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Scheme 1

geometry is presented in Figure 1. The polyketal 7 contains a
12-crown-6 moiety incorporated with a [14]orthocyclophane inside
the macrocycle. The up-down-up conformation of the six oxygen
atoms gives rise to a preorganized spherical cavity of diameter
1.02 A. The six benzylic carbon atoms in 7 form a plane (rms
0.0085 A), from which oxygen atoms deviate by about 0.8 A.

Inspection of the CPK model of hexaketone 5 indicates that
the preferred conformation has an up-down-up arrangement of
the six carbonyl functions, causing serious steric strain in the
molecule. It appears therefore that, as soon as it is produced, §
undergoes rapid rearrangement, probably via the oxonium ion 6,
resulting in sp-to-sp® rehybridization in each ketonic carbon to
give the strain-free 7. This is an unprecedented reaction. The
cyclic hexaketal 7 is a novel coronand containing the 2n-crown-n
moiety. When viewed from above, the oxygen atoms of 7 form
a six-pointed star. Although a number of coronands have been
synthesized® during the last two decades, in most cases the oxygens
are separated by hydrocarbon spacers having two or more bridging
atoms, such as dimethylene, trimethylene, or o- or m-phenylene

(7) X-ray analysis: 7 crystallizes in the monoclinic space group P2,/c (No.
14); @ = 15.813(6), b = 13.108(1). ¢ = 20.257(7) A; 8 = 109.35(2)%; V =
3961.6 A%, d.¢ = 1.25 g/cm¥; Z = 4. Data were collected on an Enraf-
Nonius CAD4 diffractometer. Of the 5142 unique data collected with Mo
Ka radiation (A = 0,71073 A), the 4212 with F, > 1.0¢(F) were used in the
least-squares refinement to yield R = 5.2%. R, = 6.9% after an empirical
absorption correction based on ¥-scan data was applied.

(8) Comprehensive presentations: (a) Izatt, R. M.; Christensen, J. J.
Synthetic Multidentate Macrocyclic Compounds, Academic Press: New
York, 1978. (b) Hiraoka, M. Crown Compounds, Kodansha Ltd.: Tokyo,
Elsevier Scientific Publishing Co.: Amsterdam, 1982, (c) Izatt, R. M.
Progress in Macrocyclic Chemistry; John Wiley & Sons: New York, 1979,
1982; Vol. I, II. (d) Gokel, G. W.; Korzeniowski, S. H. Macrocyclic Polyether
Synthesis; Springer-Verlag: Berlin, 1982. (e) Weber, E.; Toner, J. L
Goldberg, 1.; Vogtle, F.; Laidler, D. A.; Stoddart, J. F.; Bartsch, R. A,; Liotta,
G. L. Crown Ethers and Analogs; John Wiley & Sons: Chichester, England,
1989, (f) Patai, S. The Chemistry of Ethers, Crown Ethers, Hydroxy Groups
and Their Sulfur Analogues; John Wiley & Sons: Chichester, England, 1980;
Parts 1 and 2. (g) Inoue. Y.. Gokel, G. W. Cation Binding by Macrocycles:.
Marcel Dekker, Inc.: New York, 1990. (h) Atwood, J. L. Inclusion Phe-
nomena and Molecular Recognition; Plenum Press: New York, 1990.
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Figure 1. ORTEP diagram of 7.

units. The 2n-crown-n-type coronands, whose oxygens are sep-
arated from one another by one carbon atom, have not been
reported. Although (CH,0), cyclic structures (e.g., paraform-
aldehyde) are labile, the polyketal 7, which is composed of
(CR,0), units incorporated with a [1,]orthocyclophane, is stable.
Generation of homologs of the star-shaped coronand 7 can be
anticipated from oxidation of other even-number [1,]ortho-
cyclophanes.
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Since the discovery of superconductivity at 18 K for K,Cq,'
the alkali-metal fullerides have been the object of considerable
research. So far, however, the solid-state properties of fulleride
single-crystals have not yet been clarified. The preparation of
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appropriate single crystals is difficult for several reasons, principally
the extreme air sensitivity of the material. Thus, the solid Cq,
anion has not yet been thoroughly characterized, and the nature
of its salt is not well understood.

Characterization of chromium(III)-coordinated Cgy*~ was re-
cently carried out by ESR measurements? and the structure of
the ferromagnetic 1:1 salt of TDAE—Cq, studied by the Rietveld
method.> Although preparation of fulleride anion radical salts
has been described by Wudl et al.,* the resulting microcrystalline
powder sample was not suitable for single-crystal X-ray analysis.
The powder X-ray diffraction studies on alkali-metal-doped C,,
did not reveal enough details for an elucidation of the character
and structure of the C4 anion.’ In addition, single crystals of
clathrate C,, complexes® as well as some metal—~C,, coordination
compounds’ were obtained. However, these C¢, compounds do
not seem to exhibit the nature of the real fulleride anion radical.
Very recently X-ray crystal structure analyses of neutral Cy, have
been reported for twinned crystals®* and benzene-solvated single
crystals.®®

In order to trap “buckyballs” we used a bulky cation, [bis-
(triphenylphosphoranylidene) Jammonium cation, N[P(C,Hs)3],*
(PPN™), and succeeded in obtaining single crystals of the fulleride
anion salts for studying the solid-state properties of fulleride salts.
We report herein our first ESR measurements on single crystals
of the C4, anion radical salts, as well as preliminary results
concerning its crystal structure.

Mass spectroscopically pure Cq, was obtained from fullerene-
enriched soot using a graphite column® and a subsequent alumina
column.® In an H-cell with Pt electrodes, 4 mg (3.1 X 107 M)
of pure C¢y and 30 mg (2.9 X 1073 M) of PPN*CI- were elec-
trolyzed (0.7 xA) in a degassed solvent mixture (18 mL) of 5:1
chlorobenzene/THF for ca. 2 weeks. Metallic lustrous rod-type
black crystals as long as ca. 4 mm grew on the surface of the
platinum cathode.'® The SEM micrograph of the compound
shows clearly the needle shape of the crystals. As we noticed the
air, light, and moisture sensitivity of these salts during our ex-
periments, electrocrystallization was carried out in the dark at
room temperature. The single crystals showed no electric con-
ductivity at room temperature. The compound was insoluble in
almost all organic solvents except for pyridine and nitrobenzene.

The most intriguing feature of the crystalline compound is its
electronic structure. Electroreductively generated fulleride species,
Cy™ (n = 1-6), have so far only been prepared in solution.'! The

(2) Pénicaud, A.; Hsu, J.; Reed, C. A,; Koch, A.; Khemani, K. C.; Alle-
mand, P.-M.; Wudl, F. J. Am. Chem. Soc. 1991, 113, 6698-6700.

(3) Stephens, P. W,; Cox, D.; Lauher, J. W.; Mihaly, L.; Wiley, J. B.;
Allemand, P.-M.; Hirsch, A.; Holczer, K.; Li, Q.; Thompson, J. D.; Wud], F.
Nature 1992, 355, 331-332.

(4) Allemand, P.-M_; Srdanov, G.; Koch, A.; Khemani, K.; Wudl, F.;
Rubin, Y.; Diederich, F.; Alvarez, M. M.; Anz, S. J.; Whetten, R. L. J. Am.
Chem. Soc. 1991, 113, 2780-2781.

(5) (a) Zhou, O,; Fischer, J. E.; Coustel, N.; Kycia, S; Zhu, Q.; McGhie,
A. R.; Romanow, W, J.; McCauley, J. P,, Jr.; Smith, A. B, I11; Cox, D. E.
Nature 1991, 351, 462-464. (b) Stephens, P. W.; Mihaly, L.; Lee, P. L.;
Whetten, R. L.; Huang, S.-M.; Kaner, R.; Diederich, F.; Holczer, K. Nature
1991, 351, 632-634.

(6) (a) Ermer, O. Helv. Chim. Acta 1991, 74, 1339-1351, (b) Izuoka, A ;
Tachibana, T.; Sugawara, T.; Saito, Y.; Shinohara, H. Chem. Lert. 1992,
1049-1052. (c) lzuoka, A.; Tachibana, T.; Sugawara, T.; Suzuki, Y.; Konno,
M.; Saito, Y.; Shinohara, H. J. Chem. Soc., Chem. Commun. 1992,
1472-1473.

(7) (a) Fagan, P. J.; Calabrese, J. C.; Malone, B. Science 1991, 252,
1160-1161. (b) Balch, A. L.; Catalano, V. C.; Lee, J. W. Inorg. Chem. 1991,
30, 3980-3981.

(8) (a) Liu, S.; Lea, Y .-J.; Kappes, M. M.; Ibers, J. A. Science 1991, 254,
408-410. (b) Meiden, M. F.; Hitchcock, P. B.; Kroto, H, W.; Taylor, R.;
Walton, D. R. M. J. Chem. Soc., Chem. Commun. 1992, 1534-1537,

(9) (a) Vassalo, A. M,; Palmisano, A. J.; Pang, L. S. K.; Wilson, M. A,
J. Chem. Soc., Chem. Commun. 1992, 60-61. (b) Diederich, F.; Ettl, R.;
Rubin, Y.; Whetten, R. L.; Beck, R.; Alvarez, M.; Anz, S.; Sensharma, D.;
Wudl, F.; Khemani, K. C.; Koch, A. Science 1991, 252, 548-551.

(10) Elemental analysis data: C, 89.76 (91.57); H, 2.90 (2.40); N, 1.11
(1.11) (values in parentheses are calculated values (%) for N[(P-
(CoHy);):1'Cy). Repeated elemental analyses indicated that the values ob-
tained for carbon content are always less than the calculated ones, e.g., for
an independent sample: C, 88.57; H, 2.93; N, 1.20. This discrepancy is due
to the incomplete combustion of the “soot™ (even at 1030 °C).
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Figure 1. Time course of ESR signals of PPN-C,,. Magnetic fields were
near 336 £ 25 mT and modulation was 0.5 mT for all spectra. Spectrum
a depicts the signal for freshly isolated PPN-Cy, (at 5 h after isolation
from the Pt electrode). At times less than I day the signal had the form
shown in b. After this the signal gradually developed as shown in ¢ after
7 days), d (after 12 days), and e (after 45 days). The central part of the
sharp signal is enlarged for ¢ and d (modulation 0.05 mT) and e (mod-
ulation 0.1 mT). The broad signal (A) completely disappeared for e. The
B2 signal is clearly visible in the ¢ and d enlargements, whereas the
existence of Ce2™ (T), superimposed on Bl, is apparent in the e en-
largement. For an explanation of the abbreviations A, BI, B2, and T,
see the text.

ESR spectrum for the freshly isolated PPN-C, single crystal is
shown in Figure 1a. The g-value calibrations were made using
DPPH, and the magnetic field calibration was made using
manganese ion and nitroxide radical. The broad signal at room
temperature (peak-to-peak line width ca. 35 G) is assigned to the
Cqo" species (g = 1.999, at room temperature) on the basis of
the results for PPh,* salts of C¢,".* This broad signal became
significantly narrower with decreasing sample temperature, and
finally a sharp signal (peak-to-peak line width ca. 5 G) was
obtained at 77 K. This behavior is consistent with the previous
observations on PPh,*Cy"~.* Parts b-d of Figure 1 show the time
dependence of the ESR spectra of the same sample. The broad
signal (A) decreased gradually, whereas the sharp signal (B)
superimposed on the broad signal became stronger.

Greaney and Gorun'? reported an ESR spectrum of fullerene
anions in a Bu,NPF; solution as supporting electrolyte. Some

(11) (a) C¢*” and C*: Haufler, R. E.; Conceicao, J.; Chibante, L. P.
F.; Chai, Y.; Byrne, N. E.; Flanagan, S.; Haley, M. M,; O’Brien, S. C.; Pan,
C.; Xiao, Z; Billups, W. E.; Ciufolini, M. A.; Hauge, R. H.; Margrave, J.
L.; Wilson, L. J.; Curl, R. F,; Smalley, R. E. J. Phys. Chem. 1990, 94,
8634-8636. (b) Jahn-Teller distortion of Cy*": Kato, T.; Kodama, T;
Oyama, M.; Okazuki, S.; Shida, T.; Nakagawa, T.; Matsui, Y.; Suzuki, S.;
Shiromaru, H.; Yamauchi, K.; Aciba, Y. Chem. Phys. Lett. 1991, 186, 35-39.
(¢} Cey™, C5™ (n =1, 2), and Cy*~ at 77 K: Dubois, D.; Kadish, K. M.;
Flanagan, S.; Haufler, R. E.; Chibante, L. P. F.; Wilson, L. J. J. Am. Chem.
Soc. 1991, 113, 4364-4366. (d) C.*~: Kukolich, S. G.; Huffmann, D. R.
Chem. Phys. Lett. 1991, 182, 263-265. (e) C.o"™: Ohsawa, Y.; Saji, T. J.
Chem. Soc., Chem. Commun. 1992, 781-782. (f) Cg'", Ceo®™, and Ceo*:
Heath, G. A.; McGrady, J. E.; Martin, R. L. J. Am. Chem. Soc., Chem.
Commun. 1992, 1272-1274,

(12) Greaney, M. A.; Gorun, S. M. J. Phys. Chem. 1991, 95, 7142-7144,
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ESR spectral features in various samples of our PPN.Cq, in
different time frames were quite similar to the reported spectrum.
They suggested that there might be a facile electron exchange
as follows:

Coo + Cop = Ceo + Coo™ 1)
Cyo + BuN* = Bu,N*Ce™ @)
Bu,N*Cgp™ + Cgo = Cqo + BuN*Cp™ (3)

They also assigned a broad and a sharp signal to ion-paired Cq,*~
and the free Cq'™, respectively.

However, on closer inspection it was noted that this sharp signal
was due not to a single species but to two species, Bl and B2. Line
widths of these sharp signals were nearly constant in the measured
temperature range (293-77 K). The sharp signal (Bl) may be
tentatively assigned to the free Cq,'” (g = 2.000,) on the basis
of Greaney’s report.'> The other signal (B2) (g = 1.999;) is not
s0 amenable to saturation by microwave power as Bl and grad-
uvally disappeared with time. This species seems to be an inter-
mediate one. The broad signal (A) is thus assignable to
PPN*C¢,"".

Dubois et al.!’ observed a concomitant sharp signal superim-
posed on the Cq;' signal corresponding to A in a frozen electrolyte
solution of C4,. Furthermore, they proposed the occurrence of
a disproportionation as follows:

2Cg"™ = Cyo + Coo™ 4)

In our case, we also cannot rule out the existence of triplet Cqy%
(Figure le, T), to which Dubois et al.'3 referred for the first time.
Although we failed to observe a half-field resonance for Cg%,
which would be conclusive evidence of the existence of a triplet
state (S = 1), this fact is also consistent with the absence of the
half-field signal in the experiment of Dubois et al.’> After the
broad signal (A) and the (B2) sharp signal disappeared completely,
we invariably observed the signals due to C¢y*™ (T). The Cgp®
species generated on photoexcitation'* was also observed. As yet,
we are not sure whether Cg? is present in the electrolyte solution
from the beginning of crystal formation as a result of the dis-
proportionation of Cg,°*~ or appears later in the solid state. Thus,
taking the disproportionation into account, C¢y'~ (PPN* adduct
(A) and free (B1)) and Cy,>" generated due to the electron ex-
change in the neighborhood of the Pt electrode might randomly
grow crystals of PPN.C,, on the electrode. Alternatively the
electron exchange process (eqs | and 3) and the disproportionation
(eq 4) might occur even in the solid state.

We also propose the occurrence of concurrent crystal lattice
degradation, because the ESR spectral changes should not be
interpreted merely by the decomposition of PPN*C,,*". In samples
left at room temperature for several weeks, we no longer observed
the broad signal for PPN*Cg,°, but instead, only sharp signals
assignable to free Cq'~ (B1). The sharp signal (B2) superimposed
on the free Cy,°~ signal also disappeared. The total spin con-
centration also decreased to ca. 1% of the original content within
2 months. Irreversible degradation (the reverse reaction of ion
pairing, e.g., eq 2) of the lattice of PPN*Cg,*, as follows,

PPN*Cg™ — [PPN*---Cqo™] = PPN* + Ce”  (9)

may even occur in the solid state.

Preliminary results of X-ray diffraction studies on the single
crystal revealed that the structure demonstrated a zigzag ar-
rangement composed of a discrete 1:1 PPN* salt of C,°~ radical
anion.'* Surprisingly, the monoclinic lattice of PPN* and Cq,

(13) Dubois. D.; Jones, M. T.; Kadish, K. M. J. Am. Chem. Soc. 1992,
114, 6446-6451,

(14) Wasielewski, M. R.; O'Neil, M. P.; Lykke, K. R.; Pellin, M. J.
Gruen, D. M. J. Am. Chem. Soc. 1991, 113, 2774-2776.

appears to persist for a long time in spite of the gradual decrease
of the X-ray peak intensities. Presumably this corresponds to the
above mentioned degradation (eq 5).

However, for a comprehensive understanding of the intrinsic
electronic “metastable” state of the crystal, it would be necessary
to investigate the ESR spectra in more detail. This analysis is
in progress right now.'®
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(15) Crystal data for PPN-C,,: formula CyoH;NP, (FW = 1259.15),
crystal dimensions 0.45 X 0.3 X 0.3 (mm); crystal system, monoclinic, space
group Ce (or C2/c), lattice constants, a = 12.429(4) A, b = 27.433(6) A, ¢
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factor was 0.20 for 1880 observed unique reflections (at room temperature).
Lattice constants designate the packing structure of this molecule with four
molecules of PPN-C,, in one unit cell. The diameter of C,, (7.0 A) and the
separation of neighboring C, molecules (10.5 A, center-to-center) are well
consistent with those of the crystal composed of a free C,, molecule (7.065
A)* and a center-to-center distance for adjacent C,, molecules (9.96 A).*°
C,o moieties seem to be tightly packed in the crystal structure. A detailed
X-ray crystal structure analysis at low temperatures will be published else-
where.

(16) Watanabe, T.; et al. To be submitted. We have found recently that
these changes of ESR spectra were significantly facilitated by a gradual
increase of the sample temperature up to 150 °C.
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Free-radical carbonylation is now experiencing a renaissance.’
Despite the large body of knowledge accumulated in the past three
decades concerning transition-metal-catalyzed carbonylations,’
the carbonylation of alkyl moieties remains a challenge.? Ob-
viously, one of the most noteworthy aspects of free-radical car-
bonylation is that this conceptually different approach provides
a simple solution to this long-standing problem. In this paper,
we are pleased to report the accomplishment of a four-carbon
connection process, where carbon monoxide is incorporated as one
of the components. This new type of free-radical transformation
couples the following four-carbon units in the sequence: R-X 1,
carbon monoxide, functionalized alkene 2, and allylstannane 3
(Scheme I). In terms of the versatility in substrates and the
importance of the products, the procedure leading to S8-func-
tionalized §,e-unsaturated ketones 4 has considerable synthetic
potential.

(1) (a) Ryu, I; Kusano, K.; Ogawa, A.; Kambe, N.; Sonoda, N. J. Am.
Chem. Soc. 1990, 112,1295. (b) Ryu, I.; Kusano, K.; Masumi, N.; Yamazaki,
H.; Ogawa, A.; Sonoda, N. Tetrahedron Lett. 1990, 31, 6887. (¢) Ryu, 1.;
Kusano, K.; Hasegawa, M.; Kambe, N.; Sonoda, N. J. Chem. Soc., Chem.
Commun. 1991, 1018. (d) Ryu, I.; Kusano, K.; Yamazaki, H.; Sonoda, N.
J. Org. Chem. 1991, 56, 5003. (e) Ryu, I; Yamazaki, H.; Kusano, K.; Ogawa,
A.; Sonoda, N. J. Am. Chem. Soc. 1991, 113, 8558, Also!see: (f) Nakatani,
S.; Yoshida, J.-1.; Isoe, S. J. Chem. Soc., Chem. Commun. 1992, 880,

(2) For a recent review, see: Colquhoun, H. M.; Thompson, D. J.; Twigg,
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Press: New York, 1991,

(3) For recent efforts by transition-metal methods, see: (a) Takeuchi, R,;
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