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Figure 1. The optimized structures of La@£ (a) IPR-satisfying cage
structure of La@& with Deg symmetry; (b) non-IPR cage structure
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Fullerenes have an even number of three-coordinate carbon atoms a
(n) and consist of 12 pentagonal amd — 10) hexagonal carbon
rings (e.g., G has 12 pentagons and 20 hexagons). It has been
established as the isolated-pentagon rule (IPR) that all pentagons
are isolated in the most stable fullerén8ince the first proposal
by Kroto in 198723 the IPR has proved particularly valuable in

unraveling cage structures of higher fullerenes and metalloful- containing a pair of fused pentagons wih symmetry: (c) non-IPR cage
lerenesi™*% Recently, Sg@Ces and SgN@Css have bee'j‘ reported structure containing a pair of fused pentagons Withsymmetry; (d) non-
as the examples of endohedral metallofullerenes having a non-IPRIPR cage structure containing one heptagon Wditsymmetry.
caget 13 Since no IPR-satisfying cage structure is available for

Ces and Gg, it remains still an open question whether metallo-
fullerenes that have a non-IPR cage are isolable or not.
For G, there is only one IPR-satisfying structure wilhg

exhibit that the isomers A, B, and C have 2,4-dichlorophenyl,
2,5-dichlorophenyl, and 3,4-dichlorophenyl groups, respectively.
Similar 3C NMR signals for the carbon cage and BVisible—

symmetry. Theoretical investigation of.£and Ca@G, suggests near-infrared absorption were observed for A, B, and C, indicating
that non-IPR cage structures are more stable than the |pR_satisfyin9that these three isomers have the same cage structure and addition
onel4-16 Recently, Shinohara et al. reported the NMR study on Site. The'3C NMR spectra of A, B, and C show a total of 78 lines
La,@C;,, which indicates that L#@GC;, has a non-IPR cagé:® (72 lines from the @ cage and 6 lines from the dichlorophenyl
However, there is no conclusive evidence for the structural group), indicating that these isomers h&esymmetry. The signal
characterization. Meanwhile, we succeeded in the extraction, & 58-56 ppm is assuredly assigned to thé sarbons on & by
isolation, and characterization of a missing metallofullerene La@C  *H-**C long-range coupling NMR measurements. T#ea NMR

as a derivative, La@QCsHsCl,).1° This derivative method opened ~ spectra of A, B, and C exhibit a single broad signal with a line
away for the experimental structural investigation of unconventional Width of 2100 Hz at 300 K. Thé*La NMR chemical shifts at
metallofullerenes. We herein report the first structural determination —605(A), —603(B), and—618(C) ppm are close to that observed
of a monometallofullerene derivative, La@(CsHsCly), that has for La,@Cr2 (—576 ppm}’ and are significantly lower than those
a non-IPR cage by spectroscopic and X-ray crystallographic observed for La@&(CsHsClo)(A) (=511 ppm);® La,@Ceo (—403
analysis. In addition, the unique electronic properties and high PPM)?* and [La@GxA(Cz,)] n-BusN* (=470 ppm)? These suggest
reactivity of La@G: are discussed on the basis of the theoretical @ correlation between tti€1.a NMR chemical shift and the carbon
Study_ cage size.

Soot Containing lanthanum metallofullerenes was produced by As Figure 1 ShOWS, we carried out density functional calculations
the arc discharge methédand three adducts (A, B, and C) were on the four isomers of La@&? Structurea (C) satisfies the IPR,
extracted in 1,2,4-trichlorobenzene and isolated from the raw soot While b (C2) andc (Cz,) contain the fused pentagons, anhdC,)
by the method previously reporté&tiThe MALDI-TOF mass spectra ~ has one heptagon surrounded by five fused pentagons. The cage
of the adducts show a molecular ion peakz 11551148 which structures ob, ¢, andd do not obey the IPR well-known in fullerene
is attributed to the adduct of La@c (m/z 1003) with the science. These structures were reported for Ca@Guggest that
dich|or0pheny| (GH3C|2) group MZ 145) This suggests that the b, ¢, andd are more stable tham!*1°For La@G@G,, it was calculated
adducts are formed during the extraction by the reaction of La@C at the B3LYP/6-31G(d)//B3LYP/3-21G level thbt ¢, andd are
and 1,2,4-trichlorobenzene, as found for the La@@se!® The 37.4, 37.1, and 20.3 kcal/mol more stable tl@mespectively??
EPR measurement shows that the adducts (A, B, and C) are EPRThis suggests that La@{CeHsCl,) is a dichloropheny! derivative
inactive, indicative of a closed-shell electronic structure. of La@G;; that has a non-IPR cage.

In order to determine the structures of the adducts (A, B, and We have succeeded in the X-ray crystallographic andfsis
C), La@G(CgH4Cly), we performedH NMR, 3C NMR, and 2D La@GACeHsCL)(A). As is obvious from Figure 2, La@&CeHs-

NMR (HMQC and HMBC) measurements. The NMR spectra Cl2)(A) is formed from the addition of a 2,4-dichloropheny! group
to the most stable La@gb). The dichlorophenyl group is attached

to the C(1) atom in the fused pentagons. La@CsHsCly)(A) is
chiral, and the ratio of these enantiomers is 1:1 in the crystalline
state. In addition, the enantiomers have the conformational isomer
owing to a dichlorophenyl group in the 9:1 ratio in the crystalline
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Figure 2. Crystal structure of La@3(CsHsClp)(A) at 153 K. The CS
molecule is omitted for clarity.

Table 1. Redox Potentials (V),2 lonization Potentials (eV), and
Electron Affinities (eV) of La@Cr2(b), La@Cr2(CsH3Cl2)(A—C), and
La@Cg2(C2y)

compound OXE; redE; redE, IP/Ea
La@Gx(b) 5.91/2.94
La@Gr(CsH3Clo)(A) 0.44 —-1.00 -1.37 6.57/2.66
La@GrACeHsClo)(B) 042 —-1.00 -1.36
La@GroCsHsClo)(C) 046  —095  —1.29
La@Gs(C2)P 0.07 —-042  -1.37 6.19/3.38

aVersus Fc/Fe¢. In 1,2-dichlorobezene with 0.1 M{Bu);NPF; at a Pt
working electrode. CV: scan rate, 20 n&v™.  Reference 25.

state. The encapsulated La atom is located near the fused pentagons.

The position of the La atom in La@&CsH3Cl,)(A) is slightly
different from that in La@&x(b). Density functional calculations
show that three valence electrons on La are transferregh{(G4Els-
Cl), the resultant electronic structure being described 8§ Ca-
(CeH3Clp)]3~. Therefore, the L& cation is located near the
minimum of the electrostatic potentials inside}CsHsCl»)]3~. The
observed LaC(4) and LaC(5) distances of 2.615 and 2.605 A

property and high reactivity. The addition of a dichlorophenyl
radical on La@@y(b) leads to La@&(CsHsCl,) with a closed-
shell structure. The successful isolation of the La@CsH3Cly)
derivative suggests that many other insoluble and unknown en-
dohedral metallofullerenes still remain in raw soot, which will open
up the new material science of metallofullerenes.
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