
communications chemistry Article

https://doi.org/10.1038/s42004-024-01396-9

Neutral 4π-electron tetrasilacyclobutadiene
contains unusual features of a Möbius-type
aromatic ring

Check for updates

Mohd Nazish1, Tim Patten1, Yuqing Huang2, Saroj Kumar Kushvaha 1, Lili Zhao2 , Anna Krawczuk1 ,
Gernot Frenking 2,3 & Herbert W. Roesky1

The search for stable compounds containing an antiaromatic cyclic 4π system is a challenge for
inventive chemists that can look back on a long history. Here we report the isolation and
characterization of the novel 4π-electron tetrasilacyclobutadiene, an analogue of a 4π neutral
cyclobutadiene that exhibits surprising features of a Möbius-type aromatic ring. Reduction of RSiCl3
(R = (iPr)2PC6H4) with KC8 in the presence of cycloalkyl amino-carbene (cAAC) led to the formation of
corresponding silylene 1. Compound 1 shows further reactivity when treated with RSiCl3 under
reducing conditions resulting in the formation of unsymmetrical bis-silylene 2, which was isolated as a
dark red crystalline solid. Compound3wasobtainedwhen chlorosilylenewas reducedwith potassium
graphite in the presence of 2. Although 3 is, according to Hückel’s rule an antiaromatic system it
possesses significant aromatic character due to the unusual delocalization of the HOMO-1 and the
loss of degeneracy of the higher-lying πMOs. The aromatic character of 3 is indicated by the structural
stability of the compound by the very similar Si-Si bond lengths and by the NICS values. There is an
unusual π conjugation between the 4 π electrons in the nearly square-planar Si4 ring where the
delocalization of the HOMO-1 occurs at two opposite sides of the ring. The reversal of the π

conjugation resembles the twisting of theπ conjugation inMöbius aromatic systems and it contributes
to the stability of the compound.

Aromaticity is a fundamental concept in chemistry whose understanding
goes back to the pioneeringwork of ErichHückel in 19311, who showed that
the stability of cyclic π-conjugated molecules depends on the number of
respective π-valence electrons in the molecules. It was later transformed in
1951 byDoering2 into the famous 4n+ 2 rule for aromaticmolecules, while
antiaromatic species have 4n electrons. This rule still serves as a helpful
guide to explain the particular stability of Hückel aromatic compounds not
only for carbon species, but also for heteroatomic systems3. The reverse rule
applies to Möbius aromatic compounds, where a sign reversal occurs in a
twisted ring and the stabilizing interaction of the conjugated electrons arises
on different sides of the ring. Such systems were theoretically proposed by
Heilbronner in 19644, but the first isolated compound was only reported in
2003 by Herges5. Möbius aromatic compounds have 4n π electrons while
Möbius antiaromatic molecules have 4n+ 2 electrons. It should be noted
that the specification of π electrons in twisted Möbius compounds is not
strictly valid, as the molecules do not have a mirror plane. The notation of

σ, π, δ, etc., introduced by Hund in 19276,7, refers to the symmetry of the
molecular orbitalswith respect to amirrorplane.The conjugated systemson
Möbius systems actually have AO (atomic orbital) contributions which are
not pure p orbitals. But the most important feature of a Möbius aromatic
system is the rotation of the conjugation to the other side of the ring. This is
important for the present work.

Much work has been devoted to the synthesis of Hückel antiaromatic
4π compounds, which are intrinsically unstable due to the degeneracy of the
π2 andπ3 orbitals shown for cyclobutadiene (Fig. 1)

8,9. The degeneracy of the
π orbitals can be resolved by the introduction of electron donor and electron
acceptor substituents in the 1,3 and 2,4 positions of the ring. This strategy
was used by Gompper10 who synthesized a push–pull stabilized cyclobu-
tadiene with amino and nitrile substituents, which was spectroscopically
identified but could not be isolated as a solid. The use of bulky substituents
was more successful and several substituted cyclobutadienes could be syn-
thesized and characterized by x-ray spectroscopy11,12. Recent advances have
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shown that the combination of heavier Group 14 elements in main group
chemistry to form neutral and charged cyclobutadiene allows the fine-
tuningof its stability and electronic structures bydisrupting its aromatic and
antiaromatic character13–16. Many heteroatom-containing four-membered
rings with 4π electrons were successfully synthesized and isolated, and
theoretical studies have also been carried out on a large scale to identify the

electronic nature of such systems17–19. Nevertheless, there are only a handful
of four-membered silicon rings with 4π electrons, which have a weak
antiaromatic and aromatic character, that have been synthesized and stu-
died by theoretical calculations. In 2011 Driess et al.20 and our group21

independently reported that the amidinate ligand stabilized 2,4-disila-1,3-
diphosphacyclobutadiene has almost negligible antiaromaticity. The pre-
sence of amidinate ligands on the Si atoms contributes to the stabilization of
the conjugated 4π electron system by increasing the energy difference
between the occupied and unoccupied πMOs. In the same year, Inoue and
Driess isolated the formal 4π-electron tetrasilacyclobutadiene dication A22.
In the structure ofA, the four-membered rhombic Si4 core is represented as
a charge-localized structure with a disordered π-system, which is in con-
tradiction to a classicalHückel antiaromatic system22,23. Thedelocalization is
comparable to the dismutational aromaticity which was anticipated in the
case of hexasilabenzene reported by Scheschkewitz24.

Very recently, a paper by Zhu, Cui, and coworkers25 appeared which
reported the synthesis of a weakly aromatic 4π tetrasilacyclobutadiene
compound (Fig. 2; B) with aryl and amidinate substituents which was used
as a precursor for the isolation of saturated planar and puckered 2π tetra-
silacyclobutane-1,3-diyls that show higher aromatic character than the 4π
system25. Similar 4π tetrasilacyclobutadiene compounds were previously
reported by So and co-workers (D)26 and by Suzuki et al. (C)27. The elec-
tronic structure in the Si4 ring was described in terms of cyclically deloca-
lized n, π, σ electrons which yieldmoderate aromatic character although the
systems are formally Hückel antiaromatic26.

We synthesized the related 4π tetrasilacyclobutadiene compound 3
with aryl and amidinate substituents (Fig. 2) and analyzed the electronic
structurewith a variety ofmethods. The bonding analysis showed that there
is an unusual delocalization of the 4π-type electrons in the ring which
resembles the situation in Möbius systems. This is suggested as the reason
for the weak aromatic character of the ring and the stability of the com-
pounds. The model may be used as a guideline for other systems where the
proposed π stabilization is utilized to find related stable compounds.

Results and discussion
Reduction of RSiCl3 with potassium graphite in the presence of cycloalkyl
amino-carbene (cAAC) at−80 °C to room temperature in THF resulting in
the formation of a light-yellow coloured solution. After one-week light
yellow block-shaped crystals of cAAC stabilized silylene RSi-Cl(cAAC) (1),
(Scheme 1) were isolated with 70% yield at −30 °C from conc. solution of
Et2O. Furthermore, the reduction of RSiCl3 with KC8 in the presence of
crystalline 1 in 1:4:1 molar ratio in THF at −78 °C to room temperature
afforded a red-coloured solution.

After two weeks red block-shaped crystals of a new type of unsym-
metrical bis-silylene R(cAAC)Si-SiR (2) were obtained in 48% yield
(Scheme 1) from Et2O at −30 °C, which incorporates an unprecedented
five-membered ring where bis-silylene is stabilized by intramolecular
phosphine and intermolecular cAACcarbene. The 1Hand 13CNMR spectra
of 1 and 2 are fully consistent with their formulation (Figs. S1–S9). The 31P
NMR spectrum exhibits a sharp singlet at 8.99 ppm (for 1) and two sharp
singlets at 1.67 and38.13 ppm(for 2), attributed to free−P(iPr)2 and silylene
coordinated Si-P(iPr)2 groups, respectively. Their

29Si NMR spectra exhibit
one doublet resonance at δ 25.37 ppm (JSi-P= 46Hz for 1), shifted down-
field in comparison to chlorosilylene (δ 14.6), while 2 exhibits one doublet at
25.17 ppm (Si-cAAC; JSi-P= 31Hz), and one singlet at −122.17 ppm (for
Si-P), significantly shifted upfield compared to bis-silylene (δ 76.29)28,29. The
difference in the chemical shift of compounds 1 and 2 could be due to the
presence of free cAAC carbene ligands and slightly different ligands. The
LIFDI mass spectra of 1 and 2 in toluene show ions atm/z 541.7 and 717.3,
respectively, corresponding to the formation of RSi-Cl(cAAC) and
R(cAAC)Si-SiR (Figs. S5 and S10). The UV–Vis spectrum of 1 in toluene
shows an absorption band at 446 nm possibly due to n →π* excitation,
while compound 2 exhibits a band at 430 nm possibly due to π→π* exci-
tation (Fig. S16). Yellow-orange, block-shaped crystals suitable for single-
crystal X-ray diffraction experiments (XRD) were obtained from a

Fig. 1 | Molecular orbitals. Schematic representation of the π MOs of
cyclobutadiene.

Fig. 2 | Relevant compounds. 4π-electron Si4 ring containing compounds; Ar’ =
2,4,6-Me3C6H2, X = Cl, Br; Ar = 2,6-iPr2C6H3N(SiMe3); L = PhC(NtBu)2;
R = 1,1,7,7-Et4-3,3,5,5-Me4-s-hydrindacen-4-yl.

Scheme 1 | Synthetic route. Formation of compounds 1–3, R = iPr2P-C6H4;
L = PhC(NtBu)2.
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concentrated Et2O of 1 via slow evaporation. The compound crystallizes in
the triclinic space group P�1 with one molecule in the asymmetric
unit (Fig. 3).

The structural motif comprises one silicon atom in the centre,
coordinated by a cAAC ligand, a chlorine atom, and the inserted group
R(C6H4-P

iPr2). The bond lengths of the Si-C bonds span from 1.848 to
1.910 Å, which is within the range of previously reported Si-C bond
lengths30. Same applies for the C-Si-C angle, which is 108.83(7)° and
therefore close to the ideal tetrahedron angle of 109.5°. This is also valid for
theC9-Si-Cl angle,whose value is 109.36°.With a value of 100.39°, theC1-
Si-Cl angle deviates the most from the ideal tetrahedron shape. Further,
the Si1-Cl1 distance with a value of 2.172 Å correlates well with other
already reported compounds containing a Si-Cl bond31. For 2,we obtained
red block-shaped crystals suitable for XRD experiments from a saturated
Et2O solution. In the asymmetric unit, one molecule is found, featuring
the triclinic space group P�1. The two central silicon atoms together with
one phosphorus and two carbon atoms form a five-membered ring.
(Fig. 4). The corresponding Si-Si bond length is 2.367 Å and is in align-
ment with the expected silicon-silicon distance32,33. For P1-Si1 a bond
length of 2.293 Å was determined, which fits well into the range of known
bond lengths34,35. The angles C1-P1-Si1 (109.96(7)°) and C2-Si2-Si1
(106.61(7)°) are close to the ideal tetrahedral angle of 109.5°, while the P1-
Si1-Si2 angle with a value of 85.38° is considerably smaller, thus showing a
relatively high p-character36.

The most studied bis-silylene to date is the amidinate stabilized three-
coordinated LSi-SiL (L = PhC(NtBu)2), which was reported by our group in
200937. Since that time, this compound has been employed in a remarkable
array for the reductive activation of numerous p-block elements29,38. Fasci-
nated by the reactivity of bis-silylene, we want to explore the reactivity of

newunsymmetrical bis-silylenewithhighly reactive silylene39–42. Reaction of
unsymmetrical bis-silylene with chlorosilylene (LSiCl) under reducing
conditions inTHFat−78 °C to room temperature resulted in the formation
of a dark red-coloured solution. After two weeks reddish block-shaped
crystals were obtained from Et2O solution at −30 °C which confirmed the
formationof 4π-electronSi-containing four-membered ring (3). The 1Hand
13C NMR spectra of 3 are fully consistent with structural composition. 31P
NMR spectrum of compound 3 exhibits a sharp singlet at 4.95 ppm illus-
trating the presence of a symmetrical pair of−P(iPr)2 groups (Fig. S13). Its
29Si NMR spectrum shows a doublet resonance at δ −93.71(JSi-P= 27Hz)
and a triplet at δ 51.31(JSi-P= 17Hz), which are significantly shifted upfield
and downfield compared to the reported Si4 ring (D; δ−70.8, 32.2)43 which
is likely due to the different substituents. In compound D the substituted
nitrogen atom is directly connected to the silylene of the ring causing a
downfield shift (δ −70.8 ppm) compared to 3 (−93.71 ppm) and another
silylene showsupfield shifting (δ32.2 ppm) in comparison to 3 (51.31 ppm).
The LIFDI mass spectrum of 3 in toluene shows an ion at m/z 717.3 cor-
responding to the formation of R2L2Si4 (Fig. S15) and theUV–Vis spectrum
in toluene displays major absorption bands at 430 possibly due to π→π*
excitation (Fig. S16). Single crystals of 3 (red, block-shaped) suitable for
XRD were obtained from a concentrated Et2O solution. The compound
crystallizes in monoclinic space group C2/c with half of a molecule in the
asymmetric unit. Two symmetry-independent Si1 and Si2 silicon atoms,
with a bond distance of 2.2792(4) Å, act as a buildingmotif that expands via
the presence of an inversion centre into a planar four-membered ring,
creating anadditional silicon-siliconbondwith abond lengthof 2.3018(4) Å
(see Fig. 5). Angles Si1-Si2-Si1A and Si2-Si1-Si2A, where A stands for
symmetry operation of 3/2-x,3/2-y,1-z, are 80.24(1)° and 99.76(1)°,
respectively, and all torsion angles within the Si4 ring assembly are of 0°. All
the structural features of this central moiety closely align with the recently
published reports by So and co-workers43 and by Cui et al.25. In the asym-
metric unit of compound 3 one can also observe another distinctive four-
membered ring formed via Si1-N1-C5-N2 atoms. The ring is nearly planar
with a torsion angle of 2.23(9)°. The N-Si bond lengths in the ligand
backbone (1.8562(9)-1.862 Å) and the N-Si-N angle (70.40°) correlate well
with other published similar complexes44–46.

The reaction mechanism for the formation of 3 from 2 and chlor-
osilylene (Scheme 1) is not known so far. Itmay involve the initial reduction
of 2 with KC8 and the formation of a radical LSi• which then inserts into 2
and the dimerizes. Such a mechanism was suggested by So and co-workers
for the formation of the related compound D (Chart 2)26.

Fig. 3 | Asymmetric unit of 1. The anisotropic displacement parameters are
depicted at the 50% probability level. Hydrogen atoms are omitted for clarity.

Fig. 4 | Asymmetric unit of compound 2.The anisotropic displacement parameters
are depicted at the 50% probability level. Hydrogen atoms are omitted for clarity.

Fig. 5 | Molecular structure of compound 3 in a crystalline state. The anisotropic
displacement parameters are depicted at the 50% probability level. Hydrogen atoms
as well as disordered parts of the molecule are omitted for clarity. Symmetry code A:
3/2-x, 3/2-y, 1-z.
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Quantum chemical calculations
We carried out quantum chemical calculations using density functional
theory with inclusion of dispersion interactions at the BP86+D3(BJ)/def2-
SVP level and we analyzed the electronic structures of themolecules to gain
insight into the nature of the chemical bonds. Details of the theoretical
methods are given in Supporting Information. The calculated equilibrium
geometries of 1–3 are in very good agreement with the experimental data
(Fig. S21). Table 1 shows the calculated NBO partial charges and theMayer
bondorders of themost important bonds. The results suggest that the cAAC
ligands in 1–2 carry small negative charges, which indicates that they are
stronger π acceptors than σ donors in these compounds. The Si atoms
always have positive charges, but the size varies considerably between+1.01
e in 1 and only +0.01 for Si2 and Si2’ in 3, which can be explained by the
nature of the respective substituents. The Mayer bond orders, which are
more suitable for polar bonds than the Wiberg bond orders47, have values
greater than 1 for the Si-cAACbonds and support the notion of a significant
Si→cAAC π-backdonation alongside the Si←cAAC σ-donation in com-
pounds 1–2. This is further confirmed by the shape of the MOs. Figure S22
shows that the HOMO of 1–2 is a π-type orbital which describes the π
interaction Si→cAAC.The Si-P bondorders in 1 (0.10) and3 (0.13) are very
small but they suggest someweak interactions,which is also indicated by the
29Si NMR spectrum which shows two signals with significant Si-P coupling
constants.

The focus of the theoretical study is the analysis of the bonding
situation in tetrasilacyclobutadiene 3. It deserves special attention because it
has an unusual aromatic moiety. Compound 3 possesses a nearly planar
cyclic 4π-electron system, which should be antiaromatic according to
Hückel’s rule introduced by Doering4. But compound 3 can be isolated and
structurally characterized by X-ray crystallography, which suggests that the
Si-Si bonds in the four-membered ring are very similar.

Figure 6a, b show the HOMO and HOMO-1 of 3, which illustrate the
shapeof theoccupiedπorbitals of the Si4 ring.TheHOMOis anon-bonding
MO localized at the three-coordinated Si2 and Si2A atoms. The shape of the

AO contributions shows that they are spx hybridized orbitals with large 3 s
character (59.6% s and 40.2% according to the NBO analysis) where the
large lobesof theAOs are at opposite sides of the ring. The three substituents
at the Si2 and Si2A atoms have a pyramidal arrangement, which leads to spx

hybridized orbitals. The HOMO orbital of 3 resembles otherwise the π3
orbital of cyclobutadiene (Fig. 1). Thehybridizationof theAOcontributions
of theHOMOweakens the antibonding character of the orbital, because the
overlap of the lobes with opposite sign on each side of the plane is reduced.

The energetically lower-lying HOMO-1 of 3 is a bonding MO delo-
calized over all four Si atomswhich display an unusual pattern. The shape of
the HOMO shows the same pattern as the π1 orbital of cyclobutadiene
(Fig. 1) but there are peculiar differencesdue to the substituents. The Si1 and
Si1A atoms are four-coordinated to the amidinate ligandswhich retain pure
3p AOs at silicon whereas the three-coordinated Si2 and Si2A atoms have a
pyramidal arrangement. The shape of the HOMO-1 resembles two dis-
torted allyl-like units with the largest delocalization of each fragment on the
opposite side of the ring. There is a sign reversal of the sites with larger
delocalization at Si1 and Si1A, which reminds of the sign reversal ofMöbius
aromatics introduced in 1964 byHeilbronner4 and realized for the first time
in 2003 by Herges et al. 5. This is schematically shown in Fig. 6c. The
delocalization of the HOMO-1 induces significant ring current, which
comes to the fore by the calculated nucleus-independent chemical shift
(NICS) values of NICS(0)=−9.1, NICSzz(−1)=−8.5, NICS(−1)=−5.9.
The NICS values along with the chemical stability and the very similar Si-Si
bond lengths suggest that 3 encounters significant aromatic stability due to
the unusual π-delocalization of the HOMO-1. The higher-lying HOMO is
not degenerate because of the very different substitution pattern at the
silicon atoms.

We wish to emphasize that the reversal of charge delocalization
exhibited by the HOMO-1 of 3 is not the same as the reversal of π con-
jugation in genuine Möbius systems, which comes from the twisting of the
rings. Real Möbius aromaticity is only found in large cyclic systems where
the graduate twist of the p(π) AOs leads to conjugative stabilization of 4π
systems48–50. The π-type AOs of the Si atoms in 3 retain the same symmetry
in the HOMO-1, but the hybridization of the spx AOs of Si2 and Si2A in
opposite directions yields a reversal of the conjugation in a similar way. This
is schematically shown in Fig. 6c, At the same time there is a strong
hybridization of the spx AOs of Si2 and Si2A in theHOMO,which weakens

Table 1 | Calculated NBO charges q and Mayer bond orders
P of the optimized structures of 1–3 at the BP86-D3/def2-
TZVPP level

Charge q Bond order P

1

cAAC −0.14 Si1-C9 1.37

Si1 1.01 Si1-C1 0.90

Cl1 −0.44 Si1-P1 0.10

R(Si1) −0.43

2

cAAC −0.24 Si2-C7 1.39

Si2 0.71 Si2-C2 0.99

Si1 0.16 Si2-Si1 0.91

R1(Si1, Si2) −0.13 Si1-P1 0.98

R2(Si1) −0.50 Si1-P2 0.09

3

Si1 0.94 Si1-Si2 1.00

R1(Si1) −0.47 Si2-Si1A 1.02

Si2 0.01 Si2A-Si1 1.02

R2(Si2) −0.48 Si1A-Si2A 1.00

Si1A 0.94 Si1-N1 0.73

R1A(Si1A) −0.47 Si1-N2 0.75

Si2A 0.01 Si2-P1 0.13

R2A(Si2A) −0.48

(a) HOMO ε= -3.57 eV

c) Möbius-type π conjugation

(b) HOMO-1 ε= -3.62 eV

Fig. 6 | Compound 3. The plot of the highest-lying molecular orbitals of 3 and
schematic drawing of the Möbius-type aromaticity.
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its antibonding character. The two factors contribute to the shift from the
antiaromatic character of the 4π Hückel system to a weakly aromatic 4π
Möbius-type system, which is revealed by the NICS values for 3. Alter-
natively, one could consider themolecule as a doubly homoaromatic system
where the unsaturated Si atoms Si2 and Si2A conjugate via the formally
saturated Si atoms Si1 and Si1A. Since theπ-interaction exhibits a reversal of
the large area of conjugation to an opposite side of the ring, we consider a
classification as a 4π Möbius system to be more appropriate. We readily
acknowledge that the very unusual π interaction in 3 may be differently
interpreted by other workers.

We calculated the vibrational spectrum of 3 and compared it with the
experimental IR spectrum (Fig. S17). Unfortunately, the results are not very
helpful for giving information about the Si-Si interactions, because the
stretching modes are strongly coupled among each other and with the
substituents. There are calculated vibrational modes at 611.7 cm−1,
529.4 cm−1 and458.7 cm−1 which can clearly be assigned to the Si4 ring,with
the second one having a very low IR intensity (see Table 2). The other two
signals can be tentatively assigned to experimental vibrations, knowing that
the calculated harmonic frequencies are usually a bit higher than the
experimental anharmonic frequencies.

It is interesting to compare the bonding situation of the central Si4
moiety of 3 with previous studies of related compounds. The pioneering
study by Matsuo, Tamao47 reported a cyclic Si4L4 compound (C, Fig. 2))
with four identical bulky ligandswhichbuilt aplanar rhombic structurewith
alternating planar and pyramidal configurations at the silicon atoms. The
HOMOandHOMO-1 exhibit a similar pattern as in our compound, but the
NICS value is only −0.9 ppm. The authors suggested that their Si4L4
compound is nonaromatic, because of a significant charge separation
between the pyramidal Si atoms (q= 0.14 and 0.17 e) and planar Si atoms
(q= 0.64 and 0.65 e)22. We found an even larger charge separation in our
Si4L1L2 compound 3 between the pyramidal Si atoms (q= 0.01 e) and tetra-
coordinated Si atoms (q= 0.94 e) but the NICS(1) value is −5.9 ppm. The
Si4L1L2 compound (D, Fig. 1)43 with two three-coordinated and two tetra-
coordinated Si atoms reported by So and co-workers is similar toour species
3. The authors did not report the atomic partial charges. The shape of the
HOMO and HOMO-1 of their compound is similar to the HOMO and
HOMO-1 of 3 with a notable difference of the HOMO-1, which is delo-
calized like a typical π orbital that extends to all four Si atoms without sign
reversal of the largest part of the delocalization. This may be the reason that
the NICS value of their compound is −10.1 ppm, comparable to benzene,
which suggests an even higher degree of aromaticity than in 3.

A comparison of our results for compound 3 with the recent study by
Zhu, Cui and coworkers is particularly interesting. The authors reported the
synthesis, structural characterization and reactivity of several saturated
tetrasilacyclubutane-1,3-diyls, which possess puckered equilibrium struc-
tures. One species adopts puckered and planar structures in the solid state.
The analysis of the electronic structure suggested aromatic character and the
molecules were introduced as 2π-aromatic system, which is a remarkable
success. The authors reported also about the synthesis and bonding analysis
of the tetrasilacyclobutadiene compound B, which is very similar to our
compound3.Theauthorsnoted that theHOMOofB ismainly composedof
the lone-pair orbitals of the silicon atoms and that the HOMO-1 corre-
sponds to a distorted π-type orbitals over the Si4 ring which makes the

compound weakly aromatic.We think that theymissed the unusual feature
of Möbius-type aromaticity as shown in Fig. 6c, which leads to cyclic
delocalization giving rise to significant magnetic anisotropy.

Summary and conclusion
In summary, we have succeeded in synthesizing a new highly reactive
silylene which results in unsymmetrical bis-silylene 2 under reducing
conditions. Compound 2 affords tetrasilacyclobutadiene 3 when treated
with chlorosilylene under reducing conditions. Compound 3 exhibits an
unusual π conjugation between 4π electrons in the nearly square-planar Si4
ringwhere thedelocalizationof theHOMO-1occurs at twoopposite sidesof
the ring. The reversal of the π conjugation resembles the twisting of the π
conjugation inMöbius aromatic systems and it contributes to the stability of
the compound.

Methods
All manipulations were carried out using standard Schlenk and glove box
techniques under an atmosphere of high-purity dinitrogen. THF, hexane,
and toluene were distilled over Na/K alloy (25:75), while diethyl ether was
distilled over potassiummirror. DeuteratedNMR solvents C6D6, C7D8, and
THF-d8 were dried by stirring for 2 days over Na/K alloy followed by
distillation in vacuum and degassed. 1H, 13C{1H} NMR spectra were
recorded on Bruker Avance 200, Bruker Avance 300, and Bruker Avance
500MHzNMR spectrometers andwere referenced to the resonances of the
solvent used. Microanalyses were performed by the Analytisches Labor für
Anorganische Chemie der Universität Göttingen. Melting points were
determined in sealed glass capillaries under dinitrogen and were uncor-
rected. LIFDI measurements were performed on a Joel AccuTOF spectro-
meter under an inert atmosphere, while all other reagents were used as
received.

Synthesis of 1; [RSiCl(CAAc); R =C6H4P(
iPr)2]

Amixture of RSiCl3 (335mg, 1mmol), cAAC (442mg, 1mmol), and KC8

(300mg, 2.2 mmol)was taken in a 100mL roundbottomflask and50mLof
THF was added at −80 °C. The reaction mixture was allowed to warm to
room temperature slowly and stirred until all the KC8 was consumed
completely to give a yellow-coloured solution of compound 1. After solvent
evaporation and filtration of insoluble residue, the Et2O solution was con-
centrated to 10mL under reduced pressure. The flask was stored at 0 °C for
2 weeks to obtain X-ray quality yellow crystals of 1 (Yield: 378mg, 70%),
Mp: 205–210 °C.

1H NMR (500MHz, C6D6, 298 K, ppm): δ 0.91 (dd, 3 H, CHMe,
J = 10Hz), 1.04 (s, 3 H, CMe) 1.09 (dd, 3 H, CHMe, J = 5Hz), 1.12 (s, 3 H,
CMe3), 1.17 (dd, 6 H, CHMe2, J = 5Hz), 1.24–1.25 (m, 6 H, CHMe2), 1.27
(d, 3 H, CHMe, J = 5Hz), 1.57–1.60 (m, 5 H, CH2 & Me), 1.66 (d, 3 H,
CHMe, J = 5Hz), 1.77 (d, 3 H, CHMe, J = 5Hz), 1.93 (sep, 1 H, CH), 2.15
(sep, 1 H, CH), 3.18 (sep, 1 H, CH), 3.29 (sep, 1 H, CH), 7.12–7.15 (m, 3 H,
ArH), 7.19–7.23 (m, 2H,ArH), 7.32–7.33 (m, 1H,ArH), 8.20–8.22 (m, 1H,
ArH). 13C{1H} NMR (126MHz, C6D6, 298 K, ppm): δ 15.61, 19.04, 19.08,
20.02, 20.18, 20.80, 20.93, 23.93, 24.07, 24.51, 25.69, 25.75, 26.40, 26.54,
27.90, 28.20, 28.62, 29.78, 30.14, 31.03, 31.07, 32.64, 32.67, 49.58, 49.60,
55.16, 65.92, 67.83, 71.82, 124.24, 125.72, 128.35, 128.64, 129.03, 131.82,
131.83, 134.85, 141.03, 141.10, 143.96, 144.05, 148.59, 148.84, 154.31,
154.66, 195.48, 195.61. 31P{1H} NMR (202MHz, C6D6, 298 K, ppm): δ 8.99.
29Si{1H} NMR (99MHz, C6D6, 298 K, ppm): δ 25.37 (d, JSi-P = 46.53Hz).
Elemental analysis (%) calcd. for C32H51ClNPSi (541.32): C, 72.62; H, 9.45;
N, 2.57; Found: C, 72.86; H, 9.23; N, 2.42; MS (LIFDI, toluene): m/z = 541.7
([M+]+).

Synthesis of 2 [R(cAAC)Si-SiR
THF (50mL) was added to a mixture of 1 (290mg, 0.5 mmol), RSiCl3
(170mg, 0.5 mmol), and KC8 (150mg, 1.1mmol) in a 100mL round bot-
tom flask at −80 °C. The reaction mixture was allowed to warm to room
temperature slowly to give a red-colored solution of compound 2. After
solvent evaporation andfiltrationof insoluble residue, theEt2O solutionwas

Table 2 | Calculated and (tentative) experimental frequencies
(cm−1) and IR Intensity (km·mol−1) of compound 3 which are
related to the Si4 moiety

Vibration mode Frequency Intensity

Calculated Experimental

Si-Si Stretching 611.7 577 68.2

Si-Si-Si Out-of-plane bending 529.4 ? 7.2

Si-Si-Si In-plane bending 458.7 430 27.1

Calculated values at the BP86+D3(BJ)/def2-SVP level.
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concentrated to 10–15mL under reduced pressure. The flask was stored at
0 °C for 2 weeks to obtain X-ray quality red crystals of 2 (Yield: 174mg,
48%); Mp: 192–200 °C.

1H NMR (500MHz, C6D6, 298 K, ppm): δ 0.63 (d, 3 H, CHMe,
J = 5Hz), 0.68 (dd, 3H, CMe, J = 5Hz) 0.77 (dd, 3H, CHMe, J = 5Hz), 1.02
(s, 3 H, CMe), 1.05–1.13 (dd, 6 H, CHMe2, J = 5Hz), 1.17 (d, 3 H, CHMe,
J = 5Hz), 1.25 (s, 3H,CMe), 1.26 (dd, 3H,CHMe, J = 5Hz), 1.31–1.33 (m, 5
H, CH2&CHMe), 1.40–1.45 (m, 5H, CH2&CHMe), 1.47 (dd, 3H,CHMe,
J = 5Hz), 1.77 (d, 3H, CHMe, J = 5Hz), 1.86 (s, 3H, CHMe), 2.23 (sep, 1H,
CH), 2.26 (s, 3H,CHMe), 2.40 (sep, 1H,CH), 2.52 (sep, 1H,CH), 3.34 (sep,
1 H, CH), 3.58 (sep, 2 H, CH), 5.23–5.25 (m, 1 H, ArH), 6.69–6.72 (m, 1 H,
ArH), 6.74–6.77 (m, 1H,ArH), 6.91–6.94 (m, 1H,ArH), 6.99–7.02 (m, 2H,
ArH), 7.03–7.06 (m, 1H,ArH), 7.24–7.26 (m, 2H,ArH), 7.29–7.32 (m, 1H,
ArH), 8.72–8.74 (m, 1 H, ArH). 13C{1H} NMR (126MHz, C6D6, 298 K,
ppm): δ 15.60, 17.53, 17.56, 17.68, 18.40, 18.77, 18.84, 19.99, 20.05, 20.44,
20.52, 20.54, 20.72, 21.15, 21.28, 22.27, 22.41, 24.36, 24.43, 24.51, 24.56,
25.07, 25.41, 25.81, 26.61, 26.88, 27.41, 27.55, 28.37, 28.58, 28.87, 29.50,
30.21, 32.94, 32.98, 37.46, 37.49, 48.88, 57.83, 65.92, 67.83, 67.88, 124.39,
124.44, 125.30, 125.92, 126.68, 126.71, 126.91, 128.35, 128.99, 130.09,
131.19, 131.49, 131.79, 135.86, 135.98, 139.90, 143.10, 143.13, 143.16,
143.20, 146.57, 146.61, 146.66, 146.70, 151.09, 152.21, 152.75, 152.79,
153.06, 153.09, 154.40, 154.43, 154.66, 154.68, 187.37, 187.44. 31P{1H}NMR
(202MHz, C6D6, 298 K, ppm): δ 1.67, 38.13. 29Si{1H}NMR (99MHz,C6D6,
298 K, ppm): δ 25.17 (d, JSi-P = 31Hz), 122.15. Elemental analysis (%) calcd.
for C44H69NP2Si2 (727.43): C, 72.38; H, 9.53; N, 1.92; Found: C, 72.42; H,
9.39; N, 1.74; MS (LIFDI, toluene): m/z = 717.3 ([M-5H2]

+).

Synthesis of 3 [R2L2Si4]
A mixture of PhC(NtBu)2SiCl (150mg, 0.5mmol), 2 (364mg, 0.5 mmol),
and KC8 (150mg, 1.1mmol) was placed in a 100mL round bottom flask
and 50mL of THFwas added at−80 °C. The reactionmixture was allowed
to warm to room temperature slowly and stirred at the same temperature
until all the KC8 was consumed. After the evaporation of volatiles and
filtration of insoluble residue, the Et2O solution was concentrated to 10mL
under reduced pressure. The flask was stored at −30 °C for two weeks to
obtainX-ray quality red block-shaped crystals of 3 (Yield: 96mg, 40%).Mp:
Decomp. at 215 °C.

1H NMR (500 MHz, C7D8, 298 K, ppm): δ 1.25 (dd, 12 H, CHMe2,
J = 5 Hz), 1.35 (dd, 12 H, CHMe2) 1.50 (s, 36 H, CMe3), 2.27 (sep, 4 H,
CH), 7.02–7.05 (m, 8 H, ArH), 7.23–7.24 (m, 2 H, ArH), 7.54–7.55 (m, 4
H, ArH), 8.20–8.21 (m, 2 H, ArH). 13C NMR (126 MHz, C6D6, 298 K,
ppm): δ 21.21, 21.31, 25.11, 25.24, 31.99, 55.27, 124.29, 125.39, 126.70,
127.84, 128.23, 129.16, 129.33, 129.71, 130.87, 134.17, 136.97, 137.06,
137.22, 137.46, 140.46, 140.54, 159.97, 160.34, 168.64. 31P{1H} NMR
(202 MHz, C7D8, 298 K, ppm): δ 4.95. 29Si{1H} NMR (99 MHz, C7D8,
298 K, ppm): δ 51.31 (t, JSi-P = 17,82 Hz), −93.71 (d, JSi-P = 27,72 Hz).
Elemental analysis (%) calcd. for C54H82N4P2Si4 (962.52): C, 67.31;
H, 8.79; N, 5.81 Found: C, 67.13; H, 8.93; N, 5.67; MS (LIFDI, toluene):
m/z = 717.3 ([M-PhC(tBuN)2Si+ CH3]

+).

Data availability
All relevant data are available from the authors upon request.
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