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Abstract: The one-pot synthesis of an unsymmetrical double-decker siloxane with a novel structure
via the reaction of double-decker tetrasodiumsilanolate with 1 equiv. of dichlorotetraphenyldisiloxane
in the presence of an acid is reported herein for the first time. The target compound bearing all phenyl
substituents on the unsymmetrical siloxane structure was successfully obtained, as confirmed by
TH-NMR, 3C-NMR, ’Si-NMR, IR, MALDI-TOF, and X-ray crystallography analyses. Additionally,
the thermal properties of the product were evaluated by TG/DTA and compared with those of other
siloxane cage compounds.

Keywords: basket shape; unsymmetrical structure; functional siloxane; all phenyl groups;
well-defined compound

1. Introduction

Many scientists have been interested in silsesquioxane cage materials with a well-defined
structure because such materials have a low dielectric constant and excellent thermal stability [1-7].
Additionally, these compounds find a wide range of applications in polymers [8-11], sensors [12],
catalysis [7-9,13], organic light-emitting diodes [14], host-guest complexes [15,16], and porous
materials [17]. Most of the double-decker silsesquioxanes (DDSQ) [10,11,14,18-26] and polyhedral
oligomeric silsesquioxanes [7-9,12,13,15-17,27-29] have a symmetrical structure with the same organic
functional group on both sides. In contrast, only a few studies on unsymmetrical silsesquioxane or
siloxane cages have been reported because of the difficulty in obtaining a perfect Janus structure
via a simple hydrolytic condensation of two organomonosilane precursors. Due to its unique
chemical/physical properties related to type, number, and position of organic functional groups on
a single molecule, the synthesis of asymmetrical structures has recently become an essential subject
in chemistry [30-35]. Since the first report by the Laine group [30], to the most recent by the Kuroda
group [31], on the synthesis of Janus cube octasilsesquioxane by the hydrolytic condensation of
trimethoxy groups on cyclotetrasiloxanes rings, only our group has successfully synthesized a Janus
cube from two different organic functional groups on cyclotetrasiloxane precursors [32]. Furthermore,
we also expanded to the synthesizing of an elongated core-sized Lantern Cage siloxane with the
similar capping reaction between tetrakis(bromodimethylsiloxy)tetraphenylcyclotetrasiloxane and
cyclotetrasiloxanetetraol [33].

Recently, the Maleczka Jr. and Lee group obtained an unsymmetrical DDSQ with the introduction
of a trichloromethylsilane on one side of the DDSQ. This caused difficulty in controlling the synthesis,
and purification required a vast difference in polarity between the product and the undesired
compound [34]. One year later, this group succeeded in synthesizing an unsymmetrical DDSQ by using
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p-MeO-C¢H,4B(OH); as the protecting group for each side of the reactive silanol group [35]. Developing
an effective synthesis procedure for unsymmetrical DDSQ materials remains an interesting topic.

To date, the synthetic pathway of a novel unsymmetrical cage with one-side capping as a model
compound for highly regulated silsesquioxanes has not been studied. Meanwhile, a siloxane material
bearing phenyl groups has attracted attention for photochemical applications because of its high
refractive index and high temperature stability [18,36]. In this work, we prepared a novel well-defined
unsymmetrical DDSQ via the formation of DDSQ-ONa with 1 equiv. of dichlorotetraphenyldisiloxane
(CIPh;Si),0 for the first time. This method allows for control of the unsymmetrical closed-cage
DDSQ structure with a disiloxane substituent, in addition to being simple and inexpensive; moreover,
the reaction proceeds to completion in a short time, with the chloride ligand being an excellent
leaving group.

2. Results and Discussion

Dichlorodisiloxane 1 [37] was freshly prepared by the hydrolytic condensation of
dichlorodiphenylsilane in the presence of water for 3 h. The product obtained after distillation
was a viscous colorless oil in 35% yield. The synthesis procedure for DDSQ-ONa (2) is described in
detail in previous reports [19,21,38]. A 2-propanol solution of trimethoxyphenylsilane with NaOH and
water was refluxed for 4 h, followed by continuous stirring at room temperature for 15 h. After filtration,
a white solid was obtained in 58% yield. Afterward, unsymmetrical DDSQ (3) was synthesized by a
capping reaction between 2 and 1 to obtain the closed DDSQ TgD,-Ph structure, as shown in Scheme 1.
Compound 1 was slowly added to the reaction mixture of 2 in 1:1 molar ratio and stirred at room
temperature to obtain the expected intermediate, one-side capped DDSQ, with the residual reactive
siloxanolate group (Si-O~). After 3 h, an acid was directly added to the reaction mixture to induce
a one-pot reaction, and hydrolytic condensation led to the formation of 3 since heating at 60 °C for
1 h. Subsequent to the extraction and drying of the crude product, a significant challenge in product
purification was isolation from several unwanted byproducts. Compound 3 was isolated as a white
solid in 15% yield by column chromatography (CHClz/hexane: 4:6; R¢ = 0.41). The desired compound
was not moisture-sensitive and could be recrystallized by slow evaporation from a CH;Cl,/2-propanol
(1:1) solvent mixture to obtain colorless crystals in 12% yield. The structure of the compound was
determined based on spectroscopic data and X-ray crystallography.
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Scheme 1. Synthesis of unsymmetrical double-decker silsesquioxanes (DDSQ) (3).

The 'NMR spectrum of 3 in CDCl; (Figure S1) supports the proposed structure of 3 with
proton resonances around 7.13-7.60 ppm attributed to the phenyl groups. Spectra of '3C (Figure S2)
and ¥C DEPT-90 (Figure S3) NMR showed resonances for the phenyl carbons at 127.5-134.5 ppm.
The 2Si{!H}-NMR spectrum of 3 (Figure 1) showed four singlet signals at —45.4, =76.6, =78.2, and
—78.4 ppm assignable to four types of silicon atoms in a cage. Silicon resonance signals at —76.6, =78.2,
and —78.4 ppm, which were derived from DDSQ, were shifted significantly upfield relative to the T
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type silicon, while the introduction of tetraphenyldisiloxane showed a downfield-shifted signal at
—45.4 ppm [18,37]. The 2Si-NMR chemical shifts of related compounds are summarized in Table 1.
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Figure 1. 2Si{'H}-NMR (119.2 MHz, CDCl3) spectrum of 3 with labeled silicon positions.

Table 1. 2°Si{'H}-NMR data of all-phenyl siloxane compounds.

Compound Si Unit Type Signal (ppm)
Tg-Ph [39] T -78.4
T1p-Ph [40] T -77.0, =80.6
sym-DDSQ-Ph (TgD5) [18,38] T,D -45.4,-78.1, -79.4
(CIPh,Si),0 [37] D -186
3 T,D -45.4,-76.6,-78.2, -78.4

The IR spectrum of 3 was shown in Figure S6. Strong Si-O-Si stretching absorption [18] at 1090 and
1113 cm™! confirmed that the DDSQ core consisted of disiloxane, which was unperturbed even after
acid addition during the synthesis. Meanwhile, notable absorption bands appeared at 3007-3072 cm ™!
(Ar-H) and 1134 cm™! (Si-Ph). Additionally, the structure of 3 was supported by the MALDI-TOF mass
spectrum (Figure S5), which showed molecular ions at m/z 1452.48 g mol~! [M + Na]*, calculated value
1452.16.

The crystal structure (Figure 2) from X-ray crystallography analysis strongly supported the
formation of 3. There are two different siloxane bonds (Si-O-5i) that differ in their positions linked
to two decks of tetracyclic siloxane: 1) Si(2)-O(5)-Si(6) and Si(4)-O(7)-5i(8), which connect the pairs
of cyclotetrasiloxane decks in the middle; and 2) Si(3)-O(6)-5i(7), which join at the end positions.
The average Si-Si distances are 3.220(3) and 3.237(6) A, which fall within the range commonly found
in siloxanes. Moreover, the average Si-O-5Si angle in 3 is about 144.9(4)-165.2(5) A, which is larger
than that of Tg-Ph (149(5) A) [40] and symmetrical double-decker silsesquioxanes (140.1(1)-165.2(1)
A) [18] due to the constraints imposed by the ring structure. In these three cases, the Si-O-Si bonds
are linked to form a six-faced well-defined structure, but compound 3 forms a structure with eight-
and twelve-membered rings. These results show that bond expansion occurred due to the disiloxane
linkage. The resulting structure is similar to a basket in the view of DDSQ as the core and the flexible
disiloxane as the handle.
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Figure 2. X-ray crystallography data. (a) ORTEP (Oak Ridge Thermal- Ellipsoid Plot Program) diagram
of 3 in perspective view. Ellipsoids are drawn at the 30% probability level. Hydrogen atoms are omitted
for clarity. Black: carbon; blue: silicon; red: oxygen; green: chlorine. (b) Side view of 3 with number
labels. Hydrogen atoms and phenyl rings are omitted for clarity. Yellow: silicon; red: oxygen.

Thermogravimetric analysis (TGA) of 3 (Figure 3) was performed under air at a heating rate
of 10 °C/min, over the temperature range of 30 °C to 1000 °C. The Tds (5% weight loss) values in
Table 2 show that this material has high thermal stability up to 417 °C, but its stability is significantly
lower than that of the octaphenylsilsesquioxane (Tg-Ph) with a symmetrical cage structure and
di(diphenylsilyl)-bridged double-decker octaphenylsilsesquioxane (Sym-TgD;-Ph) because of the
loose structural packing. At a high temperature of 1000 °C, a small amount of residual silica is left;
about 22%, was observed. It is noteworthy that compound 3 showed similar thermal stability to
Tg-Ph even containing p-siloxane moiety. This fact also indicates that 3 is the promising precursor of
thermally-stable well-defined materials.
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Figure 3. TG/DTA results obtained under nitrogen atmosphere. Heating rate is 10 °C/min.

Table 2. TG/DTA results obtained under nitrogen atmosphere.

Compound Si+O Ratio (%) Tds5 (°C) Residue at 1000 °C (%)

Tg-Ph [18] 40 439 >0
sym-DDSQ-Ph (TgDy) 35 425 N/A
[18]
3 35 417 22
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3. Materials and Methods

3.1. Materials and Instruments

Reaction solvents: toluene, 2-propanol, and tetrahydrofuran (THF) were purchased from FUJIFILM
Wako Chemical Industry, Ltd. (Osaka, Japan). Pure phenyltrimethoxysilane and dichlorodiphenylsilane
were purchased from Tokyo Chemical Industry Co., Ltd. (Tokyo, Japan) and used without
further purification. Sodium hydroxide was purchased from Kanto Chemical Co. Inc. (Tokyo,
Japan). Triethylamine was distilled and stored over potassium hydroxide under argon atmosphere,
with protection from light. Toluene was dried over calcium hydride (CaH;) and stored under argon
atmosphere with 4 A activated molecular sieves until use.

Fourier transform nuclear magnetic resonance (NMR) spectra were recorded on JEOL JNM-ECA
(Tokyo, Japan) 400 ('H at 399.78 MHz) and JEOL JNM-ECS 600 (*3C at 150.91 MHz and ?°Si at
119.24 MHz) instruments, in CDCl3 using SiMe4 (TMS) as an internal standard. Chemical shifts were
reported as & units (ppm), and the residual solvent peaks were used as standards. Elemental analyses
were performed by the Center for Material Research by Instrumental Analysis (CIA), Gunma University,
Japan. MALDI-TOF mass analysis was carried out with a Shimadzu AXIMA Performance instrument
(Kyoto, Japan) using 2,5-dihydroxybenzoic acid (dithranol) as the matrix and AgNOj3 as the ion
source. Infrared spectra were obtained using a Shimadzu FTIR-8400S instrument. TGA analyses were
performed on a Rigaku thermal gravimetric analyzer (Thermoplus TG-8120, Tokyo, Japan). All samples
were heated from 30 °C to 1000 °C at a heating rate of 10 °C min~!, under N,. The crystal data were
collected on a Rigaku XtaLab P200 diffractometer with multi-layer mirror monochromated Mo K
radiation (A = 0.71075 A). The structures were solved by direct methods (SHELXS-974), and refined by
full-matrix least-squares procedures on F2 for all reflections (SHELXL-97). All the non-hydrogen atoms
were refined anisotropically. All hydrogens were positioned using AFIX instructions. All calculations
were carried out using Yadokari-XG2009 (Sendai, Japan).

3.2. Synthesis of Unsymmetrical TgD,, 3

1,3-Dichloro-1,1,3,3-diphenyldisiloxane ((Cl1Ph;Si),O, 1) and tetrasodiooctaphenyltetracyclo-
octasilsesquioxanolate (DDSQ-ONa, 2) were freshly prepared according to reported procedures [21,37].
Compound 1 (0.15 mL, 0.86 mmol) was added dropwise to a solution of (DDSQ-ONa, 2) (1.0 g, 0.86
mmol), triethylamine (0.24 mL, 1.72 mmol), and dried toluene (10 mL) over 15 min at 0 °C under
argon atmosphere. Stirring was further continued for 3 h at room temperature. Subsequently, 1 M
HCl (aq) (2 mL) in toluene (20 mL) was added to this solution and stirring was continued for 1 h at
60 °C. Then, the organic layer was washed with water (5 mL), aqueous sat. NaHCOj3 (5 mL), and water
(10 mL). The organic layer was dried over anhydrous Na;SOy, filtered, and evaporated. The crude
product was obtained as the mixture between the white solid of the target compound and the viscous
liquid of undesired byproduct. The target product (R¢ = 0.41) was isolated by column chromatography
(chloroform/hexane (4:6)) and recrystallized from a mixture of dichloromethane and 2-propanol (1:1)
to obtain colorless crystals (0.15 g; 12% yield).

Spectral data for 3: 'H-NMR (400 MHz, CDCl3): § 7.11-7.19 (m, 20H), 7.26-7.46 (m, 24H), 7.49-7.51
(m, 4H), 7.58-7.60 (m, 8H), 7.69-7.71 (m, 4H). 13C-NMR (150.9 MHz, CDCl3): § 127.46 (CH), 127.56
(CH), 127.70 (CH), 127.85 (CH), 129.88 (CH), 130.23 (CH), 130.31 (CH), 130.40 (C), 130.70 (CH), 131.98
(C), 133.97 (CH), 134.09 (CH, C; overlapped), 134.14 (CH), 134.43 (C), 134.48 (CH) ppm. 2Si-NMR
(119.2 MHz, CDCly): 5 —45.4, —76.6, =782, =78.4 ppm. IR (KBr): 494, 521, 696, 729, 741, 999, 1028,
1090, 1113, 1134, 1431, 1595, 3007, 3049, 3072 cm~'. MALDI-TOF MS (m/z): 1452.48 (IM + Na]*, calcd.
1452.16).

4. Conclusions

Tetraphenylsiloxyl-bridged double-decker octaphenylsilsesquioxane (3), an unsymmetrical DDSQ,
was successfully synthesized starting from DDSQ-ONa under mild conditions and characterized using
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various techniques. The Tds value of 3 at 417 °C indicated its high thermal stability. Because of its
unique structure within all-phenyl groups, this compound may be advantageous for the encapsulation
of ions and photochemical applications. Additionally, this simple synthesis protocol would be useful
as a prototype for the preparation of organofunctional siloxane compounds. The disiloxane precursor
with other reactive and/or unreactive organic functional groups could be introduced in the future.

Supplementary Materials: Additional characterization data are available as electronic supporting information:
Figure S1 "H-NMR (400 MHz, CDCl3) spectrum of 3; Figure S2 3C{'H}-NMR (150.9 MHz, CDCl3) spectrum

of 3; Figure S3 13C-DEPT-90 NMR (150.9 MHz, CDCl3) spectrum of 3; Figure S4 2°Si-{'H} NMR (119.2 MHz,
CDCl3) spectrum of 3; Figure S5 MALDI-TOF MS spectrum of 3; Figure S6 IR spectrum of 3; Figure S7 TG/DTA
thermogram of 3 at a heating rate of 10 °C/min under nitrogen; Figure S8 ORTEP diagram of 3 with atomic and
number labels; Figure S9 Packing diagram for 3; Table S1 Crystal data and structure refinement for 3; Table S2
Bond lengths [A] and bond angles [°] for 3.

Author Contributions: Conceptualization, R.K. and M.U.; methodology, R K.; validation, M.U. and N.T.; formal
analysis, RK. and N.T.; resources, M.U.; writing—original draft preparation, R.K.; writing—review and editing,
M.U. and N.T;; visualization, N.T.; supervision, M.U.; project administration, M.U.; funding acquisition, M.U.

Funding: This work was partly supported by the “Development of Innovative Catalytic Processes for Organosilicon
Functional Materials” project (PL: K. Sato) from the New Energy and Industrial Technology Development
Organization (NEDO). APC was sponsored by MDPL

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Soares, S.F,; Fernandes, T.; Trindade, T.; Daniel-da-Silva, A.L. Trimethyl Chitosan/Siloxane-Hybrid Coated
Fe30,4 Nanoparticles for the Uptake of Sulfamethoxazole from Water. Molecules 2019, 24, 1958. [CrossRef]
[PubMed]

2. Lyu,]J;Xu,K; Zhang, N.; Lu, C,; Zhang, Q.; Yu, L.; Feng, F; Li, X. In Situ Incorporation of Diamino Silane
Group into Waterborne Polyurethane for Enhancing Surface Hydrophobicity of Coating. Molecules 2019, 24,
1667. [CrossRef] [PubMed]

3. Xia, Z.; Alphonse, V.D.; Trigg, D.B.; Harrigan, T.P.; Paulson, ].M.; Luong, Q.T.; Lloyd, E.P.; Barbee, M.H.;
Craig, S.L. ‘Seeing’ Strain in Soft Materials. Molecules 2019, 24, 542. [CrossRef] [PubMed]

4. Wu, H.-W,; Hsiao, Y.-H.; Chen, C.-C.; Yet, S.-F,; Hsu, C.-H. A PDMS-Based Microfluidic Hanging Drop Chip
for Embryoid Body Formation. Molecules 2016, 21, 882. [CrossRef]

5. Islamova, R.M.; Dobrynin, M.V,; Ivanov, D.M.; Vlasov, A.V.; Kaganova, E.V.; Grigoryan, G.V.; Kukushkin, V.Y.
bis-Nitrile and bis-Dialkylcyanamide Platinum(II) Complexes as Efficient Catalysts for Hydrosilylation
Cross-Linking of Siloxane Polymers. Molecules 2016, 21, 311. [CrossRef]

6. Cintra, G.A.S,; Pinto, L.A.; Calixto, G.M.E,; Soares, C.P.; Von Zuben, E.D.S.; Scarpa, M.V.; Gremiao, M.P.D.;
Chorilli, M. Bioadhesive Surfactant Systems for Methotrexate Skin Delivery. Molecules 2016, 21, 231.
[CrossRef]

7. Kim, C.; Hong, ].H. Carbosilane and Carbosiloxane Dendrimers. Molecules 2009, 14, 3719-3730. [CrossRef]

8.  Kunthom, R.; Jaroentomeechai, T.; Ervithayasuporn, V. Polyhedral oligomeric silsesquioxane (POSS)
containing sulfonic acid groups as a metal-free catalyst to prepare polycaprolactone. Polymer 2017, 108,
173-178. [CrossRef]

9. Li J; Dong, F; Lu, L.; Li, H,; Xiong, Y.; Ha, C.-S. Raspberry-Like Polysilsesquioxane Particles with
Hollow-Spheres-on-Sphere Structure: Rational Design, Controllable Synthesis, and Catalytic Application.
Polymers 2019, 11, 1350. [CrossRef]

10. Sodkhomkhum, R.; Ervithayasuporn, V. Synthesis of poly(siloxane/double-decker silsesquioxane) via
dehydrocarbonative condensation reaction and its functionalization. Polymer 2016, 86, 113-119. [CrossRef]

11.  Xu, S.; Zhao, B.; Wei, K.; Zheng, S. Organic-inorganic polyurethanes with double decker silsesquioxanes in
the main chains: Morphologies, surface hydrophobicity, and shape memory properties. J. Polym. Sci. Phys.
2018, 56, 893-906. [CrossRef]

12.  Kunthom, R.; Piyanuch, P.; Wanichacheva, N.; Ervithayasuporn, V. Cage-like silsesequioxanes bearing
rhodamines as fluorescence ng+ sensors. J. Photochem. Photobiol. 2018, 356, 248-255. [CrossRef]


http://dx.doi.org/10.3390/molecules24101958
http://www.ncbi.nlm.nih.gov/pubmed/31117303
http://dx.doi.org/10.3390/molecules24091667
http://www.ncbi.nlm.nih.gov/pubmed/31035347
http://dx.doi.org/10.3390/molecules24030542
http://www.ncbi.nlm.nih.gov/pubmed/30717294
http://dx.doi.org/10.3390/molecules21070882
http://dx.doi.org/10.3390/molecules21030311
http://dx.doi.org/10.3390/molecules21020231
http://dx.doi.org/10.3390/molecules14093719
http://dx.doi.org/10.1016/j.polymer.2016.11.038
http://dx.doi.org/10.3390/polym11081350
http://dx.doi.org/10.1016/j.polymer.2016.01.044
http://dx.doi.org/10.1002/polb.24603
http://dx.doi.org/10.1016/j.jphotochem.2017.12.033

Molecules 2019, 24, 4252 70f8

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Mohapatra, S.; Chaiprasert, T.; Sodkhomkhum, R.; Kunthom, R.; Hanprasit, S.; Sangtrirutnugul, P.;
Ervithayasuporn, V. Solid-state Synthesis of Polyhedral Oligomeric Silsesquioxane-Supported N-Heterocyclic
Carbenes/Imidazolium salts on Palladium Nanoparticles: Highly Active and Recyclable Catalyst. Chem. Select
2016, 1, 5353-5357. [CrossRef]

Walczak, M.; Januszewski, R.; Majchrzak, M.; Kubicki, M.; Dudziec, B.; Marciniec, B. Unusual cis and trans
architecture of dihydrofunctional double-decker shaped silsesquioxane and synthesis of its ethyl bridged
m-conjugated arene derivatives. New J. Chem. 2017, 41, 3290-3296. [CrossRef]

Chanmungkalakul, S.; Ervithayasuporn, V.; Boonkitti, P.; Phuekphong, A.; Prigyai, N.; Kladsomboon, S.;
Kiatkamjornwong, S. Anion identification using silsesquioxane cages. Chem. Sci. 2018, 9, 7753-7765.
[CrossRef]

Aziz, E.Y,; Taylor, G.P; Bassindale, R.A.; Coles, J.S.; Pitak, B.M. Synthesis and Structures of Novel Molecular
Ionic Compounds Based on Encapsulation of Anions and Cations. Organometallics 2016, 35, 4004—4013.
[CrossRef]

Liu, H.; Liu, H. Selective dye adsorption and metal ion detection using multifunctional silsesquioxane-based
tetraphenylethene-linked nanoporous polymers. J. Mater. Chem. A 2017, 5, 9156-9162. [CrossRef]

Endo, H.; Takeda, N.; Unno, M. Synthesis and Properties of Phenylsilsesquioxanes with Ladder and
Double-Decker Structures. Organometallics 2014, 33, 4148-4151. [CrossRef]

Ervithayasuporn, V.; Sodkhomkhum, R.; Teerawatananond, T.; Phurat, C.; Phinyocheep, P.; Somsook, E.;
Osotchan, T. Unprecedented Formation of cis- and trans-Di[(3-chloropropyl)isopropoxysilyl]-Bridged
Double-Decker Octaphenylsilsesquioxanes. Eur. |. Inorg. Chem. 2013, 3292-3296. [CrossRef]

Kucuk, A.C.; Matsui, J.; Miyashita, T. Proton-conducting electrolyte film of double-decker-shaped polyhedral
silsesquioxane containing covalently bonded phosphonic acid groups. |. Mater. Chem. 2012, 22, 3853-3858.
[CrossRef]

Lee, D.W.; Kawakami, Y. Incompletely Condensed Silsesquioxanes: Formation and Reactivity. Polym. J. 2007,
39, 230-238. [CrossRef]

Mitula, K.; Duszczak, J.; Brzakalski, D.; Dudziec, B.; Kubicki, M.; Marciniec, B. Tetra-functional double-decker
silsesquioxanes as anchors for reactive functional groups and potential synthons for hybrid materials.
Chem. Commun. 2017, 53, 10370-10373. [CrossRef] [PubMed]

Schoen, B.W.; Holmes, D.; Lee, A. Identification and quantification of cis and trans isomers in aminophenyl
double-decker silsesquioxanes using 'H-?Si gHMBC-NMR. Magn. Reson. Chem. 2013, 51, 490-496.
[CrossRef] [PubMed]

Zak, P; Majchrzak, M.; Wilkowski, G.; Dudziec, B.; Dutkiewicz, M.; Marciniec, B. Synthesis and
characterization of functionalized molecular and macromolecular double-decker silsesquioxane systems.
RSC Adv. 2016, 6, 10054-10063. [CrossRef]

Tanaka, T.; Hasegawa, Y.; Kawamori, T.; Kunthom, R.; Takeda, N.; Unno, M. Synthesis of Double-Decker
Silsesquioxanes from Substituted Difluorosilane. Organometallics 2019, 38, 743-747. [CrossRef]

Liu, Y,; Takeda, N.; Ouali, A.; Unno, M. Synthesis, Characterization, and Functionalization of Tetrafunctional
Double-Decker Siloxanes. Inorg. Chem. 2019, 58, 4093-4098. [CrossRef]

Chimjarn, S.; Kunthom, R.; Chancharone, P.; Sodkhomkhum, R.; Sangtrirutnugul, P.; Ervithayasuporn, V.
Synthesis of aromatic functionalized cage-rearranged silsesquioxanes (Tg, T1g, and Ty) via nucleophilic
substitution reactions. Dalton. Trans. 2015, 44, 916-919. [CrossRef]

Endo, H.; Takeda, N.; Takanashi, M.; Imai, T.; Unno, M. Refractive Indices of Silsesquioxanes with Various
Structures. Silicon 2014, 7, 127-132. [CrossRef]

Ervithayasuporn, V.; Tomeechai, T.; Takeda, N.; Unno, M.; Chaiyanurakkul, A.; Hamkool, R.; Osotchan, T.
Synthesis and Characterization of Octakis(3-propyl ethanethioate)octasilsesquioxane. Organometallics 2011,
30, 4475-4478. [CrossRef]

Asuncion, M.Z.; Ronchi, M.; Abu-Seir, H.; Laine, R.M. Synthesis, functionalization and properties of
incompletely condensed “half cube” silsesquioxanes as a potential route to nanoscale Janus particles.
C. R. Chim. 2010, 13, 270-281. [CrossRef]

Sugiyama, T.; Shiba, H.; Yoshikawa, M.; Wada, H.; Shimojima, A.; Kuroda, K. Synthesis of Polycyclic
and Cage Siloxanes by Hydrolysis and Intramolecular Condensation of Alkoxysilylated Cyclosiloxanes.
Chem. Eur. ]. 2019, 25, 2764-2772. [CrossRef] [PubMed]


http://dx.doi.org/10.1002/slct.201600878
http://dx.doi.org/10.1039/C7NJ00255F
http://dx.doi.org/10.1039/C8SC02959H
http://dx.doi.org/10.1021/acs.organomet.6b00565
http://dx.doi.org/10.1039/C7TA01255A
http://dx.doi.org/10.1021/om500010y
http://dx.doi.org/10.1002/ejic.201300283
http://dx.doi.org/10.1039/c2jm15779a
http://dx.doi.org/10.1295/polymj.PJ2006169
http://dx.doi.org/10.1039/C7CC03958A
http://www.ncbi.nlm.nih.gov/pubmed/28875210
http://dx.doi.org/10.1002/mrc.3962
http://www.ncbi.nlm.nih.gov/pubmed/23712940
http://dx.doi.org/10.1039/C5RA20848C
http://dx.doi.org/10.1021/acs.organomet.8b00896
http://dx.doi.org/10.1021/acs.inorgchem.9b00416
http://dx.doi.org/10.1039/C4DT02941K
http://dx.doi.org/10.1007/s12633-014-9239-6
http://dx.doi.org/10.1021/om200477a
http://dx.doi.org/10.1016/j.crci.2009.10.007
http://dx.doi.org/10.1002/chem.201805942
http://www.ncbi.nlm.nih.gov/pubmed/30600848

Molecules 2019, 24, 4252 80f8

32.

33.

34.

35.

36.

37.

38.

39.

40.

Oguri, N.; Egawa, Y.; Takeda, N.; Unno, M. Janus-Cube Octasilsesquioxane: Facile Synthesis and Structure
Elucidation. Angew. Chem. Int. Ed. 2016, 55, 9336-9339. [CrossRef] [PubMed]

Uchida, T,; Egawa, Y.; Adachi, T.; Oguri, N.; Kobayashi, M.; Kudo, T.; Takeda, N.; Unno, M.; Tanaka, R.
Synthesis, Structures, and Thermal Properties of Symmetric and Janus “Lantern Cage” Siloxanes. Chem. Eur.].
2019, 25, 1683-1686. [CrossRef] [PubMed]

Vogelsang, D.F,; Dannatt, J.E.; Maleczka, R.E.; Lee, A. Separation of asymmetrically capped double-decker
silsesquioxanes mixtures. Polyhedron 2018, 155, 189-193. [CrossRef]

Barry, B.-D.; Dannatt, ].E.; King, A.K.; Lee, A.; Maleczka, R.E. A general diversity oriented synthesis of
asymmetric double-decker shaped silsesquioxanes. Chem. Commun. 2019, 55, 8623-8626. [CrossRef]

Kim, J.-S.; Yang, S.; Bae, B.-S. Thermally Stable Transparent Sol-Gel Based Siloxane Hybrid Material with
High Refractive Index for Light Emitting Diode (LED) Encapsulation. Chem. Mater. 2010, 22, 3549-3555.
[CrossRef]

Seki, H.; Abe, Y.; Guniji, T. Stereochemistry of the reaction of cis,trans,cis-2,4,6,8-tetraisocyanato-2,4,6,8-
tetramethylcyclotetrasiloxane with triphenylsilanol and 1,1,3,3-tetraphenyldisiloxane-1,3-diol. J. Organomet.
Chem. 2011, 696, 846-851. [CrossRef]

Kunthom, R.; Adachi, T,; Liu, Y.; Takeda, N.; Unno, M.; Tanaka, R. Synthesis of ‘butterfly cage” based on
double-decker silsesquioxane. Chem. Asian. J. 2019, (in press). [CrossRef]

Kozelj, M; Orel, B. Synthesis of polyhedral phenylsilsesquioxanes with KF as the source of the fluoride ion.
Dalton Trans. 2008, 5072. [CrossRef]

Chinnam, P.R.; Gau, M.R.; Schwab, J.; Zdilla, M.].; Wunder, S.L. The polyoctahedral silsesquioxane (POSS)
1,3,5,7,9,11,13,15-octaphenylpentacyclo [9.5.1.13'9.15'15.17'13]octasiloxane (octaphenyl-POSS). Acta. Cryst.
2014, C70,971-974. [CrossRef]

Sample Availability: Samples of the compounds are not available from the authors.

@ © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1002/anie.201602413
http://www.ncbi.nlm.nih.gov/pubmed/27225052
http://dx.doi.org/10.1002/chem.201805200
http://www.ncbi.nlm.nih.gov/pubmed/30511778
http://dx.doi.org/10.1016/j.poly.2018.08.016
http://dx.doi.org/10.1039/C9CC03972D
http://dx.doi.org/10.1021/cm100903b
http://dx.doi.org/10.1016/j.jorganchem.2010.10.013
http://dx.doi.org/10.1002/asia.201901361R2
http://dx.doi.org/10.1039/b804224a
http://dx.doi.org/10.1107/S2053229614019834
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results and Discussion 
	Materials and Methods 
	Materials and Instruments 
	Synthesis of Unsymmetrical T8D2, 3 

	Conclusions 
	References

