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Abstract:



The unusual self-assembly in chloroform of a novel cyclodextrin-based [2]pseudorotaxane, composed of heptakis-2,6-di-O-methyl-3-O-acetyl-β-cyclodextrin and a viologen-containing linear component, is reported.
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1. Introduction


Cyclodextrins [1–3] (CDs) are a well-known family of cyclic oligosaccharides – composed of 1→4-linked α-d-(+)-glucopyranose units – that have found over the past few years an ever-increasing number of commercial applications, in various sectors ranging from pharmaceuticals and cosmetics to the food industry [4–6]. CDs owe their attractiveness mainly to two different features. Firstly, they have been found to be perfectly biocompatible, showing an absolutely negligible toxicity [7]. The second key to their success is the fact that they possess rigid and highly preorganized cavities of different dimensions, which make them among the most efficient molecular receptors presently available to the researcher. They come in three different sizes, α-CD (composed of six glucose units, and possessing a cavity with an internal diameter of 4.7–5.3 Å), β-CD (seven units, 6.0–6.5 Å) and γ−CD (eight units, 7.5–8.3 Å), all of them displaying remarkable complexing abilities [3].



Supramolecular chemists showed an early interest in these molecular receptors [8,9]. CDs and their chemically modified derivatives have been used over the years as building blocks for the construction of the most diverse supramolecular architectures. Interlocked supermolecules [10–12], such as rotaxanes [13,14] and catenanes [15], supramolecular polymers [16], and artificial enzymes [17,18], have all been self-assembled or synthesized using CDs as the macrocyclic component, harnessing their innate tendency to form, with suitable guests, inclusion compounds with a pseudorotaxane-like geometry. Cyclodextrin-based rotaxanes and pseudorotaxanes have also been employed for the construction of molecular switches [11,19,20], activated by electrochemical [21], photochemical [22–24], thermal [22] or chemical stimuli [25].



Most of the work involving cyclodextrins has been carried out in aqueous media, as a consequence of their mode of binding, that mostly relies on hydrophobic interactions taking place between the interior of the cavity of the torus-shaped CD and insoluble or poorly-soluble aliphatic or aromatic guest molecules [26]. In order to take advantage of the complexing abilities of cyclodextrins in less polar media, chemical modifications of the hydroxyl groups of the CDs are necessary, both to ensure sufficient solubility and to provide additional functionalities to increase their affinity towards guests with different structural features. This would greatly expand the potential applications of cyclodextrins, and would enable them to compete in non-aqueous media with known fully-synthetic receptors for the construction of supramolecular architectures.



In this respect, taking advantage of the development of efficient methods for exhaustive and selective functionalization [27–29], a number of papers have appeared in recent years on the construction of supramolecular structures composed of chemically-modified CDs and viologen derivatives [9,30–33]. In particular, cyclodextrins bearing acyl groups on the secondary face can efficiently yield inclusion complexes in polar organic media (acetonitrile, acetone) where a dicationic bipyridinium moiety is tightly bound owing to carbonyl oxygen-cation interactions. Following this lead, we report here on the self-assembly in chloroform of a novel cyclodextrin pseudorotaxane.




2. Results and Discussion


2.1. Design and Synthesis of the Linear and Macrocyclic Components


In a previous paper [34], we have demonstrated that by employing a “binary host” approach [35] – i.e., the simultaneous and synergic use of cationic and anionic receptors for the complexation of salt species– it is possible to solubilize paraquat dichloride in chlorinated solvents, with a number of chemically modified CDs, as a result of the breaking up of the chloride-paraquat ion pair. As a follow-up to these findings we have now built a linear component –the “thread”– intended to be recognized and complexed by a suitably substituted cyclodextrin in chloroform. The thread 22+ was designed (Scheme 1) to possess a bipyridinium moiety at its center, along with two additional biphenyl “stations” [36] which would have a lower affinity for the cyclodextrin cavity, with the future aim of developing a controllable molecular machine [19–25]. The choice of building the linear component with two degenerate “stations” flanking the central bipyridinium one was made to avoid the formation of topological isomers deriving from the formation of a pseudorotaxane-like complex between a cyclodextrin and an unsymmetrical guest [14,30,37–41]. The cyclodextrin chosen to probe the threading tendency of 22+ was heptakis-2,6-di-O-methyl-3-O-acetyl-β-cyclodextrin [34,42] (1, see Figure 1), which had been previously investigated and found to form stable complexes with bipyridinium cations in acetonitrile or acetone [32,34].


Scheme 1. Synthesis of the linear component 2·2Cl.
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Figure 1. Structure of heptakis-2,6-di-O-methyl-3-O-acetyl-β-cyclodextrin (1).
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In order to gather preliminary evidence on the possibility of building a supramolecular switching system, the binding constants for the complexes of cyclodextrin 1 and two different guest molecules – chosen as prototype stations– were determined by 1H NMR dilution experiments [15,43], both in aqueous and in organic media. The binding experiments were carried out by progressively diluting equimolar solutions of 1 with each of the two guests, namely the biphenyl derivative 3[15] (vide infra, Scheme 1) and N,N′-dibenzyl-4,4′-bipyridinium (82+), gave the expected results (Table 1), proving that CD 1 displays a good affinity for both the dicationic guest 82+ and the neutral aromatic guest 3 in acetone and in water-rich media, respectively.



Table 1. Binding constants for the receptor 1 and the test guest species simulating the two stations of the pseudorotaxane. Ka values (M−1) were determined by 1H NMR (300 MHz, 22±1 °C).







	

	
Ka in D2O/CD3COCD3 (4:1 v/v)

	
Ka in CD3COCD3






	
1⊃3

	
2900 ± 250

	
no binding




	
1⊃82+

	
no bindingA

	
13200 ± 1100 B








A8·2Cl was used as the guest.



B8·2PF6 was used as the guest.








On the basis of these preliminary binding experiments, the synthesis of the linear component 22+ – containing a dibenzyl-bipyridinium moiety flanked by two biphenyl ones, as a potential three-station thread– was accomplished in five steps, starting from the known diol 3[15] (Scheme 1). An excess of 3 was treated with benzyl bromide, in THF with sodium hydride as the base, to produce, after chromatographic purification, the benzyl-monoprotected derivative 4 in 18% yield. The alcohol 4 was treated with tosyl chloride under standard conditions (NaOH, H2O/THF), to give the tosylate 5 (55%), which was then treated with p-hydroxybenzyl alcohol and potassium carbonate in refluxing acetonitrile, to provide alcohol 6 (59%). Compound 6 was reacted with thionyl chloride in dichloromethane, affording chloro-derivative 7 (80%). The final product 2·2Cl was prepared by reacting chloro-derivative 7 with 4,4′-bipyridine, and obtained, after chromatography, in 30% yield as the dichloride salt.




2.2. Self-assembly of the [2]Pseudorotaxane 1⊃2·2Cl


The original design of the linear component 22+ was based upon the assumption that a final anionexchange step (e.g. Cl− to PF6−) would have to be carried out in order to provide a saline species that could more easily dissolve in organic solvents. However, the dichloride salt 2·2Cl was found to be soluble in chloroform as such and it was therefore possible to proceed with the threading of the pseudorotaxane without any further transformation. Addition of a stoichiometric amount of cyclodextrin 1 resulted in the immediate formation of the expected supermolecule, which was then conveniently monitored by 1H NMR spectroscopy (Figure 2).


Figure 2. 1H NMR spectra (300 MHz, CDCl3, 22 °C) of 5 mM samples of: a) cyclodextrin 1; b) linear component 2·2Cl; c) [2]pseudorotaxane 1⊃2·2Cl.
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A comparison of the 1H NMR spectra of the two components 1 and 2·2Cl separately and after mixing provides a useful insight into the assembly process. Upon threading (Figure 2, trace c) the CD component of the pseudorotaxane lies on the central bipyridinium station of the thread component and, as a result, the resonances of this moiety as well as those of the neighboring groups undergo distinctive complexation-induced shifts (CISs).



The α- and β-bipyridinium proton signals experience a strong downfield shift, from 8.66 to 9.28 and 8.03 to 8.62 ppm, respectively, whereas the doublet belonging to a pair of hydrogen atoms of the adjacent phenolic rings moves from 6.75 to 6.94 ppm. The broad singlet assigned to the methylene groups bound to the positively charged nitrogens, shows a CIS of 0.49 ppm (from 5.51 ppm in the free species to 6.00 ppm in the pseudorotaxane), and in addition, it becomes a broad AB system. This behavior, typical for enantiotopic hydrogens that become diastereotopic upon inclusion in the chiral cavity of the cyclodextrin [15], provides further evidence that complexation is taking place in the expected manner. Small but significant CIS are also observed for some of the peaks belonging to the receptor. In particular, both the H-3 of the CD ring and the methyl group of the 3-O-acetyl substituents show upfield shifts of ca. 0.1 ppm, suggesting that the carboxyl oxygens are responsible for the complexation of the bipyridinium cation.



The association constant for 1⊃2·2Cl was determined by 1H NMR by means of a dilution experiment, and was found to be 410 ± 30 M−1 in chloroform. Although this value is lower than the one measured for the complexation of the test cationic guest 82+ in CD3COCD3, it is quite promising in view of a future rotaxane preparation. In the case of 2·2Cl, in addition to an increased molecular complexity, ion-pairing effects (between the cationic bipyridinium moiety and the chloride counterions) play, in a low-polarity solvent such as CDCl3, an unfavorable role in the complexation process and cause the thread component to be less available for inclusion into the cavity [34,35].



Molecular modeling provides additional insight into the geometry of the complex (Figure 3) and on the mode of binding of the dication inside the CD cavity (Figure 4). Figure 3 shows the overall geometry of the complex, obtained by MMFF geometry optimization. The linear component 22+, as expected is threaded through the cyclodextrin cavity, which, in turn rests on the dicationic moiety.


Figure 3. Space-filling molecular model of the [2]pseudorotaxane 1⊃2·2Cl (grey: carbon, white: hydrogen, red: oxygen; chloride ions omitted for clarity).
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Figure 4. Top-down view of the CD cavity in the [2]pseudorotaxane 1⊃2·2Cl. O···N+ interactions are highlighted in yellow (grey: carbon, white: hydrogen, red: oxygen; chloride ions omitted for clarity).
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Figure 4 features a top-down view of the CD cavity. It is possible to observe that at least two of the carboxyl groups (perpendicular to the bipyridinium plane) are pointing towards the positively charged nitrogen atom, their O···N+ distances being 2.74 and 3.02 Å, respectively.





Conclusions


A novel [2]pseudorotaxane composed of a chemically modified acyl-bearing cyclodextrin and a three station thread has been reported. These two components surprisingly self-assemble in a lowpolarity organic solvent such as chloroform to give rise to a supermolecule in which the doubly charged station is encircled by the macrocyclic component. The pseudorotaxane possesses two additional degenerate stations. Future work will involve the preparation of derivatives that can be subjected to stoppering reactions. In the resulting rotaxanes, the two additional stations will hopefully provide efficient alternative binding sites to which the cyclodextrin macrocycle will migrate upon a change in the polarity of the solvent or as a result of an electrochemical reduction of the bipyridinium dication.




3. Experimental Section


3.1. General Methods


All reagents employed were commercially available. Solvents were dried according to literature procedures [44]. Glassware was dried prior to use (T>140 °C, 12–14 h). Thin layer chromatography was performed on silica gel plates with fluorescence indicator (Polygram SIL G/UV254, Macherey- Negel) and compounds were detected either under UV light (λ=254 nm) or by heating with sulphuric acid (5% v/v in EtOH). Column chromatography was performed on silica gel (230–400 mesh, 60 Å, Merck). 1H and 13C NMR spectra were recorded on a Varian Mercury 300 spectrometer at 300 and 75 MHz, respectively. Unless otherwise stated, spectra were recorded in CDCl3. Chemical shifts (δH) are reported in ppm from TMS as an internal standard. Coupling constants (J), where not specified, are 3J. Mass spectra (FAB-MS) were recorded on a Finnigan Mat 90 spectrometer using 3-nitrobenzyl alcohol as a matrix. Molecular modeling was performed by running the MMFF94 force field included in the Spartan-04 package (Wavefunction, Inc.) on a SUN workstation.




3.2. 1H NMR Binding experiments


Binding constants (Ka) were obtained from 1H NMR dilution experiments [43]. The dilution procedure is based on the change in chemical shift for a probe proton of either host or guest upon varying the concentration of an equimolar solution of the two. In a typical experiment, a stock solution of host and guest (10 mM) was prepared by dissolving a weighed equimolar amount of guest (either 2·2Cl, 3, 8·2Cl or 8·2PF6) and host (CD 1) in the appropriate volume of deuterated solvent(s) (CDCl3, CD3COCD3 or D2O/CD3COCD3 4:1 v/v). Five different solutions (5.0, 3.0, 1.5, 0.5, 0.3 mM) were first prepared by diluting the original stock solution and then examined by 1H NMR (300 MHz at 22±1 °C ). Ka values (M−1) were calculated from equation (1)[15] by following the resonances of either the α-bipyridyl protons (for 22+ and 82+) or the aromatic ring protons (for 3):
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(1)





where Δδobs is the observed difference in chemical shift between the complex and the free species for a probe proton of either host or guest at a given concentration, Δδmax is the extrapolated value corresponding to the maximum CIS, and c is the concentration of the equimolar solution of host and guest.




3.3. Synthetic Procedures


4-{2-[2-(2-benzyloxyethoxy)ethoxy]ethoxymethyl}-4′-{2-[2-(2-hydroxyethoxy)ethoxy]ethoxymethyl} biphenyl (4). A solution of benzyl bromide (1.92 g, 10.27 mmol) in anhydrous THF (5 mL) was added, under nitrogen, to a stirred mixture of 3 (7.72 g, 16.16 mmol) and NaH (0.377 g, 15.7 mmol) in anhydrous THF (200 mL). The mixture was refluxed for 48 h, the solvent was evaporated under reduced pressure, and the residue was then partitioned between CH2Cl2 (50 mL) and water (100 mL). The aqueous layer was washed with CH2Cl2 (2 × 50 mL). The combined organic layers were dried (MgSO4) and concentrated. The crude product was purified by column chromatography (SiO2, AcOEt/n-hexane 95:5, then AcOEt) to give 4 (1.69 g, 18%). 1H NMR: δ = 3.59–3.75 (m, 24 H, OCH2), 4.57 (s, 2 H, CH2-Ph), 4.61 (s, 4 H, CH2-C6H4-), 7.28–7.59 (m, 13 H, Ar) ppm. 13C NMR: δC = 61.3, 70.0, 70.3, 70.3, 70.4, 70.5, 73.0, 127.4, 127.8, 127.9, 136.4, 137.5, 139.9 ppm. FAB-MS: m/z 591 [M+Na]+. Elemental analysis calcd (%) for C33H44O8: C, 69.69; H, 7.80; found: C, 69.17; H, 7.65.



4-{2-[2-(2-benzyloxyethoxy)ethoxy]ethoxymethyl}-4′-{2-[2-(2-p-toluensulfonyloxyethoxy) ethoxy]ethoxymethyl}biphenyl (5). A solution of NaOH (5 M, 2.5 mL) was added dropwise to a stirred mixture of 4 (1.65 g, 2.90 mmol) and tosyl chloride (1.71 g, 8.99 mmol) in THF (100 mL) at 0 °C. The reaction was allowed to reach room temperature and then stirred for 24 h. The solvent was evaporated under reduced pressure. The residue was partitioned between CH2Cl2 (50 mL) and water (100 mL), and the organic layer washed with water (2 × 100 mL). The organic layer was then dried (MgSO4) and concentrated. The crude product was purified by column chromatography (SiO2, AcOEt/n-hexane 60:40) to yield 5 (1.29 g, 55%). 1H NMR: δH = 2.42 (s, 3 H, CH3), 3.60–3.71 (m, 22 H, O-CH2), 4.14–4.17 (m, 2 H, CH2OTs) 4.56 (s, 2H, CH2-Ph), 4.60 (s, 4 H, CH2-C6H4-), 7.30–7.80 (m, 17 H, Ar) ppm. 13C NMR: δC = 21.6, 68.6, 69.2, 69.4, 70.5, 70.6, 70.7, 72.9, 73.2, 127.0, 127.5, 127.7, 127.9, 128.2, 128.3, 129.8, 132.9, 137.2, 137.3, 138.2, 140.2, 144.7 ppm. FAB-MS: m/z 745 [M+Na]+. Elemental analysis calcd (%) for C40H50O10S: C, 66.46; H, 6.97; found: C, 66.01; H, 6.73.



4-{2-[2-(2-benzyloxyethoxy)ethoxy]ethoxymethyl}-4′-{2-[2-(2-(4-hydroxymethylphenyloxy) ethoxy)ethoxy]ethoxymethyl}biphenyl (6). A stirred mixture of 5 (1.22 g, 1.70 mmol) p-hydroxybenzyl alcohol (0.412 g, 3.33 mmol) and K2CO3 (0.459 g, 3.33 mmol) in anhydrous CH3CN (150 mL) was refluxed under nitrogen for 48 h. The solvent was evaporated under reduced pressure. The residue was partitioned between CH2Cl2 (50 mL) and water (100 mL), and the organic layer washed with water (2 × 100 mL). The organic layer was then dried (MgSO4) and concentrated. The crude product was purified by column chromatography (SiO2, AcOEt/n-hexane 60:40) to give 6 (0.678 g, 59%). 1H NMR: δH = 3.61–3.76 (m, 20 H, O-CH2), 3.85–4.12 (m, 4 H, CH2-O-Ar), 4.56, 4.59, 4.61 (s, 8 H, 4 × CH2-Ar), 6.87–7.56 (m, 17 H, Ar) ppm. 13C NMR: δC = 64.7, 69.3, 69.9, 70.0, 70.3, 70.4, 70.5, 73.0, 114.6, 127.4, 127.8, 127.9, 128.0, 128.6, 128.9, 132.8, 136.4, 137.5, 139.9, 158.3 ppm. FAB-MS: m/z 697 [M+Na]+. Elemental analysis calcd (%) for C40H50O9: C, 71.19; H, 7.47; found: C, 69.85; H, 7.29.



4-{2-[2-(2-benzyloxyethoxy)ethoxy]ethoxymethyl}-4′-{2-[2-(2-(4-cholormethylphenyloxy) ethoxy)ethoxy]ethoxymethyl}biphenyl (7). A stirred mixture of 6 (0.638 g, 0.95 mmol) and SOCl2 (83 μL, 1.14 mmol) in anhydrous CH2Cl2 (150 mL) was stirred under nitrogen for 16 h. The solvent was evaporated under reduced pressure and the remaining residue was purified by column chromatography (SiO2, AcOEt/n-hexane 50:50) to yield 7 (0.522 g, 0.76 mmol, 80%). 1H NMR: δH = 3.63–3.74 (m, 20 H, O-CH2), 3.84–4.14 (m, 4 H, CH2-O-Ar), 4.54, 4.56, 4.60 (s, 8 H, 4 × CH2-Ar), 6.86–7.56 (m, 17 H, Ar). 13C NMR: δC = 67.5, 69.4, 69.7, 70.6, 70.8, 72.9, 73.2, 114.8, 127.0, 127.5, 127.7, 128.2, 128.3, 129.8, 130.0, 137.3, 138.1, 140.2, 158.9. FAB-MS: m/z 715 [M+Na]+. Elemental analysis calcd (%) for C40H49ClO8: C, 69.30; H, 7.12; found: C, 69.05; H, 6.99.



N,N′-Bis{4-[2-(2-(2-(4-(4-(2-(2-(2-benzyloxyethoxy)ethoxy]ethoxymethylphenyl)benzyloxy) ethoxy)ethoxy)ethoxy]benzyl}-4,4′-bipyridinium dichloride (2·2Cl). A stirred mixture of 7 (0.224 g, 0.32 mmol) and 4,4′-bipyridine (0.024 g, 0.154 mmol) in anhydrous CH3CN (15 mL) was refluxed under nitrogen for 48 h. The solvent was evaporated under reduced pressure, the residue partitioned between CH2Cl2 (20 mL) and water (20 mL). The organic layer was washed with water (2 × 20 mL), dried (MgSO4) and concentrated. The crude product was purified by column chromatography (SiO2, MeOH/NH4Cl(aq.) (2 M)/MeNO2 10:0.2:1), to give 2·2Cl (0.071 g, 30%). 1H NMR: δH = 3.59.378 (m, 44 H, O-CH2), 3.93 (s broad, 4 H, CH2-CH2-O-Ar), 4.49, 4.50, 4.52 (3s, 12 H, CH2-Ar), 5.51 (s broad, 4 H, CH2-N+), 6.75 (part of an AB system, JAB = 8.0 Hz, 4 H, Ar), 7.19–7.42 (m, 30 H, Ar), 8.03 (s broad, 4 H, H-β bipyridinium), 8.66 (s broad, 4 H, H-α bipyridinium). 13C NMR: δC = 64.1, 64.3, 67.5, 69.2, 69.4, 69.5, 69.6, 70.6, 72.8, 72.9, 73.2 (CH2), 115.7, 123.7, 125.8, 126.9, 127.2, 127.6, 127.7, 128.3, 128.4, 129.6, 130.2, 130.3, 131.2, 133.0, 137.3, 137.4, 138.1, 139.9, 141.6, 144.5, 153.7, 160.1 ppm. FAB-MS: m/z 1506 [M–Cl]+. Elemental analysis calcd (%) for C90H106Cl2N2O16: C, 70.07; H, 6.93; N, 1.82; found: C, 69.84; H, 7.12; N, 1.86.
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