable than
4.

The situation is less clear in the reaction of 2 with
phenylacetylene. Silacyclopropene 5 is the observed product,
despite the fact that the rearranged tricyclic isomer 8,
depicted in Figure 7, is much more stable (ΔG(5!8)=

� 27.7 kcalmol� 1). Obviously, the alkyne reacts with 2’, since
compound 9a (Figure 7) or the diastereoisomer 9 (Fig-
ure S109) derived from 2 are not observed. The calculated
barriers for addition of 2 and 2’ to the alkyne are similar and
comparable to the barrier of isomerization. The isomer-

ization of 5 by opening of the silacyclopropene ring is
kinetically disfavoured (ΔG�>32 kcalmol� 1), prohibiting
formation of 8 (see TS1-5 and Int1-5 in Figure S109 and
Table S27).

The formation of the bis-methoxy product 3 from 2 and
two methanol molecules is very exergonic (ΔG=

� 62.6 kcalmol� 1, Figure 8). Calculated activation barriers
for the addition of one molecule of MeOH are too high to
proceed under the reaction conditions (Figure S111). As in
the previously discussed reactions, 2’ is more reactive
towards the alcohol than 2 (Figure S110). Hydrogen bond
assisted reaction of 2’ with two MeOH molecules lowers the
barrier considerably (Figure 8). In this case, 1,1-addition via

Figure 6. Calculated isomerization of 2/2’/2’’ and intermediates and transition structures in the reaction of 2/2’ with ethene. In brackets: calculated
free energies relative to isolated reactants (2 and ethene) in kcalmol� 1.

Figure 7. Calculated product 5 and hypothetical products 8 and 9a. In
brackets: calculated free energies relative to isolated reactants (2 and
phenylacetylene) in kcalmol� 1.

Figure 8. Calculated intermediates and transition states during the
formation of 3. In brackets: calculated free energies relative to isolated
reactants (2 and two MeOH molecules) in kcalmol� 1.
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TS2a’-3’ is predicted to be slower than 1,3-addition via TS2-
3’. Therefore, we propose that Int2-3’ is formed with the
methoxy group connected to the Si=Si double bond. This
activates the Si=Si double bond for the subsequent 1,2-
addition with another MeOH molecule. The low barrier of
only 10 kcalmol� 1 via TS3-3’ confirms the observation that
the second equivalent of the alcohol reacts faster than the
first one to yield the final product 3.

The bicyclic ring compounds 5–7 contain a rare tetrasila-
cyclobutene moiety. Only a few tetrasilacyclobutenes are
reported with silyl, alkyl, iodine and aryl substituents.[42] In
general, the formation of the unsaturated tetrasilacyclobu-
tene units in 5–7 can probably be traced back to reduced
ring strain in unsaturated silicon rings compared to saturated
species.[43] Moreover, compounds 5–7 can be classified as
heterocyclic spiro compounds[44] that usually represent
unique preparative challenges. However, the syntheses of 5
and 7 proceed via a simple cycloaddition route at room
temperature from the homocyclic silylene 2/2’.

Conclusion

In summary, we describe the formation of an anionic
homoaromatic silicon ring compound 1 that is employed for
the synthesis of a new type of silylene 2. In the homocyclic
silylene 2, the two-coordinate silicon atom is part of an
almost planar rhombic four-membered silicon ring. With the
adjacent homoatomic atoms the silylene functionality fea-
tures an uncommon negative partial charge which makes the
silylene electron-rich with nucleophilic character.

Computational investigations show that a skeletal rear-
rangement within 2 affords a more reactive silylene 2’ that
undergoes oxidative addition with two equivalents of MeOH
and with ethene with lower activation barriers and yields
energetically preferred intermediates Int2-3’ and Int1-4’,
respectively.

The reactivity of the homocyclic silylene was further
probed in [2+1] cycloadditions with the alkynes phenyl-
acetylene and diphenylacetylene to yield spiro-compounds 5
and 6, and in a [4+1] cycloaddition with 2,3-dimethyl-1,3-
butadiene to access spiro-compound 7. The bicyclic ring
compounds 5–7 comprise less strained tetrasilacyclobutene
rings. The low-coordinate silicon atoms stabilized by the 3c–
2e π-bond in the anionic homoaromatic compound 1 and the
dominating allyl-type electron delocalization in the isolable
homocyclic silylene 2 are highly promising tools for further
reactions.
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