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Abstract

:

Previously, we reported the synthesis of carbosilane and carbosilane-siloxane dendrons of various generations based limonene, a natural terpene. Limonene that contains two double bonds, namely cyclohexene and isoprenyl ones, was shown to undergo regioselective hydrosilylation exclusively at its isoprenyl double bond. This finding was used to prepare carbosilane dendrons (CDs) with a limonene moiety at the focal point. In this study, we present variants for the functionalization of the cyclohexene double bond by an epoxidation reaction in order to use the resulting dendrons for the preparation of various macromolecular objects, including Janus dendrimers (JDs), dendronized polymers, and macroinitiators. Moreover, it was shown that dendrons with peripheral azide functions could be obtained. These methods offer both the possibilities of the further growth of branches and the addition of polymers with a different nature by the azide–alkyne cycloaddition reaction.
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1. Introduction


Dendrimers are widely used currently due to their unique structure. In terms of structure, they can be considered as more ordered analogues of branched polymers with a similar chemical structure of the polymer chain. However, due to their mathematically precise molecular geometry, dendrimers differ significantly from their polymer analogs. Since the structure and the number of generations determine the molecular weight, dendrimers exhibit no statistical distribution of molecular weights, in contrast to the polymer analogs. Due to the growth of the dendrimer density from the center to the periphery, such molecules at higher generations become impenetrable spheres and behave as colloidal particles. Nevertheless, these molecules contain cavities for which the size and geometry can be controlled by the chemical structure of the branches and the branching center. Owing to this, dendrimer molecules are used in various fields, for example, in the delivery of drugs and genetic materials [1,2], to transport catalysts and produce nanoparticles [3,4,5,6,7,8], and in nonlinear optics devices [9,10,11,12,13]. Conjugated star-shaped molecules with donor–acceptor links are used as donor components in organic photovoltaic cells [14,15,16]. Functional dendrimers are now widely used in materials science, nanotechnologies, and to modify the physical chemistry of a surface; in particular, in chromatography as a stationary phase [17], for selective sorption [18,19] and for the preparation of organic–inorganic nanocomposites [20], inorganic nanomaterials [21], mesoporous coatings. and nanoparticles [22,23].



Carbosilane dendrimers (CDs) are one of the interesting and promising classes of dendritic molecules. Due to their chemical structure, primarily the high Si-C bond energy, these molecules possess high biological inertness and biological compatibility, high thermal and thermal-oxidative stability, and high hydrophobicity [24,25]. Due to these properties, this type of macromolecules are employed in many areas of today’s science; however, they make the largest contribution to catalysis [26,27,28] and drug delivery [29,30,31,32,33,34].



For the synthesis of these compounds, approaches to the preparation of CDs have been developed by teams guided by Muzafarov [35,36,37] and Frey [38,39]. However, although proven techniques exist, new approaches to the synthesis of carbosilane, carbosilane-siloxane, and other hybrid dendrimers are currently under development. This activity is primarily driven by the need to simplify the synthesis, obtain new functional macromolecules, and obtain hybrid dendrimers [40,41].



We have shown in our previous studies that natural terpenes can be used to obtain block copolymers [42,43] and dendrimers [44]. This approach is based on the phenomenon of regioselective hydrosilylation of the isoprenyl double bond, while the cyclohexene double bond can be involved either in subsequent hydrothiolation or in further functionalization. In this way, based on limonene, carbosilane, and carbosilane-siloxane dendrons of various generations in which limonene is the branching point were obtained. The presence of a cyclohexene double bond in such dendrons allows further functionalizations to be implemented.



The purpose of this study is to show that functional groups can be incorporated at the cyclohexene double bond and that limonene-based dendron chains can be functionalized by simple synthetic methods to obtain macromolecules with various structures, including hybrid dendrimers, Janus dendrimers, and macroinitiators.




2. Experimental


2.1. Material and Methods


All reactions were conducted under an inert atmosphere, and solvents were purified from the appropriate drying agents. D-Limonene, propiolic acid, n-butyllithium (solution 2.5 M in hexane) were purchased from Sigma-Aldrich; allylchloride, dichloromethylsilane, sodium azide, meta-chloroperoxybenzoic acid, lithium aluminum hydride, and Karstedt’s Pt catalyst (2% solution in o-xylene) Pt2(DVDS)3 were obtained from ABCR commercial sources.



Gel permeation chromatography (GPC) analysis was performed on a Shimadzu LC-10A series chromatograph (Tokyo, Japan) equipped with an RID-10A refractometer and SPD-M10A diode matrix detectors. For analytical separation, Phenomenex column (Torrance, USA) with a size of 7.8 mm × 300 mm filled with the Phenogel sorbent with a pour size of 500 Å was used.



The GC analysis was performed on a “Chromatech Analytic 5000” chromatograph (Yoshkar-Ola, Russia) with a katharometer as detector, helium as carrier gas, with 2 m × 3 mm column, and stationary phase SE-30 (5%) was applied to Chromaton-H-AW. Registration and data collection was performed with the help of the program “Chromatech Analyst” (Yoshkar-Ola, Russia).



1H, 13C, 29Si nuclear magnetic resonance (NMR) spectra and their nuclear correlations were recorded using a Bruker Avance II 300 spectrometer (Billerica, USA) at 300, 75 and 60 MHz, respectively.




2.2. Material and Methods


These compounds were synthesized according to [44]. Yield of the product (ϕ) in all the cases is given.



	
Diallyl(2-(4-methylcyclohex-3-en-1-yl)propyl)methylsilane (Lim-G0All2)






ϕ = 82%. For C17H30Si: C 77.71%; H 11.43%; Si 10.67%: C 77.39%; H 11.25%; Si 10.31%.



	
Triallyl(2-(4-methylcyclohex-3-en-1-yl)propyl)silane (Lim-G0All3)






ϕ = 85%. For C19H32Si: C 79.02%; H 11.09%; Si 9.70%: C 75.57%; H 10.61%; Si 9.23%.



	
Dendrimer of the first generation (Lim-G1All4)






ϕ = 7.5 g (66%). For C31H58Si3: C 72.23%; H 11.26%; Si 16.31%: C 72.17%; H 11.16%; Si 16.24%.



	
1,1,1,3,5,5,5-heptamethyl-3-(2-(4-methylcyclohex-3-en-1-yl)propyl)trisiloxane (Lim-G0.5TMS2)






ϕ = 89%. For C17H38O2Si3: C 56.87%; H 10.59%; O 8.92%; Si 23.42%: C 54.36%; H 10.01%; Si 21.00%.



	
Bis(heptamethylsilylpropyl)methylsilyllimonene (Lim-G1.5TMS4)






ϕ = 99%. For C31H74O4Si7: C 52.58%; H 10.46%; O 9.05%; Si 27.70%: C 50.02%; H 9.84%; Si 26.56%.



	
Tris(heptamethylsilylpropyl)silyllimonene (Lim-G1.5TMS6)






ϕ = 99%. For C40H98O6Si10: C 50.21%; H 10.25%; O 10.04%; Si 29.29%: C 48.96%; H 10.14%; Si 28.44%



	
Dendrimer of the 2.5 generation (Lim-G2.5TMS8)






ϕ = 99%. For C59H146O8Si15: C 50.39%; H 10.39%; O 9.11%; Si 29.89%: C 48.91%; H 9.95%; Si 28.27%.



	
CD of the first generation (Lim-G1Cl4)






To the stirred solution of Lim-G0All2 (5.0 g, 0.019 mol) and 50 μL of Pt2(DVDS)3 in anhydrous toluene (100 mL), methyldichlorosilane (6.57 g, 0.057 mol) was added. RM was stirred at room temperature for 24 h. The completeness of the process was controlled by 1H NMR spectroscopy from disappearance of proton signals at double bonds in allyl groups. The reaction mixture was evaporated to remove excess dimethylchlorosilane.



	
CD of the first generation (Lim-G1Bu4)






To a stirred mixture of 37 mL (2.5 M) of n-BuLi in anhydrous hexane (50 mL), a solution of 9.38 g (0.019 mol) Lim-G1Cl4 in anhydrous hexane (50 mL) at −70 °C was added. When addition of the mixture was finished, THF (70 mL) was added to the solution. RM was stirred at −70 °C, and then at room temperature for 24 h. Excess n-BuLi was deactivated with ethanol. The precipitate of LiCl was filtered off and washed with n-hexane on the filter. The filtrate was evaporated to remove the solvents, and the residue was dissolved in hexane and passed through silica. Solvent was removed by evaporation under reduced pressure. ϕ = 78%. For C35H74Si3: C 72.51%; H 12.78%; Si 14.50%: C 72.52%; H 12.64%; Si 14.30%.



	
3-Chloropropyldimethylsilane






This compound was synthesized according to the method published in [45]. Yield of the product was 72%.



1H NMR (300 MHz, Chloroform-d) δ: 3.87 (m, 1H, SiH), 3.52 (t, J = 6.9 Hz, 2H, CH2), 1.89–1.73 (m, 2H, CH2), 0.77–0.63 (m, 2H, CH2), 0.09 (d, J = 3.5 Hz, 6H, SiCH3).



	
Bis(3-chloropropyldimethylsilylpropyl)methylsilyllimonene (Lim-G0(PrCl)2)






To a stirred RM of 1.14 g (0.0084 mol) of 3-chloropropyldimethylsilane and 1.0 g (0.0038 mol) of Lim-G0All2, purged with argon, 11 mL dry toluene and 11 μL of Pt2(DVDS)3 were added. RM was stirred at 60 °C for 10 h. After reaction completed, substance was evaporated to remove the solvents, and the residue was evacuated (0.5 mbar) at 70 °C. ϕ = 99%.



	
Tris(3-chloropropyldimethylsilylpropyl)silyllimonene (Lim-G1(PrCl)3)






This compound was obtained similarly to Lim-G1.5Cl2 from 1.0 g (0.0035 mol) Lim-G0All3, 1.56 g (0.0114 mol) 3-chloropropyldimethylsilane, 13 μL of Pt2(DVDS)3, and 13 mL anhydrous toluene. ϕ = 99%.



	
Dendrimer of the 2.5 generation (Lim-G2(PrCl)4)






This compound was obtained similarly to Lim-G1.5Cl2 from 1.0 g (0.0019 mol) Lim-G1All4, 1.17 g (0.0085 mol) 3-chloropropyldimethylsilane, 12 μL of Pt2(DVDS)3, and 12 mL anhydrous toluene. Yield of the product was 99%.



	
Bis(3-azidopropyldimethylsilylpropyl)methylsilyllimonene (Lim-G0(PrN3)2)






To a stirred RM of 1.5 g (0.0028 mol) of Lim-G1.5Cl2 and 0.44 g (0.0067 mol) of sodium azide, 7.5 mL dry DMF was added. RM was stirred at 70 °C for 6 h. After reaction finished, the product was extracted with toluene and washed with distilled water three times. Organic layer was dried over Na2SO4. Solvent was removed by evaporation under reduced pressure. ϕ = 92%.



	
Tris(3-azidopropyldimethylsilylpropyl)silyllimonene (Lim-G1(PrN3)3)






This compound was obtained similarly to Lim-G1.5(N3)2 from 1.5 g (0.0021 mol) Lim-G1.5Cl3, 0.50 g (0.0077 mol) sodium azide, and 7.5 mL anhydrous DMF. ϕ = 89%.



	
CD of the 2.5 generation (Lim-G2(PrN3)4)






This compound was obtained similarly to Lim-G1.5(N3)2 from 1.5 g (0.0014 mol) Lim-G2.5Cl4, 0.44 g (0.0068 mol) sodium azide, and 7.5 mL anhydrous DMF. ϕ = 90%.



	
1,1,1,3,5,5,5-Heptamethyl-3-(2-(3,4-epoxy-4-methylcyclohex-1-yl)propyl)trisiloxane (LimOx-G0.5TMS2)






To a stirred, ice-cold solution of Lim-G0.5TMS2 (2.0 g, 0.0056 mol) in DCM (100 mL), NaHCO3 (0.94 g, 0.0112 mol) and m-CPBA (1.44 g, 0.0084 mol) were added sequentially. The mixture was stirred at 0 °C for 30 min. Then, the process was stopped by addition of 0.3 M aqueous solution of Na2S2O3 (200 mL) and extracted with dichloromethane (3 × 50 mL). The combined organic phases were washed sequentially with a saturated aqueous NaHCO3 solution (3 × 100 mL) and brine (100 mL), dried over Na2SO4, and concentrated under reduced pressure. ϕ = 82%.



	
Bis(heptamethylsilylpropyl)methylsilyl-1,2-epoxy-limonene (LimOx-G1.5TMS4)






This compound was synthesized similarly to Lim-G0.5TMS2O from 2.0 g (0.0028 mol) Lim-G1.5TMS4, 0.73 g (0.0042 mol) m-CPBA, 0.47 g (0.0057 mol) NaHCO3, and 85 mL DCM. ϕ = 85%.



	
Tris(heptamethylsilylpropyl)silyl-1,2-epoxy-limonene (LimOx-G1.5TMS6)






This substance was obtained similarly to Lim-G0.5TMS2O from 2.0 g (0.0021 mol) Lim-G1.5TMS6, 0.54 g (0.0031 mol) m-CPBA, 0.35 g (0.0042 mol) NaHCO3, and 80 mL DCM. ϕ = 83%.



	
Epoxidized dendrimer of the 2.5 generation (LimOx-G2.5TMS8)






Synthesized similarly to Lim-G0.5TMS2O from 2.0 g (0.0014 mol) Lim-G2.5TMS8, 0.37 g (0.0021 mol) m-CPBA, 0.24 g (0.0028 mol) NaHCO3, and 76 mL DCM. ϕ = 80%.



	
Epoxidized dendrimer of the first generation (LimOx-G1Bu4)






Synthesized similarly to Lim-G0.5TMS2O from 2.0 g (0.0035 mol) Lim-G1Bu4, 0.89 g (0.0052 mol) m-CPBA, 0.58 g (0.0069 mol) NaHCO3, and 90 mL DCM. ϕ = 82%.



	
Azide-functionalized dendrimer of the first generation (LimN3-G1Bu4)






To a stirred mixture of 0.50 g (0.84 mmol) of Lim-G1Bu4O, 0.045 g (0.84 mmol) of NH4Cl and 0.11 g (0.0017 mol) of sodium azide, 3.5 mL dry methanol was added. RM was refluxed for 5 h. After that, the product was washed under standard conditions. Organic layer was dried over Na2SO4. Solvent was removed by evaporation under reduced pressure. ϕ = 88%.



	
Hydroxy-functionalized dendrimer of the first generation (LimOH-G1Bu4)






First, 0.038 g (0.0010 mol) of LiAlH4 was added to a 5% solution of Lim-G1Bu4O (0.5 g, 0.84 mmol) in anhydrous THF, and the mixture was refluxed for 5 h under argon. Then, CH3COOH was added dropwise and the product was extracted with diethyl ether and washed with distilled water three times. Organic layer was dried over Na2SO4. Solvent was evaporated. ϕ = 86%.



	
Propargylate-functionalized dendrimer of the first generation (LimC≡C-G1Bu4)






First, 0.5 g (0.84 mmol) of Lim-G1Bu4O and 0.071 g (0.0010 mol) of propiolic acid were mixed and stirred at 70 °C for 6 h. After reaction completed, the product was washed under standard conditions. Organic layer was dried over Na2SO4. Solvent was distilled off. ϕ = 90%.





3. Results and Discussion


Limonene is a natural monoterpene that is widespread in nature. The technology of its isolation from the peel of citrus fruits as a waste product of the food industry is a well-studied and streamlined process [46,47]. It is interesting to note that citrus essential oils contain only d-limonene, while its isomer, l-limonene, is found in conifers. The commercial availability of limonene and its low toxicity predetermined its use as an alternative solvent to hexane or cyclohexane. In addition to this utilitarian use, attempts to use limonene for the synthesis of polymers as an alternative to crude oil and gas were reported. These reasons shaped our interest in limonene regarding the synthesis of dendrimers and JDs. JDs are often obtained using naturally occurring compounds with varying functionality as the parent branching site. Our interest in limonene as a branching point was guided by the possibility to selectively implement the hydrosilylation reaction, one of the main reactions of organosilicon chemistry that is used, in particular, for the synthesis of carbosilane and siloxane dendrimers. As we noted in the Introduction, limonene is involved in hydrosilylation selectively at the isoprenyl double bond, thus retaining the possibility of further functionalization of the cyclohexene double bond. This approach is efficient in the syntheses of amphiphilic dendrons, JDs, or dendronized polymers.



We have shown in a previous study that limonene-based dendrons with various peripheral groups can be obtained. This work, which is a logical continuation of that study, explores the ways to further functionalize the cyclohexene double bond and functionalize the peripheral substituents. These approaches would make it possible, in the future, to obtain dendrons with various natures and use the peripheral function for further modifications or to build more complex dendronized structures.



3.1. Epoxidation of Limonene-Based Carbosilane and Carbosilane-Siloxane Dendrons


In the first stage, we studied the possibility of epoxidizing the cyclohexene double bond of limonene organosilicon derivatives. For a more focused examination, the product of limonene hydrosilylation with 1,1,1,3,5,5,5-heptamethyltrisiloxane was chosen as the model compound (Scheme 1). The siloxane derivative was chosen to enable the selection of epoxidation conditions under which the destruction of the siloxane bond does not occur, since this type of bond is known to be unstable in acidic and basic media and in the presence of oxidizing agents. The epoxidation of limonene is fairly well described in the literature [48,49,50]. Various reagents are used to perform this reaction: hydrogen peroxide, oxone, m-chloroperbenzoic acid, etc. In this work, we used m-chloroperbenzoic acid due to its high reactivity in the epoxidation reaction.



The resulting epoxy dendrons were mixtures of exo- and endo-isomers in a ratio of 1:1, as confirmed by NMR spectroscopy methods. Using NMR APT spectra, two signals for multiple carbon substitution (57.91 ppm and 57.61 ppm) and two signals for non-multiple carbon substitution (61.21 ppm and 59.71 ppm) were shown (Figure 1). The HSQC spectra have cross-peaks characterizing the C-H correlations at the oxirane ring, which makes it possible to attribute these signals in the carbon spectrum (Figure 2).



After isolation of the reaction products, it was proved by NMR and GPC methods that epoxidation under the conditions we selected did not disrupt the siloxane bond.



The epoxidation of cyclohexene double bonds in the corresponding limonene-based dendrons was performed under similar conditions (Scheme 2). In terms of the formal dendrimer nomenclature, the LimOx-G0.5TMS2 model compound can be considered as a generation-0.5 dendron. The figure shows the resulting carbosilane-siloxane dendrons of various generations: two-chain and three-chain generation-1.5 dendrons LimOx-G1.5TMS4 and LimOx-G1.5TMS6, and a two-chain generation-2.5 dendron LimOx-G2.5TMS8. To develop the synthesis of JDs further, we decided to test the epoxidation reaction under similar conditions on a completely carbosilane dendron. CDs are known to be more chemically stable than siloxane or carbosilane-siloxane ones. However, personal observations of the authors reveal that there are some reactions that efficiently occur on dendrons with a siloxane bond but nearly do not occur on carbosilane systems. All products were isolated in high yields, 89–99%. The structure and purity of the dendrons was proved by NMR spectroscopy and GPC (Supporting Information, SI1 and SI2).



However, it was shown that epoxidation also occurred quantitatively on a generation-1 carbosilane dendron with peripheral butyl substituents and the corresponding mixture of Lim-G1Bu4 endo- and exo-epoxides was formed.




3.2. Opening of the Oxirane Ring in Limonene-Based Carbosilane and Carbosilane-Siloxane Dendrons


From the perspective of applied chemistry, the synthesis of dendrons with an oxirane ring at the focal point is of interest, primarily due to the possibility of its opening on treatment with both nucleophiles and electrophiles. The simplicity of oxirane ring opening along with the possibility of further incorporation of a wide range of functional groups offer innumerable options for further chemical transformations of the dendrons obtained.



Thus, in this work, we have shown the possibility of epoxide ring opening in dendrons with various nucleophiles that are of interest for further applications, including azide, thiolate, carboxylate, and hydride anions. The carbosilane-epoxidized dendron Lim-G1Bu4 was chosen as the model compound for these purposes. It was chosen for three reasons: first, because of the simpler NMR spectroscopic analysis of the products obtained upon oxirane ring opening; second, because the possible splitting of the siloxane bond in carbosilane-siloxane dendrons was prevented; and third, because it is CDs that are required in the subsequent synthesis of JDs.



As regards further functionalization, the incorporation of the azide function is of great interest because it can be used for azide-alkyne cycloaddition and can be reduced to an amino group. The opening of the epoxide ring with sodium azide was performed under standard conditions by refluxing in methanol with sodium azide (Scheme 3, on the right) [51]. The progress of the reaction was monitored by 1H NMR spectroscopy through the disappearance of the characteristic signals of oxirane protons δ = 3.01 and 2.96 ppm. The yield of the product was 88%. It was shown that during the epoxidation of limonene dendrons, a mixture of regioisomers is formed in a ratio of 1:1. Using APT spectra, two signals of multiple carbon substitution (71.11 ppm and 63.19 ppm) and two signals of non-multiple carbon substitution (72.17 ppm and 66.72 ppm) were shown (Figure 3). The HSQC spectrum has cross-peaks, characterizing the C-H correlations for the azide group and for the hydroxyl group (Figure 4). According to the mechanism of this reaction, functional substituents (hydroxyl and azide groups) always take an axial position in the cyclohexane ring.



The ethynyl group is yet another important function involved in the azide-alkyne cycloaddition reaction. Therefore, we made an attempt to perform oxirane ring opening with propargylic acid (Scheme 3, on bottom). The reaction was performed without a solvent with heating at 70 °C for 6 h until complete conversion. After isolation, the product yield was 90%.



We also studied the possibility of reducing the epoxy ring to an alcohol group. Reactions of this kind result in a secondary alcohol upon treatment with reducing agents such as metallic sodium or lithium aluminum hydride (Scheme 3, on the left).



Refluxing of the corresponding epoxide with lithium aluminum hydride was shown to result in complete opening of the oxirane ring. The product yield after isolation was 86%.



An attempt to perform the oxirane ring opening with thiolate (Scheme 3, on top) failed to yield a noticeable conversion according to 1H NMR spectra; hence, it is of no preparative value.




3.3. Functionalization of the Periphery of Limonene-Based Carbosilane Dendrons


As discussed in the previous section, CDs with a functional focal point are of great interest for further use in JDs, dendronized polymers, etc. To this end, many research teams, including ours, are actively developing the application of azide-alkyne cycloaddition as a convenient and versatile method for synthesizing complex macromolecules with various topologies. Therefore, the next stage of this work was to functionalize the peripheral groups of CDs with azide groups aimed at subsequent addition of hydrophilic or hydrophobic chains by azide-alkyne cycloaddition.



To obtain azide functional peripheral groups, we chose diallylsilyl limonene, which we obtained previously, as the model compound. For functionalization, the corresponding hydrosilane was first obtained from commercially available (3-chloropropyl)dimethylchlorosilane by the standard procedure, then hydrosilylation with diallylsilyl limonene was performed (Scheme 4). Hydrosilylation occurred with complete conversion in nearly quantitative yield. At the final stage, nucleophilic replacement of the chlorine atom by the azide group was performed. The yield of the final product at this stage reached 92%.



Based on the allyl-functional dendrons obtained previously, a library of CDs with peripheral azide groups of various generations and with various numbers of chains—two, three, or four—were obtained in a similar way (Scheme 5).



Azide-functional dendrons Lim-G1(PrN3)2 and Lim-G1(PrN3)2 were obtained from diallylsilyl- and triallylsilyllimonene, respectively; formally, from a nomenclature point of view, they can be considered as generation-1 dendrons. The Lim-G2(PrN3)4 dendron was obtained from the generation-1 dendron with four allyl functions. Thus, this approach makes it possible to obtain dendrons with a successively increasing number of azidopropyl chains and increase the generation of initial dendrons by one. It should be noted that dendrons are synthesized in high yields using simple methods of organic and organoelement chemistry. The structure and purity of the dendrons were estimated by NMR spectroscopy and GPC (Supporting Information, SI1 and SI2).





4. Conclusions


In this work, which is a logical continuation of previously published work addressing the synthesis of limonene-based carbosilane and carboxylane-siloxane dendrons, methods for the further functionalization of the cyclohexene double bond of limonene and peripheral chains of dendrons were shown.



Using carbosilane-siloxane dendrons as an example, we have shown that the epoxidation of the cyclohexene double bond of limonene can be performed under mild conditions, which makes it possible to perform this reaction without breaking the siloxane bond.



Using CDs as an example, various ways of oxirane ring opening to give functional dendrons at the focal point have been shown.



In addition, a simple and versatile procedure for the synthesis of azide-functional CDs on the periphery with a various number of chains is presented.



The approaches to the synthesis and functionalization of carbosilane and carbosilane-siloxane dendrons considered here should make it possible, in the future, to obtain JDs by azide-alkyne cycloaddition and other “click” reactions.
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Scheme 1. Epoxidation of trisiloxylimonene derivative using m-chloroperbenzoic acid. 
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Figure 1. APT NMR spectrum of LimOx-G0.5TMS2. 






Figure 1. APT NMR spectrum of LimOx-G0.5TMS2.



[image: Applsci 13 02121 g001]







[image: Applsci 13 02121 g002 550] 





Figure 2. {1H;13C} HSQC NMR spectrum of LimOx-G0.5TMS2. 
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Scheme 2. Carbosilane-siloxane dendrons based on limonene of different generations and different numbers of branches. 
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Figure 3. APT NMR spectrum of LimN3-G1Bu4. 
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Figure 4. {1H 13C} HSQC NMR spectrum of LimN3-G1Bu4. 
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Scheme 3. Cleavage of oxirane cycle of CDs based on epoxylimonene by different nucleophiles. 






Scheme 3. Cleavage of oxirane cycle of CDs based on epoxylimonene by different nucleophiles.



[image: Applsci 13 02121 sch003]







[image: Applsci 13 02121 sch004 550] 





Scheme 4. Strategy of synthesis of CDs with azidopropyl periphery branches. 
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Scheme 5. Structures of CDs with azidopropyl periphery branches of different generations and number of branches. 
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