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Abstract: Molecular silicon clusters with unsubstituted silicon vertices (siliconoids) have received
attention as unsaturated silicon clusters and potential intermediates in the gas-phase deposition
of elemental silicon. Investigation of behaviors of the siliconoids could contribute to the greater
understanding of the transformation of silicon clusters as found in the chemical vapor deposition
of elemental silicon. Herein we reported drastic transformation of a Si8R8 siliconoid to three novel
silicon clusters under mild thermal conditions. Molecular structures of the obtained new clusters
were determined by XRD analyses. Two clusters are siliconoids that have unsaturated silicon vertices
adopting unusual geometries, and another one is a bis(disilene) which has two silicon–silicon double
bonds interacted to each other through the central polyhedral silicon skeleton. The observed drastic
transformation of silicon frameworks suggests that unsaturated molecular silicon clusters have
a great potential to provide various molecular silicon clusters bearing unprecedented structures
and properties.
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1. Introduction

Molecular silicon clusters have attracted much attention as their characteristic electronic properties
and reactivity depend on the structures [1–5]. In the chemical vapor deposition (CVD) process of
elemental silicon, unsaturated silicon clusters with unsubstituted silicon vertices are considered
as potential intermediates [6–8]. Recently, such kinds of unsaturated molecular silicon clusters
are synthesized as isolable molecules [9–22] and termed “siliconoids” by Scheschkewitz et al. [10].
The siliconoids show their characteristic distorted structures and large distribution of 29Si nuclear
magnetic resonances. As the unsubstituted vertices are considered to be preferred reaction sites for
transformation of silicon clusters [23–25], investigation of thermal transformation of the siliconoids
would provide fundamental reactions that may contribute to improving our understanding of the
mechanism of the CVD process elemental silicon [26–30]. However, thermal transformation of
siliconoids is still scarce. Scheschkewitz et al. have reported thermal rearrangement, expansion,
and contraction of Si6Tip6 (Tip = 2,4,6-triisopropylphenyl) siliconoids [10,13,15–17,22].

Recently, we reported that thermal reaction of Si5R6 siliconoid 1 at 40 ◦C afforded Si8R8 siliconoids
4 and 6, the latter of which undergoes thermal isomerization to 4 upon extra heating (Scheme 1). In this
transformation, elimination of a silylene unit (SiR2, 2) from 1 generates disilene 3 and silylene 5, which
equilibrate with each other and dimerize to give 4 and 6, respectively [22]. As 4 has still highly
strained structures similar to 1, we examined further thermal reactions of 4. Herein, we report
thermal transformation of 4 giving new silicon clusters that involve highly distorted silicon atoms,
silicon–silicon double bonds, or unsubstituted silicon vertices. The observed drastic transformation
suggests that unsaturated molecular silicon clusters have a great potential to provide various molecular
silicon clusters bearing unprecedented structures and properties.
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Scheme 1. Thermal transformation of 1. R = SiMe3.

2. Results

2.1. Thermal Reactions of 4

Upon heating 4 at 75 ◦C in benzene-d6, new silicon clusters with unprecedented silicon
frameworks 7, 8, and 9 were formed together with silylene 2 and its thermal isomerization product,
silene 10 (Scheme 2). Compounds 7 and 8 are isomers of 4 and 6 bearing the formula of Si8R8, while 9
is a contracted Si7R6 cluster. Formation of 9 is consistent with concomitant formations of SiR2 units (2
and 10). The time course of the product yields monitored by 1H NMR spectrum (see Figure S16 in the
Supplementary Materials) indicated that 7 was initially formed and then 8 and 9 were generated in
this reaction: after heating for 3 h, 7, 8, and 9 were observed in 26%, 3%, and 28% yields, respectively,
while 19 h later, 7 disappeared and 8 and 9 were observed in 6% and 59% yields, respectively. Silicon
clusters 7, 8, and 9 are moisture and air sensitive and isolated by careful recrystallization of the reaction
mixture. Details of the structures of 7–9 will be discussed in the subsequent sections.
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Scheme 2. Thermal transformation of 4. R = SiMe3.

Interestingly, thermal reaction of pure 7 at 60 ◦C in benzene-d6 provided not only 8 and 9 but also
4. This result indicates that isomerization between 4 and 7 is reversible at 60 ◦C in solution, though
we are not able to distinguish whether 8 and 9 were formed from 4 directly or via 7. While 8 remains
intact after heating even at 80 ◦C for 10 h in benzene-d6, 9 was decomposed together with formation of
10 under the same conditions as monitored by 1H NMR spectroscopy.

2.2. Molecular Structure of 7

XRD analysis exhibits that 7 has unsubstituted vertices at the Si3 and Si4 atoms that
were shared by the bicyclo[1.1.0]tetrasilane moiety [Si1, Si2, Si3, and Si4] similar to 4 and the
tricyclo[2.2.0.02,5]hexasilane moiety [Si3, Si4, Si5, Si6, Si7, and Si8] (Figure 1). The Si3 and Si4 atoms
adopt a highly distorted umbrella geometry which is very far from the typical tetrahedral configuration:
the bond angles vary from 57.47(2)◦ [Si2–Si3–Si4] to 149.57(3)◦ [Si1–Si3–Si6] around the Si3 atom and
from 56.02(2)◦ [Si2–Si4–Si3] to 140.10(3)◦ [Si2–Si4–Si5] around the Si4 atom. The distance between Si3
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and Si4 [2.5477(8) Å] is longer than typical Si–Si single bond length [ca. 2.36 Å] [31] and those of the
other Si–Si bonds in the silicon skeleton of 7 [2.3037(8)–2.4618(7) Å] but close to the distance between
bridgehead unsubstituted silicon atoms in hexamesitylpentasila[1.1.1]propellane 11 [2.636(1) Å] [18]
and siliconoids such as 12 [2.7076(8) Å] [13,14] (Figure 2).
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Figure 1. ORTEP drawing of 7 (atomic displacement parameters set at 50% probability; hydrogen atoms
and thermal ellipsoids of selected carbon and silicon atoms omitted for clarity). Selected distances
[Å] and angles [◦]: Si1–Si2 2.3684(7), Si1–Si3 2.3798(8), Si2–Si3 2.3037(8), Si2–Si4 2.3422(8), Si3–Si4
2.5466(8), Si4–Si5 2.4005(8), Si4–Si7 2.4240(7), Si5–Si6 2.3563(8), Si5–Si8 2.4441(7), Si6–Si7 2.3440(8),
Si7–Si8 2.4618(7), Si1–Si2–Si3–Si4 122.48(3).
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Figure 2. Related silicon clusters and a disilene. Mes = 2,4,6-trimethylphenyl, Tip = 2,4,6-
triisopropylphenyl, R = SiMe3.

The 1H NMR spectrum of 7 indicates a facile flipping of the bicyclo[1.1.0]tetrasilane moiety (Si1,
Si2, Si3, and Si4) in solution on the NMR time scale: two t-Bu groups on Si5 and Si7 atoms were
equally observed and four singlet signals for SiMe3 groups on the terminal five-membered rings were
observed with the same integral ratio. In the 29Si NMR spectrum of 7, a large distribution of chemical
shifts [δSi = −191.9 (Si4), −66.3 (Si6), −20.0 (Si3), −12.0 (Si5, Si7), 7.5 (Si2), 42.2 (Si1), 64.7 (Si8) ppm]
were observed similar to those observed for the reported siliconoids [13,14,18].

The UV–Vis spectrum of 7 in hexane exhibits several absorption bands tailed to ca. 600 nm with
several shoulders as found in those of other molecular silicon clusters. The longest wavelength’s
absorption maximum was observed at 492 nm (ε 1400) (Figure 3). Judging from the results of
the TD-DFT calculation of 7 at the B3LYP/6-311G(d)//B3PW91-D3/6-31G(d) level of theory (7opt),
the band at 492 nm can be assigned to the transition from HOMO to LUMO. As shown in Figure 3b,
HOMO and LUMO are mainly the σ and σ* orbitals of the Si3–Si4 bond with the highly distorted
geometry which is the longest Si–Si distance in the silicon framework as mentioned above.



Inorganics 2018, 6, 107 4 of 12

Inorganics 2018, 6, x FOR PEER REVIEW  4 of 11 

 

 

Figure 3. (a) UV–Vis spectrum of 7 in hexane at room temperature. (b) Frontier Kohn–Sham orbitals 

of 7 at the B3LYP-D3/6-311G(d)//B3PW91-D3/6-31G(d) level of theory (isosurface value = 0.05 e−/Å 3). 

2.3. Molecular Structure of 8 

Although purification of 8 was very difficult because of its very low yield, a few single crystals 

of 8 were luckily obtained after recrystallization from hexane. Accordingly, 8 was characterized by 

only XRD analysis and 1H NMR spectroscopy. XRD analysis exhibits that it has two silicon–silicon 

double bonds at both sides of a tricyclo[2.2.0.02,5]hexasilane framework (Figure 4). The double-bond 

silicon atoms Si1, Si2, Si5, and Si6 lie on the crystallographic C2 axis. The Si1–Si2 [2.1570(12) Å ] and 

Si5–Si6 [2.1641(12) Å ] distances are within the range of the known silicon–silicon double bonds 

(2.118–2.289 Å ) [32,33] and these Si=Si double-bond planes are almost perpendicular to each other 

with the dihedral angle between the least-square plane of the terminal silacyclopentane rings of 87.3°. 

The Si–Si single bond distances in the central tricyclo[2.2.0.02,5]hexasilane skeleton [2.3496(8)–

2.3641(9) Å ] are similar to that of typical Si–Si single bonds (ca. 2.36 Å )[31] and reported 

tricyclo[2.2.0.02,5]hexasilanes [2.33–2.47 Å ] [13,34–36]. 

 

Figure 4. ORTEP drawing of 8 (atomic displacement parameters set at 50% probability; hydrogen 

atoms and thermal ellipsoids of selected carbon and silicon atoms omitted for clarity). Selected 

distances [Å ] and angles [°]: Si1–Si2 2.1570(12), Si2–Si3 2.3570(9), Si3–Si4 2.3496(8), Si4–Si5 2.3641(9), 

Si5–Si6 2.1641(12), Si1–Si2–Si3 142.020(19), Si3–Si2–Si3* 75.96(4), Si2–Si3–Si4 90.74(3), Si3–Si4–Si5 

91.17(3), Si4–Si5–Si6 142.41(2), Si1–Si2–Si3–Si4 142.134(19), Si2–Si3–Si4–Si5 128.51(2). 

In the UV–Vis spectrum of 8 in hexane, a distinct absorption band (λmax 451 nm) with a shoulder 

band (500 to 600 nm) was observed in the visible region (Figure 5a). This band is considerably 

redshifted compared to that observed for a structurally related bis(disilene) in which two Si=Si double 

bonds were connected by a Si−Si bond (13, λmax = 403 nm, Figure 2). DFT calculation suggested that 

the band in the visible region would be overlapped by a few bands due to π(Si=Si) to π*(Si=Si) 

transitions. For compound 8 optimized at the B3PW91-D3/6-31G(d) level of theory (8opt), HOMO 

(−4.47 eV) and HOMO−1 (−4.50 eV) are π(Si=Si) orbitals, while LUMO (−1.47 eV) and LUMO+1 (−1.17 

eV) are π*(Si=Si) orbitals (Figure 5b). While HOMO and HOMO−1 are almost degenerated, the 

difference in energy between LUMO and LUMO+1 was relatively large (0.30 eV). This large energy 

Figure 3. (a) UV–Vis spectrum of 7 in hexane at room temperature. (b) Frontier Kohn–Sham orbitals of
7 at the B3LYP-D3/6-311G(d)//B3PW91-D3/6-31G(d) level of theory (isosurface value = 0.05 e−/Å3).

2.3. Molecular Structure of 8

Although purification of 8 was very difficult because of its very low yield, a few single crystals
of 8 were luckily obtained after recrystallization from hexane. Accordingly, 8 was characterized by
only XRD analysis and 1H NMR spectroscopy. XRD analysis exhibits that it has two silicon–silicon
double bonds at both sides of a tricyclo[2.2.0.02,5]hexasilane framework (Figure 4). The double-bond
silicon atoms Si1, Si2, Si5, and Si6 lie on the crystallographic C2 axis. The Si1–Si2 [2.1570(12)
Å] and Si5–Si6 [2.1641(12) Å] distances are within the range of the known silicon–silicon double
bonds (2.118–2.289 Å) [32,33] and these Si=Si double-bond planes are almost perpendicular to each
other with the dihedral angle between the least-square plane of the terminal silacyclopentane
rings of 87.3◦. The Si–Si single bond distances in the central tricyclo[2.2.0.02,5]hexasilane skeleton
[2.3496(8)–2.3641(9) Å] are similar to that of typical Si–Si single bonds (ca. 2.36 Å) [31] and reported
tricyclo[2.2.0.02,5]hexasilanes [2.33–2.47 Å] [13,34–36].
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Figure 4. ORTEP drawing of 8 (atomic displacement parameters set at 50% probability; hydrogen atoms
and thermal ellipsoids of selected carbon and silicon atoms omitted for clarity). Selected distances
[Å] and angles [◦]: Si1–Si2 2.1570(12), Si2–Si3 2.3570(9), Si3–Si4 2.3496(8), Si4–Si5 2.3641(9), Si5–Si6
2.1641(12), Si1–Si2–Si3 142.020(19), Si3–Si2–Si3* 75.96(4), Si2–Si3–Si4 90.74(3), Si3–Si4–Si5 91.17(3),
Si4–Si5–Si6 142.41(2), Si1–Si2–Si3–Si4 142.134(19), Si2–Si3–Si4–Si5 128.51(2).

In the UV–Vis spectrum of 8 in hexane, a distinct absorption band (λmax 451 nm) with a shoulder
band (500 to 600 nm) was observed in the visible region (Figure 5a). This band is considerably
redshifted compared to that observed for a structurally related bis(disilene) in which two Si=Si double
bonds were connected by a Si−Si bond (13, λmax = 403 nm, Figure 2). DFT calculation suggested that the
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band in the visible region would be overlapped by a few bands due to π(Si=Si) to π*(Si=Si) transitions.
For compound 8 optimized at the B3PW91-D3/6-31G(d) level of theory (8opt), HOMO (−4.47 eV) and
HOMO−1 (−4.50 eV) are π(Si=Si) orbitals, while LUMO (−1.47 eV) and LUMO+1 (−1.17 eV) are
π*(Si=Si) orbitals (Figure 5b). While HOMO and HOMO−1 are almost degenerated, the difference in
energy between LUMO and LUMO+1 was relatively large (0.30 eV). This large energy difference would
result from considerable interaction between two π*(Si=Si) orbitals through the central silicon cage.
TD-DFT calculation of 8opt at the B3LYP/6-311G(d) [hexane]//B3PW91-D3/6-31G(d) level of theory
predicts that the major peak observed at 451 nm involves a combination of HOMO−1 to LUMO+1 and
HOMO to LUMO+1 transitions, while the shoulder band involves HOMO to LUMO and HOMO−1 to
LUMO transitions. The spectral feature of 8 is consistent with the substantial interactions between two
Si=Si double bonds through the central silicon cages.
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2.4. Molecular Structure of 9

The XRD analysis indicates that 9 is also a silicon cluster classified as a siliconoid having
unsubstituted vertices at Si2 and Si3 atoms with a hexasila[2.1.1]propellane skeleton in which two
wings (Si4 and Si5–Si6) are bridged by Si7 atom (Figure 6). To the best of our knowledge, this is the
first example of a silicon cluster having [2.1.1]propellane skeleton, although persilapropellane family
including hexamesitylpentasila[1.1.1]propellane 11 (Figure 2) [18] and its bridged siliconoids [13,14]
have been synthesized as isolable molecules. Cluster 9 can also be seen as a hexasilaprismane (Si2–Si7)
in which two skeletal silicon atoms (Si2 and Si3) are bridged by one silicon atom (Si1). The Si2 and Si3
atoms adopt an umbrella-type inverted tetrahedral geometry as observed for bridgehead silicon atoms
of pentasila[1.1.1]properanes [13,14,18]. The Si2–Si3 distance [2.6829(8) Å)] is comparable with the
distances between silicon atom with an umbrella geometry in hexamesitylpentasila[1.1.1]propellane 11
[2.636(1) Å] [18] and siliconoids such as 12 [2.7076(8) Å] (Figure 2) [13,14].

The 29Si NMR spectrum of 9 showed five signals due to skeletal silicon nuclei at −159.5 (Si2, Si3),
−60.3 (Si7), 2.3 (Si5, Si6), 26.5 (Si1), 123.3 (Si4) ppm, which were assigned on the basis of a 1H–29Si
HMBC spectrum. The highfield-shifted 29Si NMR resonance due to the unsubstituted vertices of 9
(δSi = −159.5) is similar to those of pentasila[1.1.1]propellane 11 [δSi = −273.2 [18]] and its bridged
siliconoid 12 [δSi = −274.2 [13]], while the considerably downfieldshift of Si4 nuclei in 9 resembles
that of 12 [δSi = 174.6] [13]. The geometry around the hexasilaprismane framework in 9 except for the
Si2 and Si3 atoms resembles to those of the reported hexasilaprismanes [10,36,37].
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Figure 6. ORTEP drawing of 9 (atomic displacement parameters set at 50% probability; hydrogen
atoms and thermal ellipsoids of selected carbon and silicon atoms omitted for clarity). Selected
distances [Å] and angles [◦]: Si1–Si2 2.3813(8), Si2–Si3 2.6829(8), Si2–Si4 2.3645(8), Si2–Si5 2.3738(8),
Si3–Si4 2.3566(8), Si3–Si6 2.3804(8), Si4–Si7 2.3051(8), Si5–Si6 2.3292(8), Si5–Si7 2.3435(9), Si6–Si7
2.3511(8), Si2–Si1–Si3 68.86(3), Si1–Si2–Si3 55.26(2), Si1–Si2–Si4 102.08(3), Si1–Si2–Si5 117.64(3),
Si4–Si2–Si5 88.85(3), Si1–Si3–Si2 55.88(2), Si1–Si3–Si4 102.85(3), Si1–Si3–Si6 115.41(3), Si4–Si3–Si6
88.32(3), Si1–Si2–Si3–Si4 142.33(4).

In the UV–Vis spectrum in hexane, 9 exhibits a distinct absorption band at 511 nm (ε 2700)
(Figure 7), which is similar to the absorption bands observed for siliconoids 11 and 12 (Figure 2)
but in contrast to those for hexasilaprismanes showing normally only weak absorption tailing to
500 nm [10,36,37]. TD-DFT calculation of 9 predicted that this band should be assigned to HOMO→
LUMO and HOMO−1→ LUMO transitions. HOMO−1 and LUMO involve mainly σ and σ* orbitals
of the interbridgehead Si2–Si3 bond with the umbrella geometry, while HOMO is σ orbitals of the
Si–Si bond in the silicon framework. The characteristic absorption band observed in 9 would result
from the presence of the unsubstituted silicon vertices with an inverted geometry.
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2.5. Theoretical Study

Although the detailed mechanism for transformation from 4 to 7–9 remains unclear at this moment,
it should be worthy to discuss the relative stability of Si8R8 isomers 4, 6, 7, 8. In Table 1, relative energies
of the clusters calculated at the B3PW91-D3/6-31G(d) level are shown and all optimized structures (4opt,
6opt, 7opt, 8opt, and 9opt) were in agreement with the experimentally observed structures. Formations
of 6opt and 7opt from 4opt are predicted to be very slightly endoergonic, while generation of 8opt
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and 9opt+2opt and from 4opt are exoergonic at 348.14 K, which is consistent with the experimental
results. In contrast to the predicted high thermal stability of 8opt, the yield of 8 was considerably low.
As silylene 2 decomposes quickly to 10 at 348 K [38], formation of 9 is expected to be irreversible under
the thermal conditions. The irreversible formation of 9 and the higher activation barrier for formation
of 8 compared to those for other reactions may be responsible for the low yield of 8. Although the
reason for the higher stability of 8opt compared to other isomers remains unclear, the absence of the
highly strained structure such as bicyclo[1.1.0]tetrasilane moiety and the umbrella geometry as found
in 4opt, 6opt, and 7opt may be mainly responsible for the relative stability of 8opt.

Table 1. Relative free energies for Si8R8 isomers calculated at the B3PW91-D3/6-31G(d) level of theory.

Compound ∆G(298.15 K) [kJ/mol] ∆G(348.15 K) [kJ/mol]

4opt 0.0 0.0
6opt +16.2 +14.6
7opt +14.2 +14.6
8opt −71.8 −77.5

9opt + 2opt +14.9 −0.1

It is also noteworthy to compare with other possible Si8R8 isomers. Theoretical study of Si8H8

species demonstrated that a silicon cluster bearing a bicyclo[1.1.0]butane moiety with C2 symmetry
(14H in Figure 8) has been located theoretically as the most stable isomer which is 30.9 kJ/mol lower in
energy than the second stable octasilacubane 15H at the B3LYP/6-31G(d) level of theory [39]. While
isolable Si8R8 species such as octasilacubane 15 [40–45] and octasilacuneane 16 [19] have been reported,
the Si8R8 clusters in our study such as 4, 6, 7, and 8 do not provide such stable isomers. Two silicon
vertices of the Si8R8 clusters in this study have two alkyl groups, while two silicon vertices are
unsubstituted, which would lead to a unique transformation reaction without involving the stable
isomers such as octacubane.

Inorganics 2018, 6, x FOR PEER REVIEW  7 of 11 

 

It is also noteworthy to compare with other possible Si8R8 isomers. Theoretical study of Si8H8 

species demonstrated that a silicon cluster bearing a bicyclo[1.1.0]butane moiety with C2 symmetry 

(14H in Figure 8) has been located theoretically as the most stable isomer which is 30.9 kJ/mol lower 

in energy than the second stable octasilacubane 15H at the B3LYP/6-31G(d) level of theory [39]. While 

isolable Si8R8 species such as octasilacubane 15 [40–45] and octasilacuneane 16 [19] have been 

reported, the Si8R8 clusters in our study such as 4, 6, 7, and 8 do not provide such stable isomers. Two 

silicon vertices of the Si8R8 clusters in this study have two alkyl groups, while two silicon vertices are 

unsubstituted, which would lead to a unique transformation reaction without involving the stable 

isomers such as octacubane.  

 

Figure 8. Examples of related Si8R8 isomers. 

3. Materials and Methods 

3.1. General Procedures 

All reactions treating air-sensitive compounds were carried out under nitrogen atmosphere 

using a high-vacuum line and standard Schlenk techniques, or a glove box, as well as dry and oxygen-

free solvents. NMR spectra were recorded on a Bruker Avance 500 FT NMR spectrometer (Bruker 

Japan, Yokohama, Japan). The 1H and 13C NMR chemical shifts were referenced to residual 1H and 
13C signals of the solvents, benzene-d6 (1H δ 7.16; 13C δ 128.0). The 29Si NMR chemical shifts were 

relative to Me4Si in ppm (δ 0.00). Sampling of air-sensitive compounds was carried out using a VAC 

NEXUS 100027 type glove box (Vacuum Atmospheres Co., Hawthorne, CA, USA). Reactions at low 

temperatures were performed by using an EYELA PSL-1400 cryobath (Tokyo Rikakikai Co, Ltd, 

Tokyo, Japan). UV–Vis spectra were recorded on a JASCO V-660 spectrometer (JASCO, Tokyo, Japan). 

3.2. Materials 

Benzene, benzene-d6, diethyl ether, hexane, tetrahydrofuran (THF), and toluene were dried over 

LiAlH4, and then distilled prior to use by using the vacuum line. Compound 4 was prepared 

according to the procedure reported in the literature [22]. 

3.3. Thermolysis of 4 

In a J. Young NMR tube, 4 (5.0 mg, 0.0044 mmol) was dissolved in benzene-d6 (0.5 mL). The 

mixture was heated for 22 h at 75 °C, monitored by 1H NMR spectroscopy (Figure S16). After heating 

the mixture for 3 h, compounds 7 (26%), 8 (3%), and 9 (28%) were formed (Figure S1). After heating 

for a total of 22 h, only 8 (6%) and 9 (59%) were observed (Figure S2). The yields of 7–9 were 

determined by 1H NMR spectroscopy using ferrocene as an internal standard. 

3.4. Isolation of 7 

In a Schlenk tube (30 mL) equipped with a magnetic stir bar, compound 4 (150 mg, 0.131 mmol) 

and benzene (15 mL) were placed. The reaction mixture was heated at 75 °C for 3 h. Benzene was 

removed in vacuo. Recrystallization from hexane at −35 °C gave 4. Recrystallization of the mother 

liquor from toluene at −35 °C gave cluster 7 as reddish orange crystals (11.4 mg, 0.0100 mmol) in 8.0% 

yield. 

7: reddish orange crystals; mp. 138 °C (decomp.); 1H NMR (C6D6, 500 MHz, 298 K) δ 0.40 (s, 18H, 

SiMe3), 0.45 (s, 18H, SiMe3), 0.46 (s, 18H, SiMe3), 0.52 (s, 18H, SiMe3), 1.52 (s, 18H, t-Bu), 1.53 (s, 9H, t-

Figure 8. Examples of related Si8R8 isomers.

3. Materials and Methods

3.1. General Procedures

All reactions treating air-sensitive compounds were carried out under nitrogen atmosphere using
a high-vacuum line and standard Schlenk techniques, or a glove box, as well as dry and oxygen-free
solvents. NMR spectra were recorded on a Bruker Avance 500 FT NMR spectrometer (Bruker Japan,
Yokohama, Japan). The 1H and 13C NMR chemical shifts were referenced to residual 1H and 13C signals
of the solvents, benzene-d6 (1H δ 7.16; 13C δ 128.0). The 29Si NMR chemical shifts were relative to Me4Si
in ppm (δ 0.00). Sampling of air-sensitive compounds was carried out using a VAC NEXUS 100027
type glove box (Vacuum Atmospheres Co., Hawthorne, CA, USA). Reactions at low temperatures were
performed by using an EYELA PSL-1400 cryobath (Tokyo Rikakikai Co, Ltd, Tokyo, Japan). UV–Vis
spectra were recorded on a JASCO V-660 spectrometer (JASCO, Tokyo, Japan).
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3.2. Materials

Benzene, benzene-d6, diethyl ether, hexane, tetrahydrofuran (THF), and toluene were dried over
LiAlH4, and then distilled prior to use by using the vacuum line. Compound 4 was prepared according
to the procedure reported in the literature [22].

3.3. Thermolysis of 4

In a J. Young NMR tube, 4 (5.0 mg, 0.0044 mmol) was dissolved in benzene-d6 (0.5 mL). The mixture
was heated for 22 h at 75 ◦C, monitored by 1H NMR spectroscopy (Figure S16). After heating the
mixture for 3 h, compounds 7 (26%), 8 (3%), and 9 (28%) were formed (Figure S1). After heating for a
total of 22 h, only 8 (6%) and 9 (59%) were observed (Figure S2). The yields of 7–9 were determined by
1H NMR spectroscopy using ferrocene as an internal standard.

3.4. Isolation of 7

In a Schlenk tube (30 mL) equipped with a magnetic stir bar, compound 4 (150 mg, 0.131 mmol)
and benzene (15 mL) were placed. The reaction mixture was heated at 75 ◦C for 3 h. Benzene was
removed in vacuo. Recrystallization from hexane at −35 ◦C gave 4. Recrystallization of the mother
liquor from toluene at −35 ◦C gave cluster 7 as reddish orange crystals (11.4 mg, 0.0100 mmol) in
8.0% yield.

7: reddish orange crystals; mp. 138 ◦C (decomp.); 1H NMR (C6D6, 500 MHz, 298 K) δ 0.40 (s, 18H,
SiMe3), 0.45 (s, 18H, SiMe3), 0.46 (s, 18H, SiMe3), 0.52 (s, 18H, SiMe3), 1.52 (s, 18H, t-Bu), 1.53 (s, 9H,
t-Bu), 1.57 (s, 9H, t-Bu), 1.94–2.00 (m, 4H, CH2), 2.03 (s, 4H, CH2); 13C NMR (C6D6, 125 MHz, 298 K) δ
4.8 (SiMe3), 5.8 (SiMe3), 6.2 (SiMe3), 6.6 (SiMe3), 17.5 (C), 19.5 (C), 20.6 (C), 26.8 (C), 32.0 (C(CH3)3),
32.3 (C), 33.4 (C(CH3)3), 34.2 (C), 35.1 (CH2), 35.6 (CH2), 35.9 (C(CH3)3), 36.3 (CH2); 29Si NMR (C6D6,
99 MHz, 298 K) δ −191.9 (Si4), −66.3 (Si8), −20.0 (Si2), −12.0 (Si5,Si7), 2.60 (SiMe3), 3.01 (SiMe3), 3.66
(2 × SiMe3), 7.53 (Si3), 42.2 (Si1), 64.7 (Si6); UV/vis (in hexane): λmax/nm (ε) 492 (1400), 405 (sh, 3100),
351 (sh, 6500); HRMS (APCI) m/z ([M]+ was not observed but [M + H + O2]+ was found probably
because 7 is so reactive that it was partially oxidized and/or hydrolyzed before injecting the sample
into the instrument) calcd for C48H117O2Si16: 1173.5356; found: 1173.5353; anal. calcd for C48H116Si16:
C, 50.45; H, 10.23; found: C, 50.83; H, 9.90.

3.5. Isolation of 8 and 9

In a Schlenk tube (30 mL) equipped with a magnetic stir bar, compound 4 (104.0 mg, 0.0910 mmol)
and benzene (15 mL) were placed. The reaction mixture was heated at 75 ◦C for 20 h. The volatiles
were removed in vacuo. Recrystallization from hexane at −35 ◦C gave 8 as an orange powder (2.6 mg,
0.0023 mmol) in 3% yield. Recrystallization of the mother liquor from diethyl ether at −35 ◦C gave 9
as red crystals (20.4 mg, 0.026 mmol) in 29% yield.

8: orange crystals; 1H NMR (C6D6, 500 MHz, 299 K) δ 0.39 (s, 72H, SiMe3), 1.71 (s, 36H, t-Bu), 1.98
(s, 8H, CH2); UV/vis (in hexane): λmax/nm (ε) 540 (sh, 1100), 451 (12000).

9: red crystals; mp. 164 ◦C (decomp); 1H NMR (C6D6, 500 MHz, 299 K) δ 0.31 (s, 18H, SiMe3),
0.54 (s, 18H, SiMe3) 1.30 (s, 18H, t-Bu), 1.35 (s, 9H, t-Bu), 1.39 (s, 9H, t-Bu), 1.90–2.06 (m, 8H, CH2); 13C
NMR (C6D6, 125 MHz, 300 K) δ 5.1 (SiMe3), 5.6 (SiMe3), 15.5 (C), 17.7 (C), 24.9 (C), 25.8 (C), 30.4 (C),
31.3 (C(CH3)3), 31.5 (C(CH3)3), 32.0 (C(CH3)3), 35.5 (CH2), 36.9 (CH2); 29Si NMR (C6D6, 99 MHz,
299 K) δ −159.5 (Si2, Si3), −60.3 (Si7), 2.3 (Si5, Si6), 3.6 (SiMe3), 5.3 (SiMe3), 26.5 (Si1), 123.3 (Si4);
UV/vis (in hexane): λmax/nm (ε) 511 (2700), 260 (28000); HRMS (APCI) m/z ([M]+ was missing but
[M + H3 + O4]+ was found probably because 9 is highly reactive and it was partially oxidized and/or
hydrolyzed before injecting the sample into the instrument) calcd for C32H79O4Si11: 835.3435; found:
835.3437; anal. calcd for C32H76Si11: C, 49.92; H, 9.95; found: C, 49.90; H, 9.81.
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3.6. X-ray Analysis

Recrystallization from toluene (7), hexane (8), and diethyl ether (9) at −35 ◦C gave single crystals
suitable for data collection. The single crystals coated by Apiezon® grease were mounted on the
glass fiber and transferred to the cold gas stream of the diffractometer. X-ray data were collected on a
BrukerAXS APEXII diffractometer (Bruker Japan, Yokohama, Japan) with graphite monochromated Mo
Kα radiation (λ = 0.71073 Å). The data were corrected for Lorentz and polarization effects. An empirical
absorption correction based on the multiple measurement of equivalent reflections was applied using
the program SADABS [46]. The structures were solved by direct methods and refined by full-matrix
least squares against F2 using all data (SHELXL-2014/7) [47]. CCDC-1863288–1863290 contain the
supplementary crystallographic data for this paper. These data can be obtained free of charge via
http://www.ccdc.cam.ac.uk/conts/retrieving.html (or from the CCDC, 12 Union Road, Cambridge
CB2 1EZ, UK; Fax: +44 1223 336033; E-mail: deposit@ccdc.cam.ac.uk).

7: CCDC-1863288; [code si302a]; 100 K; C48H116Si16·(C7H8)2.5; Fw 1373.17; triclinic; space group
P−1 (#2), a = 11.5327(18) Å, b = 17.883(3) Å, c = 21.560(3) Å, α = 69.416(2)◦, β = 85.458(2)◦, γ = 76.379(2)◦,
V = 4045.5(11) Å3, Z = 2, Dcalcd = 1.127 mg/m3, R1 = 0.0357 (I > 2σ(I)), wR2 = 0.0941 (all data),
GOF = 1.062.

8: CCDC-1863289: [code si303a]: 100 K; C48H116Si16; Fw 1142.84; monoclinic; space group C2/c
(#15), a = 21.538(2) Å, b = 17.9167(19) Å, c = 20.792(3) Å, β = 118.8750(10)◦, V = 7026.1(15) Å3, Z = 4,
Dcalcd = 1.080 mg/m3, R1 = 0.0363 (I > 2σ(I)), wR2 = 0.0910 (all data), GOF = 1.077.

9: CCDC-1863290: [code si301a]; 100 K; C32H76Si11; Fw 769.92; orthorhombic; space group Pbca
(#61), a = 11.3287(13) Å, b = 17.976(2) Å, c = 46.325(5) Å, V = 9433.6(19) Å3, Z = 8, Dcalcd = 1.084 mg/m3,
R1 = 0.0377 (I > 2σ(I)), wR2 = 0.0839 (all data), GOF = 1.111.

3.7. Theoretical Study

All theoretical calculations were performed using a Gaussian 09 [48] and GRRM14
programs [49,50]. Geometry optimization of 2, 4, 6, 7, 8, and 9 (2opt, 4opt, 6opt, 7opt, 8opt, and 9opt)
were carried out at the B3PW91-D3/6-31G(d) level of theory. The atomic coordinates of all optimized
structures were summarized in a .xyz file (optimized structures.xyz).

4. Conclusions

Si8R8 cluster 4 transforms into novel silicon clusters 7, 8, and 9, bearing unprecedented silicon
frameworks accompanied by elimination of the R2Si (silylene) unit under a mild thermal condition.
Reversible isomerization between 4 and 7 was observed. XRD analyses exhibit that both 7 and 9
have two unsubstituted skeletal silicon atoms classified as siliconoids, while 8 has two Si=Si double
bonds. A large dispersion of 29Si chemical shifts was observed for 7 and 9 as found in the reported
siliconoids. The observed transformation of molecular silicon clusters involving substantially different
molecular structures and electronic properties suggests that unsaturated molecular silicon clusters
have a great potential to provide various molecular silicon clusters bearing unprecedented structures
and properties.

Supplementary Materials: The following are available online at http://www.mdpi.com/2304-6740/6/4/107/s1,
Figures S1–S15: NMR spectra of 7–9, Figure S16: Time course of the product yields during thermolysis of 7,
Figures S17–S19: UV–Vis spectra of 7–9, Tables S1–S5: Transition Energy, Wavelength, and Oscillator Strengths
of the Electronic Transition of 4opt, 6opt-9opt, a xyz file (“optimized structures.xyz”): the atomic coordinates and
energies of 4opt, 6opt-9opt. Cif and checkCif files.
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