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Introduction

Fullerene halides were among the first structurally investigated fullerene derivatives [1]. On the one hand, they can serve as intermediates for further derivatization of fullerenes. On the other hand, they sometimes facilitate characterization of the connectivity patterns of higher fullerenes. Chlorides of a given fullerene comprise a range of compositions, which lies between those of bromides and fluorides. For example, the known chlorides of C 60 contain 6 to 30 attached Cl atoms [2][3][4][5], whereas extreme compositions for bromide are C 60 Br 6 [1] and C 60 Br 24 [6], and those reported for fluorides are C 60 F 2 and C 60 F 48 [7]. Interestingly, lower chlorides of C 60 and C 70 , C 60 Cl 6 [2] and C 70 Cl 10 [8], differ significantly in their properties such as solubility, stability and reactivity from the corresponding higher chlorides, C 60 Cl 30 [4,5] and C 70 Cl 28 [9].

In the last years, remarkable progress has been achieved in synthesis and investigation of chlorides of higher fullerenes. Using the reaction of fullerenes with a mixture of TiCl 4 and bromine, higher fullerenes D 2 -C 76 (1), three isomers of C 78 (C 2v (2), C 2v (3), and D 3h (5)), and D 2 -C 80 (2) have been selectively chlorinated, respectively, to C 76 Cl 18 [10], C 78 Cl 18 [11,12], and C 80 Cl 12 [13] in crystalline form thus enabling structural investigation of the connectivity pattern in pristine fullerenes. The chlorinating power of TiCl 4 and Br 2 mixtures depends on the bromine concentration [14,15], however, on average, it results in the formation of chlorides with lower to middle chlorine content. Higher chlorides can be produced by using stronger chlorinating agents such as Cl 2 or some inorganic chlorides (ICl, SbCl 5 etc.) at higher temperature [16]. For instance, recently chlorination of the mixture of higher fullerenes with SbCl 5 resulted in isolation and structural characterization of C 90 Cl 32 [17]. In this paper, we report the synthesis and single crystal X-ray study of C 78 Cl 30 which seems to be the highest chloride of C 78 fullerene.

Experimental Section

C 78 fullerene was separated from toluene extraction of the fullerene soot by a two-step HPLC using a Cosmosil Buckyprep column (10 mm i.d. x 250 mm, Nacalai Tesque Inc.) and toluene as the eluent (5.0 mL min -1 flow rate, 320 nm). Briefly, in the firststep HPLC a mixed fraction comprised of C 76 and two isomers of C 78 was collected, which was subjected to the second-step recycling HPLC separation. After two cycles, the major isomer of C 78 was successfully obtained with the identification and purity confirmed by MALDI-TOF MS analysis. UV-Vis spectrum of the isolated C 78 fullerene dissolved in toluene was recorded on a UV-Vis-NIR 3600 spectrometer (Shimadzu, Japan).

Approximately 0.3 mg of C 78 (2) was placed into a glass ampoule and 0.3 mL SbCl 5 was added. The ampoule was cooled, evacuated, and sealed off. Heating the ampoule at 330-340 °C for 2-3 days produced orange crystals which, after ampoule opening, were separated by decanting SbCl 5 and washing with conc. HCl.

The data for crystal with dimensions of 0.20×0.15×0.12 mm 3 were collected on an IPDS diffractometer (Stoe) at 100 K using graphite monochromatized Mo-K α -radiation, λ = 0.71073 Å), 2θ max = 58.4°; -28 < h, k < 28, -43 < l < 43, R int. = 0.063. Structure solution and refinement were performed with SHELXS97 and SHELXL97, respectively. Absorption correction was not applied. Crystal data for C 78 Cl 30 •Cl 2 : M = 2071.18, tetragonal, space group I⎯4, a = 20.7619(3), c = 31.4440(6) Å, V = 13554.1(4) Å 3 , Z = 8, D calc. = 2.030 g cm -3 , µ= 1.333 mm -3 ; reflections collected 76817, independent 18284, wR 2 = 0.067 for 18274 reflections and 1019 parameters, R 1 = 0.030 for 17653 reflections with I>2σ(I). Whereas C 78 Cl 30 molecule is fully ordered, the solvated Cl 2 molecule is highly disordered between several positions. Crystallographic data (excluding structure factors) for the structure reported in this paper have been deposited with the Cambridge Crystallographic Data Centre as supplementary publication no. CCDC-726149. Copies of the data can be obtained free of charge on application to CCDC, 12 Union Road, Cambridge CB2 1EZ, UK [Fax: (internat.) _-44-1223-336-033; E-Mail: data_request@ccdc.cam.ac.uk].

Results and Discussion

As shown by Wakabayashi et al. [18], fullerene soot production performed at significantly different conditions could result in fullerene mixtures in which C 78 is represented by three cage isomers, D 3 (1), C 2v (2), and C 2v ′ (3), in significantly different ratios. Obviously, these circumstances account for different isomeric compositions of C 78 as reported by some authors [19,20]. In our case, the first of two C 78 fractions is the major isomer and contains mainly the isomer C 2v -C 78 (2) according to UV-Vis spectra, thus resembling the first C 78 fraction described by Diederich et al. in their report concerning isolation and characterization of C 78 isomers (1) and (2) [21].

Our X-ray crystallographic study of several single crystals revealed the formation of the same chlorinated derivative of C 78 , C 78 Cl 30 (Fig. 1). The C 78 carbon cage in C 78 Cl 30 can be easily recognized as C 78 (2) (with the following spiral code: 1,7,9,11,13,24,27,30,32,36,38,40 [22]) due to the presence of only one horizontal C-C bond in the equatorial belt and the presence of a coronene subunit on the opposite side of the cage (Figure 2). The C 78 Cl 30 molecule as a whole retains (non-crystallographic) C 2v symmetry of the initial C 78 (2) cage with a two-fold axis passing through the middle point of the central C-C bond and the centre of the coronene subunit.

Insert Figure 1 here Thirty Cl atoms are attached in 1,2-, 1,3-, and 1,4-positions in carbon hexagons so that the remaining (non-chlorinated) C atoms form either isolated C-C double bonds or aromatic benzenoid rings. There are altogether nine isolated double bonds with an averaged C-C distance of 1.33 Å and five flattened benzenoid rings with averaged C-C distances of 1.39-1.41 Å. Most uniform (1.406 ± 0.006 Å) are C-C bonds in the central hexagon of the coronene subunit; its high aromaticity also becomes apparent in a high planarity of this cage region (Fig. 1, right). Four other aromatic benzenoid rings have one or two edge-sharing pentagons in their cage surroundings; C-C bonds of hexagon-pentagon junctions are the shortest (1.37-1.38 Å) among C-C ring bonds thus resulting in less uniform distribution of bondlengths and, therefore, less flat regions of the cage. Unfortunately, a comparison with bondlengths in a non-functionalized C 2v -C 78 (2) molecule is not possible, because the only available data concern a disordered C 2v -C 78 molecule (due to an overlap of two closely situated molecules) in co-crystals with Cu-tetraphenylporphyrin [23].

It is worth noting that all other reported chlorides of C 78 were synthesized by chlorination of individual C 78 isomers or their mixtures with solutions of Br 2 in TiCl 4 [11,12,14]. They all have the same composition C 78 Cl 18 and are characterized by the same addition pattern of 18 Cl atoms on slightly different C 78 carbon cages. Bromination of C 78 (as a by-mixture to C 70 ) produced C 78 Br 18 (co-crystals with isomeric cages 2 and 3) possessing the same addition pattern of 18 Br atoms [24]. The attachment of 18 halogen atoms to C 78 cages results in three isolated bonds and three aromatic benzenoid rings, whereas the remaining cage has larger regions with delocalized C-C bonds. C-C bonds in benzenoid rings Insert Figure 2 here are 1.392-1.403 Å long, i.e. they are in the same range as in the C78Cl30 molecule. Isolated double bonds in the C 78 (2)Cl 18 molecule can not be calculated reliably because of a statistical disorder resulting in a higher D 3d molecular symmetry. A comparison of the addition patterns of C 78 (2)Cl 30 and C 78 (2)Cl 18 [11] (Fig. 2) demonstrates that the latter is a substructure of the former being most probably its precursor in the course of chlorination.

Because of the presence of only isolated double bonds and benzenoid rings and also due to an effective shielding of these fragments by the attached Cl atoms, C 78 (2)Cl 30 obviously represents the highest possible degree of chlorination of C 2v -C 78 (2). Chlorination of each isolated double bond would generate triple Cl•••Cl contacts, which are known to be avoided due to strong repulsion [5]. Even in the fullerene fluoride C 60 F 48 , six isolated C-C bonds are effectively shielded making this compound highly stable. Attempts to further fluorinate C 60 F 48 result in a cage destruction [24]. Other structurally similar C 78 isomers except for D 3 -C 78 (1) would also attach a maximum of 30 Cl atoms with the same addition pattern. Noteworthy, the use of SbCl 5 as chlorination agent at elevated temperature seems to facilitate the formation of the highest possible fullerene chloride as already found for the chlorination of C 60 to C 60 Cl 30 [4], C 70 to C 70 Cl 28 [9], and C 90 (isomers 46 and 34) to C 90 Cl 32 [17]. For example, our attempts to further chlorinate C 60 Cl 30 or C 70 Cl 28 with liquid Cl 2 at ca. 100 ºC did not afford compounds with a higher degree of chlorination.

All C-Cl bondlengths lie in the comparatively narrow range of 1.780( 3 (1.785 [4] and 1.801 Å [5] for the two isomeric molecules) or C 60 Cl 28 (1.789 Å [5]) prepared by chlorination of C 60 with SbCl 5 or ICl. Virtually the same average C-Cl distance, 1.796 Å, has been found in the C 90 Cl 32 molecule (in triclinic crystalline modification) obtained by chlorination with SbCl 5 [17]. At the same time, all molecules of fullerene chlorides prepared by chlorination with TiCl 4 /Br 2 mixtures have elongated averaged C-Cl distances: 1.83 Å for C 76 Cl 18 [10], 1.84-1.88 Å for C 78 Cl 18 with different C 78 isomeric cages [11], and 1.868 Å for cocrystals of C 78 Cl 18 with a mixture of cage isomers 2 and 3 [14]. We suggested in [14] that such an elongation might be due to the presence of a small fraction of Br atoms, that could contribute to the apparent elongation of C-Cl bonds (in fact, C-X, X -Cl, Br). Typical C-Br bondlengths in fullerene bromides (C 60 Br 6 [1,16], C 60 Br 8 [1,16], C 60 Br 24 [7,16], and C 78 Br 18 [25]) are all about 1.99-2.01 Å. The presence of a few percent of Br in fullerene chlorides can significantly elongate the obtained C-X distances because Br atoms with 35 electrons have larger impact than Cl atoms (17 electrons) on the position of statistically averaged X atoms. In a more recent work [15], we investigated the chlorination of C 60 with TiCl 4 /Br 2 systematically by varying the Br 2 content in the "chlorinating" agent. It has been established that the higher the bromine content was, the higher the Br/Cl ratio was found in the obtained crystals of C 60 X 6 , C 60 X 8 , and C 60 X 24 (X -Cl, Br). Noteworthy, Br atoms were not uniformly distributed among the C-X bonds of different types. Therefore, the values for C-Cl (C-X) distances in crystals of fullerene chlorides obtained from systems with even low bromine content must be considered critically due to their possible elongation.

Insert Figure 3 here [4,5,[10][11][12]14,17] are most probably due to the very small charge on Cl atoms being nearly zero [26]. Solvated chlorine molecules occupy large tetrahedral holes in the packing of C 78 Cl 30 molecules; therefore, they are highly disordered between several positions. In summary, the highly chlorinated C 78 fullerene, C 78 (2)Cl 30 , has been obtained by using SbCl 5 as chlorinating agent at elevated temperature. In its molecular structure, the C 78 carbon cage contains only isolated double bonds and aromatic benzenoid rings that most probably implies the highest possible chlorination degree achieved for C 78 fullerene. Preparation of highly chlorinated fullerene derivatives and determination of their structures may further serve as an effective way to establish connectivity patterns and study the reactivity of higher fullerenes. 
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