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Synthesis of Tetrachloro, Tetraiodo, and Tetraazido Double-Decker Siloxanes

A convenient and scalable (gram-scale) route to unprecedented T8D2-DDSQs bearing four chloro-(3b) or four azido (5b) groups is reported. Both compounds were characterized and proved to undergo successfully nucleophilic substitution for 3b (with iodide or azide) and coppercatalyzed azide-alkyne [3+2] cycloaddition for 5b. All these transformations occurred under mild conditions and the corresponding DDSQs were prepared in very high yields. Beyond the enhanced multivalency as compared to the previously described di-substituted D2T8 structures, the reported tetra-functional DDSQs are formed as a single isomer and readily isolated in very high yields.

Moreover, the tetra-azido DDSQ 5b constitutes a multipurpose nano-building block for the further preparation of new inorganic-organic hybrid materials where the covalent incorporation of a DDSQ moiety brings valuable properties.

Introduction

Polyhedral oligomeric silsesquioxanes (POSSs), compounds with a rigid inorganic core composed of Si-O-Si bonds framework surrounded by organic groups, find increasing applications in various fields including polymers, 1 sensors, 2 catalysis, 3 host-guest complexes, 4 organic light-emitting diodes [START_REF] Walczak | Unusual cis and trans architecture of dihydrofunctional double-decker shaped silsesquioxane and synthesis of its ethyl bridged πconjugated arene derivatives[END_REF] or porous materials [START_REF] Liu | Selective dye adsorption and metal ion detection using multifunctional silsesquioxane-based tetraphenylethene-linked nanoporous polymers[END_REF] . [START_REF] Du | Cage-like Silsesquioxanes-based Hybrid Materials[END_REF] While a wide array of mono-or octafunctional derivatives of T8 silsesquioxanes have been described, 8 the double-decker siloxanes (DDSQs) bearing reactive substituents have been less studied (Scheme 1). Both open M4T8 (DDSQ-4OSi, Scheme 1a) and closed D2T8 (DDSQ-2OSi, Scheme 1b) frameworks are yet applied in various areas of chemistry such as coordination chemistry, 9 optics 10 or hybrid polymer nanocomposites 11 . [START_REF] Dudziec | Double-Decker Silsesquioxanes: Current Chemistry and Applications[END_REF] To include DDSQ architectures in more complex systems (for example coordination complexes, electronic or optic devices, hybrid polymers, and so on), the pre-requisite consists in decorating the M4T8 and D2T8-DDSQ architectures with reactive groups (Scheme 1a and 1b respectively). Therefore functionalizable versions were reported with M4T8 structures bearing for example four hydrogen, alkenyl or silylalkynyl groups, prone to undergo hydrosilylation or silylative couplings respectively (Scheme 1a). [START_REF] Dudziec | Double-Decker Silsesquioxanes: Current Chemistry and Applications[END_REF]13 In the same way, related D2T8 involving two reactive groups (one on each external D-type silicon atom) such as hydrogen, 14 alkenyl, 15 amino, 16 chloro 17 or azido [START_REF] Ervithayasuporn | Synthesis and Characterization of Highly Pure Azido-Functionalized Polyhedral Oligomeric Silsesquioxanes (POSS)[END_REF] were described as well (Scheme 1b).

Scheme 1. General structures of double-decker siloxanes (DDSQs) and reactive groups (RG) reported It is worthy to note that the number of reactive groups grafted on the inorganic core appears as decisive to define the further properties of the POSSs 13a as illustrated by the strongly different behaviours of mono-or polysubstituted POSS in a given application. For example, T8 bearing one boron-dipyrromethene fluorophore displayed significantly better lasing efficiency and photostability than their octafunctionalized counterparts while multivalency is a strong asset for catalytic or biological applications. 8 The fine tuning of external functional groups on the POSS thus constitutes a strategic challenge. Along these lines, we recently described the first tetrafunctional D2T8 DDSQs decorated with four vinyl-and allyl moieties (Scheme 1c). [START_REF] Liu | Characterization, and Functionalization of Tetrafunctional Double-Decker Siloxanes[END_REF] To open the way to new applications, the discovery of tetrafunctional DDSQs bearing key reactive groups such as azides is of great importance. Indeed the copper-catalyzed Huisgen [3+2] cycloaddition (CuAAC) involving an azide and an alkyne is highly attractive in terms of atom-economy, high yield and also for the robustness of the triazole ring it generates. 20 This ligation method is widely exploited to functionalize molecules or nano-objects for preparing functional materials. Therefore, azido-containing POSSs with several inorganic frameworks have been reported. Most examples involve T8 bearing one 21,22 or eight 23,24 azido terminal functions connected to the inorganic core through aliphatic or benzylic spacers. These cubic silsesquioxanes were functionalized via the CuAAC strategy to access to hybrid polymeric materials, 21,23 bio-active compounds, 24 or recyclable catalysts. 22 T10-POSSs and D2T8 DDSQs respectively decorated by ten or two azido substituents were significantly less explored although the preliminary reports demonstrate that they constitute interesting building blocks to design hybrid polymers 18b,25 or recyclable catalysts. 22c In this work, a synthetic route to an unprecedented tetraazido D2T8 DDSQ is described. Moreover, the proof of concept of its successful functionalization through CuAAC is provided to reach nitrogen-rich compounds prone to be of interest in several application fields. In addition, the described and characterized intermediate tetrachloro-and tetraiodo-DDSQs constitute appealing functionalizable building blocks for the preparation of organic-inorganic hybrid materials as well.

RESULTS AND DISCUSSION

Previously described tetravinyl 1a and tetraallyl DDSQ 1b were allowed to react with (chloromethyl)dimethylsilane 26 2 in the presence of Karstedt's catalyst (~ 0.02 mol% Pt per olefin group) and in both cases, the disappearance of the signals corresponding to olefinic signals was observed (Scheme 2). In the case of 1a, the quantitative functionalization of vinyl groups required a temperature of 40 °C while the hydrosilylation of 1b occurred selectively at 25 °C. The corresponding tetrachloro-DDSQ 3a was obtained in 81% yield after recrystallization and the pure compound 3b could be isolated in quantitative yield after a straightforward filtration through a silica and celite plug.

As expected, both 29 Si spectra of 3a and 3b clearly displayed two singlets for the non-equivalent T-unit silicon atoms of the core (Figure 1a and1b), the resonances at -79.60 and -79.10 ppm (respectively for 3a and 3b) being assigned to the internal T-group silicon atoms (Si in green) and those at -78.52 and -78.27 being assigned to the T-group silicon atoms (red color) nearest to the D-group silicon atoms (blue color). The latter gave rise to a singlet at around -19.4 ppm for both compounds and lastly, the 29 Si resonances at 5.36 and 3.39 ppm have been assigned to the silicon atoms of the carbosilane pattern (pink color) of 3a and 3b respectively. Moreover, the data obtained from 1 H and 13 C NMR were in accordance with the molecular structures (see supporting information). Then single crystals were grown and the structures of 3a and 3b could be determined by X-ray crystallography (Figures 2 and3, respectively). Both structures have similar framework, with Si-O-Si bond lengths in the ranges of 1.599(6)-1.639(6) Å (average 1.617(6) Å) for 3a and 1.598(0)-1.632(0) Å (average 1.615(0) Å) for 3b which are in accordance with previously reported related DDSQs derived from the 1a and 1b. [START_REF] Liu | Characterization, and Functionalization of Tetrafunctional Double-Decker Siloxanes[END_REF] Si-C lengths, in the ranges of 1.828-1.894 Å (average 1.858 Å) for 3a and of 1.760-1.980 Å (average 1.860 Å) for 3b were also consistent with those found for related compounds obtained after hydrosilylation with dimethylphenylsilane of 1a (in the ranges of 1.843-1.889 Å (average 1.858 Å)) or 1b (1.844-1.885 Å (average 1.861 Å)). [START_REF] Liu | Characterization, and Functionalization of Tetrafunctional Double-Decker Siloxanes[END_REF] Besides, in 3a, the Si-O-Si bond angles vary from 138.9 to 174. The chloro substituents of 3a and 3b could be quantitatively replaced by iodides through halide exchange in the presence of sodium iodide (Scheme 2). Resulting DDSQs 4a and 4b could be isolated in quantitative yields and fully characterized (multinuclear NMRs and mass spectroscopy, X-ray structures for 4a, see SI). These compounds represent useful building blocks for further functionalizations, iodides being easier to substitute as compared to parent chlorides.

It is worthy to note that when scaling up to the gram scale, the preparation of 3a through hydrosilylation of 1a with 2 occurred not selectively and the purification revealed difficult. Despite several attempts of purifications including column chromatography, gel permeation chromatography, washings and crystallization, 3a could not be obtained from minor impurities likely due to the partial polymerization of the C=C bonds. Therefore the following functionalizations were performed with the tetrachloro-DDSQ 3b, readily prepared in gram scale.

Next the chloro-decorated double-decker siloxane 3b was allowed to react with sodium azide in a THF/DMF mixture. The use of sub-stoichiometric amounts of sodium iodide greatly accelerated the nucleophilic substitution that proceeded more rapidly and selectively. Compound 3b yielded quantitatively and selectively to 5b, the first double-decker structure bearing four azido groups.

The 29 Si spectrum of 5b displayed the four expected singlets, analogous to those described in the cases of 3a and 3b (-79.08 and -78.25 ppm for the T silicon atoms of the core in green and red, respectively, -19.39 ppm for the D silicon atoms in blue and 3.18 ppm for the carbosilane in pink, Figure 1c). By 1 H NMR, the singlet assigned to the methylene group in the alpha position of the carbosilane (pink Si) next to the chloro-substituent in 3b was found to be affected to a very small extent by the substitution with the azido group (2.55 ppm in 3b to 2.50 ppm in 5b, see SI). However, by 13 C NMR, the signal of the same methylene group significantly shifted from 30.42 ppm in 3b to 40.95 ppm in 5b thus confirming the successful and quantitative substitution. These chemical shifts in 1 H and 13 C NMR are in accordance with those reported for related compounds bearing the Si-CH2-X moiety (X = Cl or N3). 27 The structure of 5b could be confirmed by 1 H and 13 C NMR as well. Moreover, the infra-red spectrum highlighted the characteristic band corresponding to the azido group at 2090 cm -1 . Lastly, crystals were grown and the structure of 5b could be determined by X-ray crystallography (Figure 4 As expected, the results of thermogravimetric analysis (TGA) under N2 showed a lower Td5 (167 °C, see SI Table S2) for azido DDSQ 5b as compared to those of tetra-chloro-DDSQs 3a and 3b (371 and 359 °C respectively) displaying a very high thermal stability.

Scheme 3. Functionalization of the four azido groups via copper-catalyzed [3+2] cycloaddition

The reactivity of the external azido substituents was next evaluated. For a representative example, 5b was allowed to react through copper-catalyzed Huisgen [3+2] cycloaddition with 3ethynylpyridine, a challenging substrate often requiring harsh reaction conditions (Scheme 3). 28 The reaction was proceeded selectively under mild conditions at room temperature and the corresponding DDSQ 6b bearing four peripheric pyridines was isolated in 84% yield after washing with 5% NH4OH aqueous solution. The structure of this compound was confirmed by multinuclear NMRs and mass spectroscopies. The 29 Si NMR is given as a representative characterization and the four expected singlets (Figure 1d) could be assigned to the silicon atoms from the core (Si in red and green, -79.08 and -78.32 ppm), to the internal D-group silicon atoms (Si in blue, -19.41 ppm) and to the carbosilane-type silicon atoms (Si in pink, 2.80 ppm). Besides, the presence of a singlet at 7.34 ppm ( 1 H NMR) and of a signal at 123.9 ppm ( 13 C NMR) were consistent with the successful formation of the triazole ring. 28 Mass spectroscopy also confirmed the structure. It is worthy to note that the triazole-3-ethynyl moiety possesses interesting properties as ligand for transition metals (Pt, Re for e. g.) and the resulting complexes were shown to present appealing properties in the field of medicine. 29 For example, Pt complexes displayed very high cytotoxicity activity on malignant cells, even higher than cisplatin. Grafting such complexes onto reported DDSQs may lead to nanosized drugs possibly interesting in terms of controlled delivery. Besides, the multivalency, well-known key parameter for biological applications, 24 will be enabled by the DDSQ architecture described in this paper which opens new prospects in this field. More generally, the cycloaddition with other alkynes will offer new opportunities to reach unprecedented multivalent structures having different and new properties as compared to the corresponding monomer, T8, T10 or di-substituted D2T8-analogs.

Conclusion

In summary, a convenient and scalable (gram-scale) route to unprecedented T8D2-DDSQs bearing four chloro-(3b) or four azido (5b) groups was proposed. Both compounds were characterized and proved to undergo successfully nucleophilic substitution for the former (with iodide or azide) and copper-catalyzed azide-alkyne [3+2] cycloaddition for the latter. It is noteworthy that the tetraiodo DDSQ (4b), more reactive than its chloro counterpart, will be of significant interest in the case of poorly reactive nucleophiles. All the transformations occurred under mild conditions and the DDSQs were prepared in very high yields. Beyond the enhanced multivalency as compared to the previously reported di-substituted D2T8 structures, the reported tetra-functional DDSQs are formed as a single isomer and readily isolated in very high yields. Moreover, the tetra-azido DDSQ 5b constitutes a multipurpose nano-building block for the further preparation of new inorganicorganic hybrid materials where the covalent incorporation of a DDSQ moiety brings valuable properties. As mentioned above, the concerned application fields are numerous. To name only a few, the further functionalization of 5b with chromophores, 10 sugars 24 or metal complexes 22 will surely contribute to design new photonic materials for optoelectronic devices, new multivalent bioconjugates for in vivo applications or recyclable catalysts for developing greener processes respectively. Along these lines, studies centered on applications of reported DDSQs are currently underway in our laboratories. EXPERIMENTAL SECTION. All reactions were performed under argon atmosphere using standard Schlenk technique. THF and DMF were dried using mBRAUN purification system.

Toluene was distilled from calcium hydride, stored on 4 Å activated molecular sieves under an argon atmosphere. 2-Butanone was distilled from sodium sulfate, stored on 4 Å activated molecular sieves under an argon atmosphere. (Chloromethyl)dimethylsilane and Karstedt's catalyst (in xylene, 2 % Pt) were purchased from Sigma-Aldrich, sodium azide, sodium ascorbate and 3-ethynylpyridine were purchased from TCI, copper (II) sulfate pentahydrate and sodium iodide were purchased from FUJIFILM Wako Pure Chemical Co. Chemical Reagents and all these reagents were used as received, without further purification. The Fourier transformation nuclear magnetic resonance (NMR) spectra were obtained using a JEOL JNM-ECA 600 ( 1 H at 600.17 MHz, 13 C at 150.91 MHz, 29 Si at 119.24 MHz) NMR instrument. For 1 H NMR, chemical shifts are reported as units (ppm) relative to SiMe4 (TMS) and the residual solvents peaks were used as standards. For 13 C NMR and 29 Si NMR, chemical shifts are reported as units (ppm) relative to SiMe4 (TMS), the residual solvents peaks were used as standards and spectra were obtained with complete proton decoupling. MALDI-TOF mass analysis were carried out with a Shimadzu AXIMA Performance instrument using 2,5-dihydroxybenzoic acid (dithranol) as the matrix. All reagents used were of analytical grade. Elemental analyses were performed by the Center for Material Research by Instrumental Analysis (CIA), Gunma University, Japan. IR spectra were measured with a Shimadzu FTIR-8400S. TGA was carried out under a nitrogen flow (250 mL min - 1 ) with a heating rate 10 ˚C min -1 . All samples were measured with temperatures ranging from 50 to 1000 ˚C, where they remained for 5 min. The weight loss and heating rate were continuously recorded along the experiment.

Synthesis of 3a.

After standard cycles of evacuation and backfilling with dry and pure argon, an oven-dried Schlenk flask equipped with a magnetic stirring bar was charged with 1a (123 mg, 0.1 mmol), distilled toluene (0.6 mL) and (chloromethyl)dimethylsilane 2 (72 L, 0.6 mmol). And then Karstedt's catalyst , 112 L of a pre-prepared [Pt] solution (diluted 100 times from a commercial bottle (2% platinum in xylene) in distilled toluene)] was added at room temperature under argon. After the addition, the reaction mixture was allowed to heat to 40 ˚C and to stir for 16 h at 40 ˚C. The reaction mixture was cooled down to room temperature and then passed through a silica and celite plug which was washed twice with toluene and twice with dichloromethane. The gathered filtrate was evaporated to afford a crude product, which was further purified by recrystallization from chloroform and 2-propanol to give 3a (134 mg, 81%) as a colorless crystal. Analysis data for 3a. MALDI-TOF MS (m/z): 1687.75 ([M+Na] + , calcd 1687.42). Elemental analysis: Calcd for C68H88Cl4O14Si14・2H2O: C, 49.07; H, 5.33. Found: C, 48.03; H, 5.45. 1 H NMR (600.17 MHz, CDCl3): δ = -0.04 (s, 24H), 0.61-0.70 (m, 16H), 2.62 (s, 8H), 7.21-7.29 (m, 16H), 7.37-7.45 (m, 16H), 7.55-7.56 (m, 8H). 13 C{ 1 H} NMR (150.91 MHz, CDCl3): δ = - 5.15, 4.71, 6.93, 29.91, 127.89, 128.01, 130.61, 130.64, 131.11, 132.13, 134.10, 134.18 ppm. 29 Si{ 1 H} NMR (119.24 MHz, CDCl3): δ = 5.36, -19.49, -78.52, -79.60 ppm.

Synthesis of 3b.

After standard cycles of evacuation and backfilling with dry and pure argon, an oven-dried Schlenk flask equipped with a magnetic stirring bar was charged with 1b (643 mg, 0.5 mmol), distilled toluene (3.0 mL) and (chloromethyl)dimethylsilane (365 L, 3.0 mmol). And then Karstedt's catalyst [4.9 x 10 -4 mmol [Pt], 280 L of a pre-prepared [Pt] solution (diluted 50 times from a commercial bottle (2% platinum in xylene) in distilled toluene)] was added at room temperature under argon. After the addition, the reaction mixture was allowed to stir for 16 h at room temperature (25 ˚C). The reaction mixture was passed through a silica and celite plug which was washed twice with toluene and twice with dichloromethane. The gathered filtrate was evaporated to give 3b (860 mg, 99%) as a slightly yellowish solid, without any further purification.

Analysis data for 3b. MALDI-TOF MS (m/z): 1744.03 ([M+Na] + , calcd 1743.53). Elemental analysis: Calcd for C72H96Cl4O14Si14・H2O: C, 49.74; H, 5.68. Found: C, 49.39; H, 5.60. 1 H NMR (600.17 MHz, CDCl3): δ = -0.10 (s, 24H), 0.61-0.64 (m, 8H), 0.82-0.84 (m, 8H), 1.44-1.47 (m, 8H), 2.55 (s, 8H), 7.22-7.28 (m, 16H), 7.37-7.45 (m, 16H), 7.53-7.55 (m, 8H). 13 C{ 1 H} NMR (150.91 MHz, CDCl3): δ = -4. 66, 17.26, 17.97, 20.22, 30.42, 127.90, 128.00, 130.57, 130.61, 131.15, 132.19, 134.07, 134.21 ppm. 29 Si{ 1 H} NMR (119.24 MHz, CDCl3): δ = 3.39, -19.41, -78.27, -79.10 ppm. Note: Hydrosilylation of 1a and 1b exclusively gave rise to the formation of the terminal regioisomer, 3a and 3b, respectively (internally silylated products not observed).

Synthesis of 4a.

After standard cycles of evacuation and backfilling with dry and pure argon, an oven-dried Schlenk flask equipped with a magnetic stirring bar was charged with 3a (167 mg, 0.1 mmol) and distilled 2-butanone (1.3 mL). Sodium iodide (240 mg, 1.6 mmol) was then added into the mixture at room temperature under argon. The reaction mixture was allowed to heat to reflux (80 ˚C) and to stir for 16 h at 80 ˚C. The reaction mixture was cooled down to room temperature and then filtered. The filtrate was evaporated under reduced pressure and then dissolved in chloroform. The solution was washed twice with water and the aqueous layers were extracted twice with chloroform. The organic layers were gathered, dried over anhydrous sodium sulfate and concentrated under reduced pressure to afford the desired product 4a (201 mg, 99%) as a yellowish solid, without any further purification. Analysis data for 4a. MALDI-TOF MS (m/z): 2053.33 ([M+Na] + , calcd 2053.24). 1 H NMR (600.17 MHz, CDCl3): δ = -0.031 (s, 24H), 0.58-0.60 (m, 8H), 0.67-0.70 (m, 8H), 1.81 (s, 8H), 7.20-7.22 (m, 8H), 7.25-7.28 (m, 8H), 7.36-7.44 (m, 16H), 7.54-7.56 (m, 8H). 13 C{ 1 H} NMR (150.91 MHz,5.90,7.05,127.93,128.02,130.60,130.68,131.13,132.15,134.14,134.24 ppm. 29 Si{ 1 H} NMR (119.24 MHz, CDCl3): δ = 6.98, -19.04, -78.11, -79.19 ppm.

Synthesis of 4b.

After standard cycles of evacuation and backfilling with dry and pure argon, an oven-dried Schlenk flask equipped with a magnetic stirring bar was charged with 3b (172 mg, 0.1 mmol) and distilled 2-butanone (1.3 mL). Sodium iodide (240 mg, 1.6 mmol) was then added into the mixture at room temperature under argon. The reaction mixture was allowed to heated to reflux (80 ˚C) and to stir for 16 h at 80 ˚C. The reaction mixture was cooled down to room temperature and then filtered. The filtrate was evaporated under reduced pressure and then dissolved in chloroform. The solution was washed twice with water and the aqueous layers were extracted twice with chloroform. The organic layers were gathered, dried over anhydrous sodium sulfate and concentrated under reduced pressure to afford the desired product 4b (207 mg, 99%) as a slightly yellowish gel, without any further purification. Analysis data for 4b. MALDI-TOF MS (m/z): 2109.40 ([M+Na] + , calcd 2109.34). 1 H NMR (600.17 MHz, CDCl3): δ = -0.089 (s, 24H), 0.62-0.65 (m, 8H), 0.80-0.83 (m, 8H), 1.40-1.45 (m, 8H), 1.74 (s, 8H), 7.21-7.28 (m, 16H), 7.36-7.44 (m, 16H), 7.52-7.54 (m, 8H). 13 C{ 1 H} NMR (150.91 MHz, CDCl3): δ = - 12.99, -3.09, 17.40, 19.13, 20.20, 127.95, 128.02, 130.59, 130.63, 131.16, 132.19, 134.09, 134.23 ppm. 29 Si{ 1 H} NMR (119.24 MHz, CDCl3): δ = 4.49, -19.39, -78.32, -79.15 ppm.

Synthesis of 5b.

After standard cycles of evacuation and backfilling with dry and pure argon, an oven-dried Schlenk flask equipped with a magnetic stirring bar was charged with 4b (860 mg, 0.5 mmol), sodium iodide (38 mg, 0.25 mmol) and sodium azide (390 mg, 6.0 mmol). Dry THF (14.4 mL) and dry DMF (36 mL) were then added into the mixture at room temperature under argon with vigorous stirring. The reaction mixture was allowed to heated to 60 ˚C and to stir for 24 h at 60 ˚C. The reaction mixture was cooled down to room temperature, dichloromethane was slowly added and the mixture was stirred for about 10 minutes. And then ice was added into the mixture which was stirred for additional 30 minutes. The organic layer was then washed twice with brine, dried over anhydrous sodium sulfate and evaporated on the rotavapor (with dichloromethane several times to remove traces of DMF) to afford the desired product 5b (804 mg, 92%) as a light yellowish solid, without any further purification. Analysis data for 5b. MALDI-TOF MS (m/z).

1959.82 ([M-4N2+Na] + , calcd 1959.75). 1 H NMR (600.17 MHz, CDCl3): δ = -0.13 (s, 24H), 0.57-0.61 (m, 8H), 0.82-0.84 (m, 8H), 1.41-1.45 (m, 8H), 2.50 (s, 8H), 7.23-7.29 (m, 16H), 7.39-7.46 (m, 16H), 7.52-7.54 (m, 8H). 13 C{ 1 H} NMR (150.91 MHz, CDCl3): δ = -4. 30, 17.24, 18.30, 20.19, 40.95, 127.91, 128.03, 130.64, 130.68, 131.14, 132.14, 134.07, 134.21 ppm. 29 Si{ 1 H} NMR (119.24 MHz, CDCl3): δ = 3. 18, -19.39, -78.25, -79.08 ppm.

Synthesis of 6b.

After standard cycles of evacuation and backfilling with dry and pure argon, an oven-dried Schlenk flask equipped with a magnetic stirring bar was charged with 5b (87 mg, 0.05 mmol), 3-ethynylpyridine (27 mg, 0.27 mmol) and dry THF (1.6 mL). To this solution mixture, 10 L of copper (II) sulfate pentahydrate degassed aqueous solution (62 mg/mL) and sodium ascorbate (3 mg, 0.015 mmol) were added under argon. The solution was allowed to stir at 25 ˚C for 3 days. Additional 10 L of copper sulfate pentahydrate degassed aqueous solution (62 mg/mL) and sodium ascorbate (3 mg, 0.015 mmol) were added under argon into the reaction mixture which was allowed to stir for additional 1 day at 25 ˚C. And then 5% NH4OH aqueous solution was added into the reaction mixture which was extracted 3 times with dichloromethane. The collected organic layer was then washed twice with 5% NH4OH aqueous solution and 3 times with water and dried over anhydrous sodium sulfate. The solvents were evaporated on the rotavapor to give a crude product which was further dried under vacuum at 100 ˚C for 2 hours (to remove the excess of 3ethynylpyridine) to afford the desired product 6b (90 mg, 84%) as a slightly yellowish solid.

Analysis data for 6b. ESI-HRMS: m/z found: 2159.5916 (calculated: 2159.5725). 1 H NMR (600.17 MHz, CDCl3): δ = -0.12 (s, 24H), 0.62-0.66 (m, 8H), 0.77-0.81 (m, 8H), 1.41-1.47 (m, 8H), 3.60 (s, 8H), 7.14-7.17 (m, 8H), 7.21-7.43 (m, 32H), 7.48-7.51 (m, 8H), 8.12 (dt, J = 8.01 Hz, 1.95 Hz, 4H), 8.54 (d, J = 3.21 Hz, 4H), 8.90 (sbr, 4H). 13 C{ 1 H} NMR (150.91 MHz, CDCl3): δ = -4. 15, 17.13, 18.15, 20.02, 40.91, 120.72, 123.92, 127.14, 127.98, 128.10, 130.76, 130.81, 
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 2 Scheme 2. Synthetic routes to tetrachloro, tetraiodo and tetraazido-DDSQs.

Figure 1 .

 1 Figure 1. 29 Si NMR spectra (in CDCl3) for the DDSQs 3a, 3b, 5b, and 6b. Chemical shifts are in ppm unit.

Figure 2 .

 2 Figure 2. Crystal structure of one fragment of two nonidentical molecules 3a. Black: carbon; blue:

Figure 3 .

 3 Figure 3. Crystal structure of 3b. Black: carbon; blue: silicon; red: oxygen; green: chlorine.

  and SI). Si-O bond lengths (in the ranges of 1.578-1.638 Å; average 1.610 Å) and Si-O-Si bond angles (from 145.4 to 177.5) were found to be similar to those of 3b.

Figure 4 .

 4 Figure 4. Crystal structure of one fragment of two nonidentical molecules 5b. Black: carbon; blue:

 131.01, 131.89, 132.92, 133.96, 134.08, 144.27, 147.03, 149.13 ppm. 29Si{ 1 H} NMR (119.24 MHz, CDCl3): δ = 2.80, - 19.41, -78.32, -79.08 ppm. Crystallography. For crystal data, data collection, and refinement, see SI. CCDC-1971229 for 3a, CCDC-1971230 for 3b, CCDC-1971231 for 4a, CCDC-2021410 for 5b contain the supplementary crystallographic data for this paper.
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