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Abstract: Reductive debromination of {N(SiMe;),}SiBr; with
Rieke magnesium results in the formation of the five-vertex
silicon cluster with one bromine substituent Sis{ N(SiMe;),}sBr,
1, and the cyclobutadiene analogue 2 in a 1:1 ratio. The latter
features a planar four-membered silicon ring with a charge-
separated electronic situation. Two silicon atoms in 2 are
trigonal planar and the other two trigonal pyramidal. In
cycloadditions with ethylene, diethylacetylene, 1,5-cycloocta-
diene, and 2,3-dimethyl-1,3-butadiene cyclic unsaturated ring
compounds (3-6) were formed at room temperature in
quantitative reactions. Two of the products (3 and 6) show
photochemical isomerization with LED light (A =405 nm) to
afford saturated ring compounds 4 e and 6'.

Cyclobutadiene represents one of the most intriguing
unsaturated hydrocarbon ring compounds that is defined by
antiaromaticity, ring strain, and difficulties in its prepara-
tion."!  Cyclobutadiene was synthesized after several
attempts by oxidative degradation of cyclobutadiene iron
tricarbonyl with ammonium cerium(IV) nitrate. When the
cyclobutadiene ring is released from the iron complex it reacts
with electron-deficient alkynes to yield Dewar benzene ring
compounds.**) Moreover, cyclobutadiene is reported to be
used as a ligand in catalysis.”"

The synthesis and characterization of heavier analogues of
cyclobutadiene, for instance with the element silicon, likewise
represents a challenging task. Planar neutral four-membered
unsaturated silicon rings were only realized in a few examples
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by using a bulky aryl substituent and with a combination of an
amine and an amidinato ligand. With aryl substituents the ring
in A has a rhombic shape and the silicon atoms display
a charge-separated electronic situation with alternating
trigonal planar and trigonal pyramidal coordinated silicon
atoms (Figure 1).¥l With amine and amidinato substituents
electron delocalization of o-, m- and non-bonding electrons
was observed in the four-membered ring compound Si,L,{N-
(SiMe;)Dipp), B (L =PhC(NrBu),, Figure 1).”) If only the
amine substituent {N(SiMe;)Dipp} was used to stabilize the
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Figure 1. Unsaturated silicon ring compounds (Dipp =2,6-iPr,C¢H3).

silicon ring, a folded bicyclic ring C was obtained."”! Due to
the instability of A in solution, the reactivity of the planar
four-membered unsaturated silicon ring compounds was only
investigated for B in a reaction with sulfur.”’

Another unsaturated ring compound with a rhombic Si,
ring includes the tetrasilicon analogue of a bicyclo[1.1.0]but-
1(3)-ene D (Figure 1).!"! This compound with R =SiMe,
reacts with iodine to afford a planar silicon ring structure
with m-type single bonding between the bridgehead silicon
atoms.'"? Furthermore, reactions with carbon tetrachloride
and methanol to afford saturated tetrasilane species were
observed.['’]

A square planar tetrasilacyclobutadiene unit with silyl
substituents has also been reported as a transition metal
complex.") Further silicon ring compounds with planar
four-membered silicon rings are dicationic like [Si,L,-
(SiLCl),]** and [(LSi),]** (L =PhC(NBu),).['*!"

Herein, we report on the reductive debromination of
[N(SiMe;),}SiBr;"® with 1.5 equiv of activated magnesium
(Mg#)*! that yields a saturated bromo-substituted pentaami-
dopentasilane 1 and an unsaturated amido-substituted silicon
ring compound 2 with a planar rhombic Si, ring in a 1:1 ratio
(Figure 2). Separation of 1 and 2 can be achieved using
fractional crystallization in toluene or n-hexane. The crystal-
lization of 1 is preferred when the reaction residue is
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Figure 2. Top: Synthesis of 1 and 2. Bottom: Molecular structures of 2
(thermal ellipsoids set at 50 % probability level). Selected distances [A]
and angles [°]: Si1-Si2 2.282(7), Si1-Si2’ 2.280(7), Si2--Si2’ 2.800(1),
Si1---Si1" 3.602(1), Si1-N11.7617(17), Si2—N2 1.7333(16); Si2-Si1-Si2’
75.72(3), Si1-Si2-Si1’ 104.28(3).

extracted in n-hexane and the crystallization of 2 when using
toluene at the same step. Each of the silicon atoms in the
folded four-membered ring in 1 is connected to one amido
substituent. This Si, ring is capped by an {N(SiMe;),}BrSi unit.
One possible formation pathway for 1is a cycloaddition of the
transient silylene {N(SiMe;),}BrSi: with the planar Si, ring
of 2.

In 2, the silicon ring has a rhombic shape and an inversion
center in the middle of the Si, ring. The Sil—Si2 (2.282(7) A)
and Sil—Si2’ (2.280(7) A) bond lengths are in the range

A) Cyclobutadiene
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between single (2.34 A) and double bonds (2.21 A).” Two
opposite silicon atoms (Si2 and Si2’) have a trigonal planar
configuration with sum of the surrounding bond angles of
359.99(2)°. The other two silicon atoms (Sil and Sil’) in the
ring have a trigonal pyramidal environment with sum of
surrounding bond angles of 323.27(2)°.

This was also the case in A, which features a charge-
separated electronic situation. The chemical shifts of the two
distinct silicon atoms appear in the downfield region at
258.9 ppm for the trigonal planar atoms and in the highfield
region at —85.9 ppm for the pyramidal atoms in the *Si NMR
spectrum recorded in C¢Dy4 at 300 K. Similar chemical shifts
were detected in [Dg]THF (258.6 and —85.9 ppm, respec-
tively). Thus the difference between these chemically and
magnetically different silicon atoms is Ad =344.8 ppm. This is
in the range of that observed for A (350-360 ppm) deter-
mined in the solid state. However, in contrast to the EMind-
substituted species A, variable-temperature '"H NMR spectra
of 2 in [Dg] THF demonstrate that no valence tautomerization
(interconversion between two rhombic structures) takes place
or that this process for 2 has an activation barrier higher than
14.3 kcalmol . Furthermore, different to A, compound 2 is
stable in C¢Dg at least for two weeks.

Our computational investigations on Si,{N(CHs;),}, spe-
cies demonstrated that the isomer corresponding to 2 with C,,
symmetry is lower in energy than species with a folded Si, ring
in C,, symmetry (short bond isomer) and D,,; symmetry (long
bond isomer)."”! These calculations were reinvestigated with
N(SiH;), and N(SiMe;), substituents. They showed that the
isomers with folded Si, rings are up to 5.6 kcalmol ™! higher in
energy for the N(SiH;), substituents and up to 6.7 kcalmol !
for the N(SiMes,), substituent (Page S64).

The electronic structure of 2 was investigated with DFT
calculations (see Supporting Information for details). Figure 3
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Figure 3. A) Schematic orbital diagram of the m electrons in rectangular and square planar cyclobutadiene species (C4R,). B) Kohn—Sham
molecular orbitals of 2 (CAM-B3LYP-D3(B))/def2-QZVP, isovalue set at +0.04 a.u.) with schematic representation of the MOs.
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shows the molecular orbitals of the four m-electrons of 2
calculated using CAM-B3LYP-D3(BJ)/def2-QZVP? (iso-
value set at +0.04 a.u.). The HOMO-1 includes coefficients
of m-symmetry distributed over the entire Si, ring represent-
ing the in-phase bonding combination of the four sw-electrons
in 2. The HOMO of 2 includes an out-of-phase orbital where
two p-orbitals at the pyramidal Si atoms are oriented in one
direction to enable some kind of small in-phase bonding
interaction with their back lobes. The LUMO represents the
antibonding combination of all p-orbitals with two nodal
planes. The LUMO +1 represents a m*-type orbital with
empty p-orbitals at the trigonal planar silicon atoms. Com-
pared to the molecular orbitals of A, the sequence of the
LUMO and LUMO +1 of 2 appears in opposite order. But
the polar Jahn—Teller distortion observed in A also occurs in 2
(Figure 3B). This is in contrast to the “covalent” Jahn-Teller
distortion observed in cyclobutadiene that transforms the
square planar structure in the excited triplet state into the
rectangular ring in singlet state with localized C=C double
bonds and results in antiaromaticity (Figure 3 A).

Moreover, a complete active space self-consistent field
(CASSCF) calculation™! was performed with 2 considering
an (8,8) active space. For this calculation a triple-zeta (cc-
pVTZ) basis set was employed for all atoms and resulted in
occupation numbers of 1.886 and 0.107 for the highest
occupied natural orbital (HONO) and the lowest unoccupied
natural orbital (LUNO), respectively. These occupation
numbers indicate no diradical character (Y=11%)"" on the
silicon atoms in 2 (Pages S52, S53). Furthermore, the calcu-
lated differences in Gibbs free energy of 2 in the singlet and
the triplet state (AG=16.6 kcalmol ') and between the
closed-shell and open-shell singlet states (AG=16.2 kcal
mol™') are rather high (Table $23). This further confirms the
absence of diradical character in 2. We note that a rather low
diradicaloid character was reported for A.

To further analyze the nature of the rhombic four-
membered silicon ring in 2, we applied natural bond orbital
analysis.””! This revealed that the trigonal planar Si2 atoms
have a remarkable higher positive partial charge of +0.90
than the trigonal pyramidal Sil atoms with positive partial
charges of +0.28. This demonstrates a formal charge-
separated bonding situation in 2. The charge difference
(0.62) between the differently configurated silicon atoms is in
the range of that observed for A (0.47-0.50). Analysis of
Mayer® bond orders of 2 reflects the multiple bond character
in the Si—Si bonds (B.O. 1.12) of the planar rhombic Si, ring.
The transannular Si--Si distances have significantly lower
bond orders of 0.38 and 0.28 and indicate very weak trans-
annular interactions. The Si—N bonds are in the range of
single bonds (1.05/0.95). This is in accord with the observed
bond lengths (Si1-N1 1.762(2) A, Si2—N2 1.733(2) A) and
can be explained with the fact that the amido substituents at
Si2 and Si2’ are oriented out of the Si, ring plane.

The UV/Vis spectrum of 2 shows absorption maxima in n-
hexane at 345nm (¢=2402Lmol 'cm™') and a shoulder
occurring at 375 nm (e = 1698 Lmol™'cm™', Figure S6). The
UV/Vis spectrum in THF reveals an absorption maximum at
345 nm (¢ =1790 Lmol 'cm™). In toluene two clear absorp-
tion maxima were found at 352 nm (e=2408 Lmol 'cm™)
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and 377 nm (¢ =2382 Lmol ‘cm™). With TD-DFT calcula-
tions in toluene (CAM-B3LYP?%)/def2-TZVP) we found that
the latter two absorption maxima correspond to the
HOMO—LUMO excitation at A=370nm and the
HOMO-1 to LUMO +1 transition at A=338 nm. In all
three solvents a tailing into the visible region is observed
producing a red color. This is probably related to less
intensive transitions such as HOMO-2—LUMO mixed
with HOMO—-1—-LUMO +1 at 394 nm according to TD-
DFT calculation in toluene (Figure S69).

Different to compound A, the high stability of 2 in
benzene allowed us to investigate its reactivity. Compound 2
does not react with dihydrogen at room temperature and
elevated temperatures of 80 °C. But 2 reacts very selectively in
quantitative reactions with alkenes and alkynes such as
ethylene, diethylacetylene, 2,3-dimethyl-1,3-butadiene, and
1,5-cyclooctadiene in benzene at room temperature within
a few hours to several days. The reaction with ethylene occurs
in a [242] cycloaddition under formation of bicyclo-
[2.2.0]tetrasilacyclohexene 3. By contrast, the reaction with
diethylacetylene proceeds differently and results in com-
pound 4 with a benzvalene-type Si,C, structural motif. In the
literature a tetrasilabenzvalene was reported as a product
from the reaction of dibromobenzene and a tetrasilacyclobu-
tadiene dianion. The thermodynamically more stable tetrasi-
labenzvalene was assumed to be formed after isomerization
from a tetrasila Dewar benzene derivative.”*

With 1,5-cyclooctadiene a tricyclic ring compound 5 with
a saturated Si,C, structural motif and a folded Si, unit was
observed after eight days. In this reaction only one C=C
double bond of the alkene reacted with 2. The other one is still
available in the product for further manipulations. When 2,3-
dimethyl-1,3-butadiene was used in the cycloaddition the
bicyclic tetrasila-bicyclo-octadiene species 6 was formed in
a [442] cycloaddition (Scheme 1)’

To understand the formation of either bicyclic or tricyclic
products in the cycloadditions of 2 with alkenes and alkynes,
we investigated the formation of 3 and 4 with DFT methods
(see Supporting Information for details). For both reactions
two different mechanistic scenarios were considered. The first
involves the [2+2] cycloaddition between 2 and the reagent to
the bicyclic product and a subsequent rearrangement to the
tricyclic species. The second includes a direct formation of the
tricyclic product from the reactant complex (Scheme 2 and
Scheme 4).
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Scheme 1. Cycloadditions with 2 at room temperature (R=SiMej).
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Scheme 2. DFT-calculated mechanism for the formation of 3.

We found that in the mechanism with ethylene a low
activation barrier of only 4.5 kcalmol™ leads from the
reactant complex 2e via TS23 to the isolated product 3e in
an exergonic reaction. By contrast, the activation barrier to
TS24 with a folded zwitterionic Si, ring to reach the tricyclic
product 4e is much higher (8.5 kcalmol "), which makes this
pathway unfavorable.

In the mechanism with diethylacetylene the [2+2] cyclo-
addition results in the formation of Dewar benzene type
intermediate 3h in an exergonic reaction via transition state
TS23 with a low activation barrier of only 4.2 kcalmol™
(Scheme 3, Pages S68-S72). This Dewar benzene derivative
3h has a conformer 3l that is 6.6 kcalmol ™" higher in energy
and differs in the orientation of one ethyl group (Page S75).
The barrier from 3k’ via TS34 only amounts to 25 kcalmol ™
and thus leads in this case to the thermodynamically more
stable isolated product 4h.

For the second scenario the reactant complex 2h’ has
a slightly more zwitterionic character in the Si, ring compared
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Scheme 3. DFT-calculated mechanism for the formation of 4 (R=Et).
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to 2h (Figure S74, Table S20). However, the formation of 4h
via TS24 is unfavorable due to the higher activation barrier of
15 kcal mol ! in comparison to only 4.2 kcalmol ! to reach 3 h.
In this case, we also considered the addition of diethylacety-
lene to the folded isomer 2’ (Page S69). However, this is not
expected to proceed, because the orientation of the amine
substituents hinders the approach of the bulky diethylacety-
lene substrate to the silicon ring atoms (Figure S74).

To experimentally confirm the calculated mechanism, we
performed time-dependent multinuclear NMR spectroscopy
during the reaction of 2 with diethylacetylene. This clearly
showed that the bicyclic Dewar benzene type compound 3h is
an intermediate upon the formation of the tetrasilabenzva-
lene derivative 4, which is the final product of this reaction
(Figure S25). The identity of 3h was confirmed by signals in
the *Si NMR at 95.4 ppm for the Si=Si double bond. In this
experiment sharp signals were observed in the NMR spectra
indicating negligible diradical character of 3h and 4h. Addi-
tionally, a H,H correlated ROESY NMR experiment
revealed no exchange signals and thus no equilibrium to
exist between 3h and 4h (Figure S29). The formation of 4 can
be explained with the significantly larger energy difference
between the benzvalene compared to the Dewar benzene
type isomer of 15.5 kcalmol'. Furthermore, we note that the
difference in AG for 5 and the hypothetical bicyclic product is
14.2 kcalmol ™' in favor of 5. This shows why we isolate the
tricyclic product S.

The low difference in Gibbs free energy between 3e and
4e of only 3.1 kcalmol ™' suggests that valence isomerization
between these two compounds might be achieved. Experi-
ments in this direction show that 3 can only partially be
converted into the tricyclic species 4 e upon thermal treatment
of 3 at 60°C for 19 h, which results in a 30:70 ratio of 4e and 3,
respectively. Increasing the temperature leads to partial
decomposition of 3 and 4e. However, using visible light
(LED, 1 =405 nm) in C4D, results in complete photochemical
conversion of 3 into 4e within 1 h (Pages S34, S35). When 4e
is stored at room temperature in the dark slow isomerization
back to 3 takes place in 18 days to result in a ca. 1:1 mixture of
3 and 4e. Faster reconversion from 4e to 3 occurs when 4e is
heated to 60°C for 18 h to yield a 70:30 mixture of 3 and 4e,
respectively. A similar kind of interconversion between
a digermabenzene and digerma-Dewar-benzene was recently
reported.”” Variable temperature and H,H ROESY NMR
spectroscopy of the mixture of 3 and 4e in [Dg]THF does not
give evidence for an equilibrium between these two com-
pounds (Figure S47, S48). Furthermore, we note that no
change in the reaction was observed upon addition of 9,10-
dihydroanthracene as trapping agent during the isomerization
of 3 and 4e with LED light (Scheme 4).

R LED light R
R—N (A = 406 nm) I!l /\
R s./s'g L RTUR FaR
/N’ N.._Si p—— \ / |
R ST N—R A SSi R
_N ] R—N N
R ~R
R R \ &
3 4e

Scheme 4. Photochemical isomerization of 3 into 4e and partial
thermal reconversion to 3.
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Similar to the reaction with ethylene, the bicyclic product
6 from the reaction with 2,3-dimethyl-1,3-butadiene is almost
identical in energy to the corresponding tricyclic compound
(AG =0.5 kcalmol !, Table S22), and the reaction stops upon
the formation of the thermodynamically slightly favored
bicyclic product 6 at room temperature. In this case,
conversion into the expected tricyclic product does not
occur at elevated temperature (80°C for 16 h). Irradiation
of 6 with LED light (1=405nm) for 1h results in the
formation of a new compound in ca. 80 % yield that is not the
anticipated tricyclic product corresponding to 4e. Instead
[242] cycloaddition between the two double bonds in 6
occurred to afford 6’ (Figure S54).

In summary, we report on the reductive debromination of
{N(SiMe;),}SiBr; with Mg* that results in a 1:1 mixture of
a five-vertex silicon cluster 1 and a tetrasilacyclobutadiene
analogue 2 with a charge-separated electronic situation.
Cycloadditions of 2 with ethylene, diethylacetylene, 1,5-
cyclooctadiene and 2,3-dimethyl-1,3-butadiene at room tem-
perature result in quantitative reactions to unsaturated
bicyclic or tricyclic silicon ring species 3-6 with flexibility in
the Si, unit to possess a tetrasilacyclobutene-type or a folded
bicyclobutane-type structural motif. The product of each
cycloaddition carried out at room temperature strongly
depends on the Gibbs free energy difference between the
bicyclic and the tricyclic isomers. With a larger difference in
AG the thermodynamically more stable tricyclic product is
formed in the case of 4 and 5. Furthermore, we used light to
perform selective photochemical isomerization when both
isomers had very similar energy. In the case of 3 this was
achieved with 405 nm LED light producing 4e. When 6 was
exposed to the same light source [242] cycloaddition between
the two double bonds was observed to yield 6'. Further
reactivity studies with 2 will be pursued in our laboratory.
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