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Abstract: The electrochemical properties of covalent derivatives of the higher fullerepe€fs, Co,-Crs,
andD3-Cyg, bearing bis(alkoxycarbonyl)methano addends, were investigated by cyclic voltammetry (CV) and/
or steady-state voltammetry (SSV). Included in this study were a series of previously prepared mono- to
tetrakisadducts of g, monoadducts of &, and bis- and trisadducts 6%,-C7s andD3s-C7s. For all compounds,

several (up to five) reduction steps and one or two oxidation steps were observed. The reduction steps usually
required more energy than the corresponding processes in the parent fullerenes whereas the oxidation steps
became facilitated with increasing degree of addition. A notable exception to this trend was the observation
that two G monoadducts were more readily reduced than the parent fullerene and one was more difficult to
oxidize. The electrochemical properties gb@erivatives were found to closely resemble thosegfa@ducts.
Constitutional isomers displayed nearly identical redox characteristics. Only the first reduction process is
reversible by CV or SSV in the entire series oh@dducts whereas the electrochemically generated dianions

of some of the derivatives underwent a rapid subsequent chemical reaction. The electrochemistry of covalent
adducts of Gs and Gg differs substantially from that of the derivatives of the smaller carbon sphesen@

Czo. Among all compounds studied, monoadducts @f &e the easiest to be reduced or oxidized and their
electrochemically generated multiple anions are much more stable under the conditions of the SSV and CV
experiments than those of the adducts ef &d the Ggisomers. Several of the electrochemically generated
trisanions of the adducts of;gisomers underwent rapid chemical reactions. Indeed, a new bisadduct of
C,,-Crs, not detected in the regular synthetic mixture, was prepared via electrolysis of a trisadduct. This
C,-symmetrical bisadduct seems to be present as an intermediate during every electrolysis of other bis- and
trisadducts ofC,,-Cys.

Introduction same; upon moving to higher reduction states, reduction;,@f C

\ . 1€ "
The discovery of a bulk preparation method for fullerdnes 2€comes increasingly facilitated as compared t°C In

and the development of protocals for the isolation of the pure contrast, oxidation of the two fullerenes is much more difficult.
carbon spherésn 1990 were rapidly followed by first reports ~ ONly one oxidation wave was observed fog@hereas two

on the investigation of the electronic properties of these ON€-€lectron oxidation waves were observed fey, @ith the
molecular carbon allotropes using electroanalytical techniques S€cond one occurring at the limit of the accessible potential
such as cyclic voltammetry (C\#). These experimental studies window® Thus, the electrochemical investigations confirmed
demonstrated that¢g and the higher fullerene /g displayed theoretical predictions made soon after the mass spectrometric
similar, highly solvent-dependent redox behavior, with both discovery of Goin 19857 Calculations in 1986 by Haddon et
fullerenes undergoing up to six reversible one-electron reduc- &l- had indicated that the lowest unoccupied molecular orbital
tions (Table 1y Up to the second electron transfer, the (LUMO) of Ceo would be low-lying, triply degenerate, and,

reduction potentials of the two fullerenes are essentially the

(3) (a) Haufler, R. E.; Conceicao, J.; Chibante, L. P. F.; Chai, Y.; Byrne,

T UniversiteLouis Pasteur. N. E.; Flanagan, S.; Haley, M. M.; O'Brien, S. C.; Pan, C.; Xiao, Z.; Billups,
* ETH-Zentrum. W. E.; Ciufolini, M. A.; Hauge, R. H.; Margrave, J. L.; Wilson, L. J.; Curl,
§ University of Miami. R. F.; Smalley, R. EJ. Phys. Cheml99Q 94, 8634-8636. (b) Allemand,
UFax: +41-1-632-1109. E-mail: diederich@org.chem.ethz.ch. P.-M.; Koch, A.; Wudl, F.; Rubin, Y.; Diederich, F.; Alvarez, M. M.; Anz,
(1) Kratschmer, W.; Lamb, L. D.; Fostiropoulos, K.; Huffman, D. R.  S. J.; Whetten, R. LJ. Am. Chem. S0d.99], 113 1050-1051. (c) Cox,
Nature 199Q 347, 354—358. D. M.; Behal, S.; Disko, M.; Gorun, S. M.; Greaney, M.; Hsu, C. S.; Kollin,
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Table 1. Redox Parameters (CV If Not Stated Otherwise) of the Higher Fullererg<¢, C,-Czs, and D3-Czg in Comparison to &
scan
rate E 0% —
fullerene solverit (Vs EjRedd EjRedb EgRedb E Redb  EgRedb EgRedb glgctrode  E;O% P E0xb g Redc ref
Cso PhMe/ 0.1 -0.98 —-1.37 —1.87 —2.35 —2.85 —3.26 GCE +1.26¢ 224 4,6
MeCNde
CHoCIy" 0.1 —0.98(59) —1.37 (61) —1.83 (60) Pt 20a
Cro PhMe/ 0.1 -0.97 —1.34 —1.78 —2.21 —2.70 =3.07 GCE +1.20 +1.78 217 4,6
MeCNde
CHxCIh 0.1 -0.93 —1.31 —1.73 —2.09 this work
Cre PhMe/ 2 —0.83 —-1.17 —1.68 —2.10 —2.61 —3.04 Pt +0.7¢ 153 10
MeCN (8:2¥
(CHCL)3 —-0.83 -1.12 GCE +0.81 +1.30" 1.64 5h
CHoCIy" —0.83 (60) —1.15 (59) —1.64 (61) —2.01 (68) GCE  +0.84 (67) 1.67 this work
C2-Crs  PhMe/ —0.72 —1.08 —-1.79 —2.16 —2.45 =273 Pt +0.90¢ 1.62 10
MeCN (8:2p"
(CHCI), 0.1 -0.77 —1.08 GCE +0.95 +1.43" 1.72 5h
CHoCl® 0.1 —0.70(62y —1.04 (79} —1.72(75) —2.07 (80 GCE this work
Ds-Crs  (CHCh)? 0.1 -0.77 —1.08 GCE +0.70 +1.1™ 1.47 5h
CH,Cl® 0.1 —0.64 (80} —0.94 (64 —1.70 (82) —2.0% (94) GCE  +0.74 (76 1.38  this work

3+ 0.1 M BuNPFRs. ®V vs Fc/Fc. ©V, electrochemical gapl At —10 °C. ¢E = (1/2)(E,Re¢ + E,*). fGCE = glassy carbon electrodeln
(CHClp),. " Steady-state voltammetry (SSV, rotating disk electrod8hope log(/(l4 — I) in mV. I Differential pulse voltammetry (DPV) at15

°C, possibly irreversiblet In CH,Cl,; irreversible.' Osteryoung square

wave voltammetry (OSWW)rreversible." At —15 °C. ° Speculated

assignment? Approximate potential; broad, irreversible wa¥e\E,, in mV.

hence, capable of accepting up to 6 electfor®n the other

also investigated by OSWV (Table 3. The reduction waves

hand, the calculated closed-shell electronic structure with an of both isomers overlapped, and the minor isonberCrg, was

energetically low-lying, 5-fold degenerate highest occupied
molecular orbital (HOMO) had suggested that the fullerene
would not be readily oxidized, which is in agreement with the
electroanalytical results obtained nearly five years later.

found easier to oxidize than the majos,-symmetrical isomer,

in agreement with calculated HOM@.UMO energies'?
Measurements by differential pulse voltammetry (DPV) on mix-
tures of the two major isomers ofgg a Do- and aDyg-sym-

The redox properties of the less abundant higher fullerenes metrical one, afforded up to 10 reduction steps in pyriéfiri&11.13
Cre Crs, and Ga were investigated as soon as pure samples The two pure constitutional isomers have only become available
became available, and again, these were found to be highlyvery recently* In general, both reduction and oxidation become

dependent on the nature of the solvent.
reduction waves were observed by CV fors@ THF, PhCN,

or CH,Cl,,° whereas up to six reduction waves were found in
PhMe/MeCN (8:2) at high scan rates (Tablé®L)Two oxidation
waves, with only the first one being reversible, were observed
by Osteryoung square wave voltammetry (OSWV) in 1,1,2,2-
tetrachloroethan®! whereas only one oxidation step was
observed by CV in the same solvéhtCV studies on the most
abundant constitutional isomer of4Cy,-Crs, in PhMe/MeCN
(8:2) at—15°C revealed six reversible one-electron reductions
and one irreversible oxidation st&h.A mixture of the two most
abundant constitutional isomers ofg3C,,-C75 andD3-Czg, was

(5) (a) Creegan, K. M.; Robbins, J. L.; Robbins, W. K.; Millar, J. M.;
Sherwood, R. D.; Tindall, P. J.; Cox, D. M.; Smith, A. B., Ill; McCauley,
J. P., Jr.; Jones, D. R.; Gallagher, RJTAm. Chem. S0&992 114, 1103~
1105. (b) Miller, B.; Rosamilia, J. M.; Dabbagh, G.; Muller, A. J.; Haddon,
R. C.J. Electrochem. S0d992 139, 1941-1945. (c) Jehoulet, C.; Obeng,
Y. S.; Kim, Y.-T.; Zhou, F.; Bard, A. JJ. Am. Chem. Sod992 114
4237-4247. (d) Meerholz, K.; Tschuncky, P.; Heinze,JJ.Electroanal.
Chem.1993 347, 425-433. (e) Meerholz, K.; Tschuncky, P.; Heinze, J.
Synth. Met1993 55—-57, 3098-3103. (f) Atwood, L. J.; Koutsantonis, G.
A.; Raston, C. LNature1994 368 229-231. (g) Deronzier, A.; Moutet,
J.-C.; Seta, PJ. Am. Chem. Sod 994 116 5019-5020. (h) Yang, Y.;
Arias, F.; Echegoyen, L.; Chibante, L. P. F.; Flanagan, S.; Robertson, A,;
Wilson, L. J.J. Am. Chem. S0d.995 117, 7801-7804.

(6) Xie, Q.; Arias, F.; Echegoyen, . Am. Chem. So993 115 9818~
9819.

(7) Kroto, H. W.; Heath, J. R.; O'Brien, S. C.; Curl, R. F.; Smalley, R.
E. Nature 1985 318 162-163.

(8) Haddon, R. C.; Brus, L. E.; Raghavachari,&hem. Phys. Letl.986
125 459-464.

(9) Li, Q.; Wudl, F.; Thilgen, C.; Whetten, R. L.; Diederich, ¥. Am.
Chem. Soc1992 114, 3994-3996. In contrast to the reduction waves, the
oxidation waves reported for-&in this paper could not be reproduced.

(10) Selegue, J. P.; Shaw, J. P.; Guarr, T. F.; Meier, M. SRdgent
Advances in the Chemistry and Physics of Fullerenes and Related Materials
Kadish, K. M., Ruoff, R. S., Eds.; The Electrochemical Society Inc.:
Pennington, NJ, 1994; pp 1274291.

(11) Azamar-Barrios, J. A.; Munoz, P.; feaud, A.J. Chem. Soc.,
Faraday Trans1997 93 (17), 3119-3123.

Four reversible increasingly facilitated upon moving fromggto the larger

fullerenes. The electrochemical gap, i.e., the experimentally
determined difference between the first oxidation and reduction
potential E;°% — E;Re9 generally becomes smaller as the
fullerene size increas&sand correlates well with the calculated
HOMO—-LUMO gap which also decreases with increasing
fullerene sizé21516 Thus, the value oE;°* — E;Reddecreases
from about 2.2-2.3 eV in Goto 1.7-1.9 eV in G¢" whereas
the HOMO-LUMO gap, obtained from theoretical and experi-
mental studies, decreases by about 20% in the same direction.
With the explosive development of the covalent chemistry
of buckminsterfullerené’ the redox properties of numerous
monoadducts and multiple adducts gb@ave been determined

(12) Colt, J. R.; Scuseria, G. B. Phys. Cheml992 96, 10265-10268.

(13) (a) Meier, M. S.; Guarr, T. F.; Selegue, J. P.; Vance, \V.kChem.
Soc., Chem. Commuh993 63—65. (b) Boulas, P.; Jones, M. T.; Kadish,
K. M.; Ruoff, R. S.; Lorents, D. C.; Tse, D. 8. Am. Chem. S0d.994
116, 9393-9394. (c) Boulas, P.; Jones, M. T.; Kadish, K. M.; Ruoff, R.
S.; Lorents, D. C.; Tse, D. S. IRecent Adances in the Chemistry and
Physics of Fullerenes and Related Materjdfadish, K. M., Ruoff, R. S.,
Eds.; The Electrochemical Society Inc.: Pennington, NJ, 1994; pp-995
1006. (d) Boulas, P.; Jones, M. T.; Kadish, K. M.; Ruoff, R. S.; Lorents,
D. C.; Malhotra, R.; Tse, D. Sbid.; pp 10071019. (e) Boulas, P. L,;
Jones, M. T.; Ruoff, R. S.; Lorents, D. C.; Malhotra, R.; Tse, D. S.; Kadish,
K. M. J. Phys. Cheml1996 100, 7573-7579.

(14) Dennis, T. J. S.; Kai, T.; Tomiyama, T.; Shinohara, Ghem.
Commun.1998 619-620.

(15) (a) Scuseria, G. EEhem. Phys. Letll991, 176 423-427. (b) Colt,

J. R.; Scuseria, G. EChem. Phys. Lett1992 199 505-512.

(16) For the electrochemistry of g& and Ges see: (a) Suzuki, T,;
Maruyama, Y.; Kato, T.; Kikuchi, K.; Achiba, Y.; Yamamoto, K.; Funasaka,
H.; Takahashi, T. IlRRecent Adances in the Chemistry and Physics of
Fullerenes and Related MaterialKadish, K. M., Ruoff, R. S., Eds.; The
Electrochemical Society Inc.: Pennington, NJ, 1994; pp $086. (b)
Akasaka, T.; Nagase, S.; Kobayashi, K.; Suzuki, T.; Kato, T.; Yamamoto,
K.; Funasaka, H.; Takahashi, 3. Chem. Soc., Chem. Commur295
1343-1344. (c) Suzuki, T.; Kikuchi, K.; Oguri, F.; Nakao, Y.; Suzuki, S.;
Achiba, Y.; Yamamoto, K.; Funasaka, H.; TakahashiT@trahedrorl996
52, 4973-4982. (d) Burbank, P. B.; Gibson, J. R.; Dorn, H. C.; Anderson,
M. R. J. Electroanal. Chem1996 417, 1—4.
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by CV and steady-state voltammetry (SS¥)? As major

Boudon et al.

of the redox properties of covalent adducts ¢ (1 to (£)-7),

trends in these various studies, it was found that with increasing Czs (8 to 12), and theC,,- and Dz-isomers of Gg ((£)-13 to
degree of functionalization of the fullerene, reduction becomes (+)-19) as a function of the degree and pattern of addition.

increasingly more difficult and the number of reversible one-

Whereas the redox properties of covalegg @d Go adducts

electron reduction steps decreases. Thus, the first reduction ofdisplay many similarities, those of derivatives of the higher

monoadducts of £ is 0.1-0.2 V cathodically shifted relative
to the first electron transfer togg Hexakisadducts of the

fullerenes Gg and Gg are found to differ substantially from
those of the functionalized smaller carbon spheres.

fullerene with a pseudooctahedral array of the adducts no longer
undergo a reversible reduction on the CV time scale, and Experimental Section

irreversible electron transfer occurs at ca. 0.9 V more negative

potential compared toda2°2b In contrast, reversible oxidation

becomes somewhat facilitated upon increasing the number of

Synthesis. Compoundsl to (+)-7 were prepared according to ref
27, compounds to 12 according to ref 28, and compounds)(13 to
(£)-18 according to ref 29. No structures are shown f#)-13 and

addends on the fullerene surface. The electroanalytical prOper'(ﬁ:)-18 because they remain unassigned. The parent higher fullerenes

ties of covalent G derivatives are affected not only by the

Cz0 and G were obtained as previously descrilé&® The C,-

degree of addition but also by the pattern of the addends on thesymmetry of 6,54)-8 and 6,5/C)-8 was further confirmed by their

surface and by the nature of the addefftisin general, the
first reduction potential correlates with the calculated LUMO

13C NMR spectra (see the Supporting Information).
Electrosynthesis. The Cy-isomer of Gs was prepared by the

energy which increases upon enhancing the degree of func-recently discovered retro-Bingel reaction, the electrochemical removal

tionalization2op

In contrast, only a few papers on the electrochemical
properties of functionalized higher fulleredgbave appeared.
Besides the mixture £fgF« [Xx = 52, 54 (major component), 56,
and 58]%% only monoadducts of £ have been investigated, and

of bis(alkoxycarbonyl)methano addends from fullerene derivaf¥es.
Thus, trisadductx)-15 (13 mg, 0.010 mmol) and supporting electrolyte
Bu;NPF; (0.8 g) were added into a home-built electrochemical cell,
and the cell was degassed and pumped t8 a@nHg before the solvent
CH.CI, (17 mL), which had also been degassed and pumped to the
same pressure, was vapor-transferred into the cell, directly from.CaH

they all exhibited electrochemical characteristics quite close to controlled potential electrolysis (CPE) at 293 K on a Pt mesh (100

those of unfunctionalized & Thus, the first reversible one-
electron reduction of two dihydrofullerenes;f,,2* three
isomeric isoxazoline-fused/gderivatives?® and two methano-
[70]fullerened® occurred at ca. 0.1 V more negative potential

mesh, 6.5 cr®) working electrode at-1.8 V vs a Ag wire pseudo
reference electrode, separated from the solution using a Vycor tip, was
performed for 30 min, after which the solution was reoxidized at 0 V
vs Ag for the same length of time. Removal of the electrolyte by

than the reduction of the parent fullerene. Here, we report the Passing the mixture through a short column (Sitluene), followed

first comprehensive electrochemical study by CV and/or SSV

(17) (a) Hirsch, A.The Chemistry of the FullereneStuttgart: Thieme,
1994. (b) Diederich, F.; Thilgen, Gciencel996 271, 317—323.

(18) (a) Echegoyen, L.; Echegoyen, L.Acc. Chem. Resin press. (b)
Boulas, P. L.; Gmez-Kaifer, M.; Echegoyen, LAngew. Chem., Int. Ed.
Engl. 1998 37, 216-247. (c) Imahori, H.; Sakata, YAdv. Mater.1997, 9,
537-546. (d) Prato, MJ. Mater. Chem1997, 7, 1097-1109.

(19) Selected studies of & monoadducts: (a) Suzuki, T.; Li, Q.;
Khemani, K. C.; Wudl, F.; Almarsson,.d. Am. Chem. Sod.992 114,
7300-7301. (b) Suzuki, T.; Maruyama, Y.; Akasaka, T.; Ando, W.;
Kobayashi, K.; Nagase, 3. Am. Chem. S0d.994 116, 1359-1363. (c)
Arias, F.; Xie, Q.; Wu, Y.; Lu, Q.; Wilson, S. R.; Echegoyen, 1..Am.
Chem. Soc1994 116, 6388-6394. (d) Arias, F.; Echegoyen, L.; Wilson,
S.R,; Lu, Q.; Lu, QJ. Am. Chem. So&995 117, 1422-1427. (e) Paolucci,

F.; Marcaccio, M.; Roffia, S.; Orlandi, G.; Zerbetto, F.; Prato, M.; Maggini,
M.; Scorrano, GJ. Am. Chem. So&995 117, 6572-6580. (f) Timmerman,

P.; Witschel, L. E.; Diederich, F.; Boudon, C.; Gisselbrecht, J.-P.; Gross,
M. Helv. Chim. Actal996 79, 6—20. (g) Komatsu, K.; Takimoto, N.;
Murata, Y.; Wan, T. S. M.; Wong, TTetrahedron Lett1996 37, 6153~
6156. (h) Keshavarz-K., M.; Knight, B.; Haddon, R. C.; Wudl, F.
Tetrahedron1996 52, 5149-5159. (i) Zhou, J.; Rieker, A.; Geser, T.;
Skiebe, A.; Hirsch, AJ. Chem. Soc., Perkin Trans.1®97, 1-5.

(20) For systematic investigations of the redox properties of multiple
adducts of G, see: (a) Boudon, C.; Gisselbrecht, J.-P.; Gross, M.; Isaacs,
L.; Anderson, H. L.; Faust, R.; Diederich, Relv. Chim. Actal995 78,
1334-1344. (b) Cardullo, F.; Seiler, P.; Isaacs, L.; Nierengarten, J.-F.;
Haldimann, R. F.; Diederich, F.; Mordasini-Denti, T.; Thiel, W.; Boudon,
C.; Gisselbrecht, J.-P.; Gross, Melv. Chim. Actal997, 80, 343-371.

(c) Nierengarten, J.-F.; Habicher, T.; Kessinger, R.; Cardullo, F.; Diederich,
F.; Gramlich, V.; Gisselbrecht, J.-P.; Boudon, C.; Gross,Hdlv. Chim.
Acta 1997 80, 2238-2276.

(21) For other studies of gg multiple adducts, see: (a) Zhou, F.; Van

Berkel, G. J.; Donovan, B. Td. Am. Chem. S0d.994 116, 5485-5486.
(b) Guldi, D. M.; Hungerbhler, H.; Asmus, K.-DJ. Phys. Chem1995
99, 9380-9385. (c) Guldi, D. M.; Asmus, K.-DJ. Phys. Chem. A997,

101, 1472-1481. (e) ref 19i. (f) Murata, Y.; Shiro, M.; Komatsu, K.
Am. Chem. Sod 997 119, 8117-8118.

(22) Thilgen, C.; Herrmann, A.; Diederich, Angew. Chem., Int. Ed.
Engl. 1997, 36, 2268-2280.

(23) Liu, N.; Touhara, H.; Morio, Y.; Komichi, D.; Okino, F.; Kawasaki,
S.J. Electrochem. Sod.996 143 L214-L217.

(24) Boulas, P.; D'Souza, F.; Henderson, C. C.; Cahill, P. A.; Jones, M.
T.; Kadish, K. M.J. Phys. Chem1993 97, 13435-13437.

(25) Meier, M. S.; Poplawska, M.; Compton, A. L.; Shaw, J. P.; Selegue,
J. P.; Guarr, T. FJ. Am. Chem. S0d.994 116, 7044-7048.

by HPLC (Buckyclutcher | Trident-Tri-DNP (16m), 500x 21.1 mm

i.d.; n-hexane/toluene 1:1), providé},-Crs (3 mg, 31%), identical to
material previously obtained by HPL chromatographic separation of
soot enriched with higher fullerenés. The isomericDs-Crzg was
obtained by HPLC of a mixture o€,,- and Ds-C;s as previously
described?312

For the identification of £)-13 as a bisadduct ofZ;,-Czs, the
compound was subjected to the retro-Bingel reaction as described above
at—1.7 V (vs Ag) for 30 min to yield the parent fullerene which was
subsequently identified by its HPLC retention time. Similarly, retro-
Bingel adduct removal from#)-18 at —1.7 V (vs Ag) for 30 min
established this trisadduct to be a derivativ®efCrs (HPLC retention
time).

A Cysymmetrical {H and3C NMR) bisadduct ofC,,-Crs, (&)-19
(structure not shown), was also prepared via an electrochemical retro-
Bingel removal of one of the addends frof)¢15 (3 mg, 0.002 mmol).

The CPE at-1.3 V for 30 min yielded £)-19(1.46 mg, 55%). Figure

1 shows the electrochemical transformation ©j-(5 into (+)-19, as
evidenced by a pronounced change of the CV. For the trisadduct, only
the first reduction is reversible, while three reversible couples are
observed for the product bisadduct, Figure 1. It should be noted that
the first reduction of£)-19is approximately 500 mV anodically shifted
(easier to reduce) compared to the corresponding process-fety
During the electrolysis of%£)-13 (see above) to yield the retro-Bingel

(26) Nierengarten, J.-F.; Herrmann, A.; Tykwinski, R. R:itfRoann,
M.; Diederich, F.; Boudon, C.; Gisselbrecht, J.-P.; GrossHdly. Chim.
Acta 1997 80, 293-316.

(27) Herrmann, A.; Ritimann, M.; Thilgen, C.; Diederich, FHely. Chim.
Acta 1995 78, 1673-1704.

(28) Herrmann, A.; Diederich, Fdelv. Chim. Actal996 79, 1741~
1756.

(29) Herrmann, A.; Diederich, K. Chem. Soc., Perkin Trans.1®97,
1679-1684.

(30) Kessinger, R.; Crassous, J.; Herrmann, Attifiann, M.; Eche-
goyen, L.; Diederich, FAngew. Chem., Int. Ed. Engin press.

(31) (a) Diederich, F.; Whetten, R. L.; Thilgen, C.; Ettl, R.; Chao, |,;
Alvarez, M. M. Sciencel 991, 254, 1768-1770. (b) Kikuchi, K.; Nakahara,
N.; Wakabayashi, T.; Suzuki, S.; Shiromaru, H.; Miyake, Y.; Saito, K,;
Ikemoto, |.; Kainosho, M.; Achiba, YNature 1992 357, 142-145. (c)
Taylor, R.; Langley, G. J.; Avent, A. G.; Dennis, T. J. S.; Kroto, H. W.;
Walton, D. R. M.J. Chem. Soc., Perkin Trans.1®93 1029-1036.
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Figure 1. Cyclic voltammograms in C¥Cl, (+ 0.1 M BwNPFs) under Figure 2. Cyclic voltammograms in CkCl, (+ 0.1 M BwNPF), scan
vacuum, scan rate 0.1 Vs referenced to a Ag wire pseudo reference rate 0.1 V st (@) D3-Crg, (b) Co,-Cra.
electrode for (a) trisadduct)-15and (b) the retro-Bingel product{-

19 reported for Go. The redox properties of pur@s-Crg were
_ determined for the first time as part of this study. Generally,
product, C,-Czs, voltammograms such as that a£X19 shown in —  the redox characteristics of fullerenes measured inG#are

Figure 1b were recorded, suggesting that this bisadduct is also an;, good agreement with those published for other solvents.

intermediate in this reaction. Furthermore, electrolysis=6)-18 to Figure 2 shows the CVs aE,,-Crg andDs-Crg. While the

give D3-Crg seems also to proceed via a bisadduct with electrochemical . . . .
properties very similar to those measured fa)19. This matter is cathodic electrochemistry of these two isomers is reasonably

under further investigation’3C NMR (CDCk, 125.8 MHz, Cr(acas) similar, especially the third and fourth reductions, the first two
added): & 162.78, 162.22, 150.62, 149.71, 149.52, 148.65, 147.15, reductions are easier for tik-C7gisomer, by 60 and 100 mV,
146.73, 146.58, 146.52, 146.35, 145.72, 145.54, 145.39, 145.36, 144.51respectively. The most striking difference is observed in the
144.48, 144.3,143.16, 142.79, 141.37, 140.93, 140.31, 139.87, 139.22 anodic scan, where thBs-isomer exhibits a reversible one-
139.19, 138.59, 138.38, 137.63, 137.3, 136.68, 136.62, 136.06, 134.36 g|lectron oxidation at-0.74 V, while theC,,-isomer does not

133.53, 133.35, 133.21, 13159, 13151, 130.16, 74.97, 63.25, 63.11have any observable oxidation within the potential window
53.41, 48.52, 14.02, 13.88"H NMR (CDCl, 500 MHz): ¢ 4.54 accessible.

451 (m, 4 H, CH), 437433 (m, 4 H, CH), 1.45 (tJ=7.1Hz, 6 . L . .
H, CHy), 1.35 (t,J = 7.1 Hz, 6 H, CH). UV—Vis Amax (¢) [CH:Cls, This observation is in excellent agreement with the previously

nm (M~ cm3)]: 634 (960), 521 (3860), 420 (5310), 396 (5820), 332 pUb“Shed al:]OdiC electrOChemiStry .Of a mixture .Of these C
(9210). FAB MS: calculated for &HxOs 1253.18 [M], found isomers, which reported the first oxidation of the-isomer at
1253.1. 0.70 V (in 1,1,2,2-tetrachloroethane) while the corresponding

Electroanalytical Investigations. The electrochemical experiments ~ process for theC,,-isomer occurred 250 mV more positive, at
were carried out at room temperature in a classical three-electrode cell0.95 V35"
Vilourbanne, France, or 3 mm rom BAS) used either motioniess (or 210, Multiple Adducts as a Function of the Degree of

! X A Addition and the Nature of the Addition Pattern. The Cs
1

CV from 0.01 to 10 V s%) or as a rotating disk electrode (RDE). The symmetrical monoaddudt, the three bisadductst-2 (Co-

auxiliary electrode was a Pt wire, and an aqueous Ag/AgCI electrode
was used as the reference electrode. The electrochemical cell wasSYMMetry) &)-3 (Co-symmetry), andk (Cz,-symmetry), theCs-

connected to a computerized multipurpose electrochemical device Symmetrical trisadducs, the achiral tetrakisaddud (Ca.-
DACFAMOV (Microtec-CNRS, Toulouse, France) interfaced with an  Symmetry), and the chiral constitutional isome){7 (Cz-
Apple 1l microcomputer or to a PAR Model 263A potentiostat/ Symmetry) had been earlier prepared and isolated in pure form
galvanostat interfaced with a PC computer. The accessible range ofas part of an investigation of the regioselectivity of multiple
potentials wasi-1.2 to—2.2 V vs the ferrocene/ferricinium couple (Fc/  cyclopropanations of g and the chiroptical properties of
Fc') in CHClo. All the potentials given are referenced to the F¢/Fc  gptically active fullerene derivatives with a chiral addition
couple used as the internal standard. pattern?’ In monoadductl, the fullerene is cyclopropanated
at one of its most curved-66 bonds (bond at the intersection
between two six-membered rings) close to the pole; we have
The redox properties of all compounds considered in this previously defined these most reactive bonde-#gpe bonds’?
investigation were determined by CV and/or by steady-state A second nucleophilic Bingel cyclopropanat®mf Cro pref-

Results and Discussion

voltammetry (SSV) on a glassy carbon electrode irClbl(+ erentially occurs at one of t_he fivetyp(_a bond_s at_the opposite

0.1 M BwNPFR). The data determined by both methods were pole and leads to the constitutionally isomeric bisaddii§tZ,

uniformly found to be in very good agreement. (£)-3, and4. Successive nucleophilic additions to functional-
A. Redox Characteristics of the Parent Higher Fullerenes.  ized poles of G occur regioselectively at the less curved, less

We first determined the redox properties of the parent higher reactivep-type 6-6 bonds and generate the tris- and tetra-
fullerenes to calibrate our data with respect to published oneskisadducts, 6, and ()7, respectively. The different environ-
and to obtain redox potentials in the same solvent AT+ ment ofa- andp-type bonds in fullerenes is illustrated in Figure
0.1 M BuNPFy) used for the subsequent analysis of the redox 3: fusion of four pentagons to the naphthalene substructure
proper_ties of covalent derivatives. Table 1 depicts the redox (32) Herrmann. A Diederich, F.- Thilgen, C.- ter Meer, H.-U.- It
potentials measured forg; Cze, Co,-Crs, andDs-Crg by various W. H. Helv. Chim. Acta1994 77, 1689-1706.

methods and in various solvents in comparison to the data (33) Bingel, C.Chem. Ber1993 126, 1957-1959.
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Figure 3. lllustration of the different environments of andj-type 15 -
6—6 bonds near the polar regions of higher fullerenes.sip &l bonds .
are of theo-type. With increasing fusion of pentagons to naphthalene- Fe/Fe
type fragments, the centrat-® bond becomes more curved and more
reactive against nucleophilic attagk.

<
2
generates a more curved, more reactiviype 6-6 bond at its E
center, whereas fusion of only three pentagons leads to a less3
curved, less reactivg-type 6-6 bond.

T T T T T T T

-2 -1 0 1
Potential (Volts vs Fc/Fc")

Figure 4. Cyclic voltammogram of & monoadductl in CH.Cl, (+
0.1 M BwNPFR), scan rate 0.1 V3, for different potential windows:
(top) +0.4 to—1.6 V, (bottom)+1.4 to—2.2 V.

20 R=tBu;X=Y=2= -

21 R=Et; X=C(COOEt)y; Y =Z =~
22 R=Et; X = Z = C(COOE),; Y =—
23 R=Et X=Y =Z=C(COOEY),

to four methano bridges were sequentially added+6 6onds
along the equatdi®® In the G series20—23, oxidation also
becomes slightly facilitated with increasing degree of function-
alization, with the potential shifting from-1.23 V in monoad-
duct 20 to +0.98 V in tetrakisadduc23.2%° Upon changing
from pure G to tetrakisadduc23, the first reduction potential
becomes more negative by 210 mV. In another series of
derivatives, with one to four methano adducts placed in a
different array of equatorial positions, a shift of 270 mV was
observed® The redox characteristics of constitutionally
isomeric Gp bismethano adducts were also found to be nearly
identical?2%¢ The electrochemical gap in the series oo C
adducts is slightly larger and varies to a somewhat greater extent
with the degree of addition; thug;°* — E;Red determined by
SSV changes from 2.31 V i20to 2.17 V in23.20° Although
different Gso and G addition patterr®®<¢ as well as different
addend®® are expected to generate different redox character-
R = COOEt istics, we conclude with confidence from this comparison that,
in general, the redox characteristics of thg énd Go adducts
The redox properties df to (+)-7, determined by SSV, are  show many similarities. This was, in some way, expected given
summarized in Table 2. A characteristic cyclic voltammogram the similar redox properties of the parent fullerenes (Table 1).
of monoadductl is depicted in Figure 4. As a general trend, At scan rates higher thal V s1, the steady-state voltam-
the first reduction becomes more difficult with increasing mograms of all Gy adducts exhibited two well-defined, revers-
number of addends, whereas the first oxidation becomesible reduction steps. These reduction steps are separated by
facilitated. Upon moving from & (Table 1) to tetrakisaddduct  0.36+ 0.03 V for all adducts except tetrakis-functionalizeg){
(£)-7, the first reduction step shifts by 300 mV to more negative 7. For this compound, the reduction waves are ill-resolved and
potential whereas the first oxidation potential is lowered by ca. the half-wave potentials corresponding to the two first reductions
270 mV (Table 2). There exist no significant differences are only separated by 0.2 V. Note that the separation of the
between the redox properties of the constitutionally isomeric two first reduction steps in §& mono- to trisadducts also
bisadducts £)-2, (£)-3, and 4, or between those of the amounts to 0.38 0.03 V20
constitutionally isomeric tetrakisaddudisand &)-7, respec- Although the three first reduction steps are well defined in
tively. The electrochemical gafE{°* — E;Re9 is remarkably SSV, only the first reduction in cyclic voltammetry is a
invariant over the entire series of;&derivatives and adopts  reversible one-electron transfer in the entire series @f C
values of 2.13+ 0.04 V. adducts. The second reduction step was reversible in adducts
The redox characteristics of thedadducts (Table 2) closely 4 to (+)-7 (see Figures 1 and 2 in the Supporting Information)
resemble those ofdgderivatives, such a&0—23, in which one whereas in adductsto (+)-3, the second electron transfer was
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Table 2. Redox Characteristics of Covalent Adducts gf Obtained by Steady-State Voltammetry (SSV) on a Glassy Carbon Working
Electrode in CHCIl; + 0.1 M BuNPR#

Compound ElRed EzRed E3Red E4Red E5R9d EIOx Elox _ ElREdb

1 —1.05 (62) —1.44 (67) —1.84 (59) —2.02 (59) —2.26 (78) +1.12 (72) 2.17
n=1 n=1 n=1 n=20.5 n=20.5 n=1

(+)-2 —1.11 (66) —1.47 (64) —1.88 (54) —2.06 (70) +0.98 (63) 2.09
n=1 n=1 n=1 n=1

(+)-3 —1.12 (64) —1.45 (63) —1.90 (59) —2.04 (50) +1.00 (64) 2.12
n=1 n=1 n=1

4 —1.08 (65) —1.45 (65) —1.85(61) +1.02 (68) 2.10
n=1 n=1 n=1

5 —-1.13(77) —1.52 (82) —2.15(135) +0.97 (95) 2.10
n=1 n=1

6 —1.19 (80) —1.61(121) 2.1 +0.92 (74) 211
n=1 n=1

(%)-7 —-1.23(71) —1.45 (95) —1.65 (95) +0.93 (89) 2.16
n=1 n=1

aV vs Fc/Fc'; slope logl/(lg — 1) in mV in parentheses) = number of electrons transferrétElectrochemical gap (V).

irreversible (Figure 4). For the latter adducts, the potential (S,S'C)-8 (for the configurational specification, see ref 37b)
difference between the reduction and the corresponding reoxi-could be assigned with confidence as the products arising from
dation peaks increased with the potential scan rate, and alsoaddition to the polan-type bond lying on one of the thre&

the current of the reoxidation peak was always less than that ofaxes of theD,-symmetrical fullerene. The other two pairs of
the reduction peak. Careful analysis of these parameters lead<C;-symmetrical diastereoisomers could not be unambiguously
to the conclusion that the second reductio &6 (+)-3 occurs assigned. It can be assumed that one corresponds to the products
through an EC mechanism, i.e., the sequence of an electro-(S,5/C)-9 and 8,5 fA)-9, arising from addition to the second
chemical (E) electron-transfer step followed by a subsequenta-type 6-6 bond near the pole, whereas the other pair results
chemical (C) reaction. This chemical step consumes the dianionfrom attack at3-type bonds, which can theoretically produce
resulting from the second electron transfer. Species generatedhe three pairs of diastereocisome&$C)-10and §,SA)-10,

by this chemical reaction are reduced at more negative potentials(S,S/C)-11 and 8,5 fA)-11, and §,SC)-12 and §,5A)-12.

(peak around-1.6 V; see Figure 4). However, these species
are not stable, as documented by the observation that their
electrochemical reduction could only be detected on the short-
time CV time scale at scan rates from 10 m &0 0.5V s'%,
whereas no reduction signal was detected on the longer time
scale of SSV.

We had previously observed that the dianions of bis-
(methano)[60]fullerenes with cis-addition patterns, which were
generated under CV conditions, were also unst&lleand this
observation recently led to the discovery of the retro-Bingel
reaction, a general preparative electrochemical method for the
removal of bis(alkoxycarbonyl)methano bridges from metha-
nofullerenes® Thus, monoadduct was converted by elec-
trolysis at the potential of the second, irreversible reduction step
(—1.3 V vs Ag in CHCIy) in 70% yield into Go. We propose
that losses of one or more bis(alkoxycarbonyl)methano bridges
are also among the chemical steps leading to the decomposition
of the electrochemically generated dianions-j-@ and &)-3
and of more highly reduced species®dfo (£)-7.

C. Redox Characteristics of G Monoadducts. Fullerene
Cys is the smallest, intrinsically chiral carbon sphéte®d As
part of our program exploring the various origins of fullerene
chirality and the chiroptical properties of optically active
fullerene derivatived’ we prepared three constitutionally
isomeric pairs of diastereocisomeric monoadducts together with
one other constitutional isomer by nucleophilic Bingel cyclo-

propanatiof® with an optically active 2-bromomalonaté. Of es/om1 (s.5'012
these seven optically active products, only the structures for
the pair of Co-symmetrical diastereoisomers,§'A)-8 and For the first ever electrochemical investigations ofsC

derivatives, we considered one of tlie-symmetrical diaste-

(34) Ettl, R.; Chao, |.; Diederich, F.; Whetten, R. Nature 1991, 353 recisomers $,5A)-8 and 6,5.C)-8, and one component (di-

149-153.

(35) Manolopoulos, D. EJ. Chem. Soc., Faraday Tran&991, 87, astereoisomer) of each of the two most abundant paiS,of
2861-2862. ) symmetrical diastereoisomers which we specifyAag9—12)
(36) Hawkins, J. M.; Meyer, ASciencel993 260 1918-1920. andB (9—12) to make it clear that the constitutionally different
(37) (a) Diederich, F.; Thilgen, C.; Herrmann, Wachr. Chem. Technol.
Lab. 1996 44, 9—16. (b) Thilgen, C.; Herrmann, A.; Diederich, Rely. compoundsA andB could be components of any one of the

Chim. Acta1997, 80, 183-199. four Ci-symmetrical pairs of diastereocisomegs-12. No
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Table 3. Redox Characteristics of Covalent Monoadducts @f @btained by Steady-State Voltammetry (SSV) on a Glassy Carbon Working
Electrode in CHCI; + 0.1 M BuNPR#

Compound ElRed EzRed EsRed E4Red Elox Egox Elox _ ElREdb

8¢ —0.79 (58) —1.10 (59) —1.65 (57) —2.02 (58) +0.84 (63) +1.2 (87) 1.63
n=1 n=1 n=1 n=1 n=1 n>1

A (9—12¢ —0.79 (58) —1.10 (58) —1.66 (61) —2.06 (62) +0.78 (58) +1.18 (100) 1.57
n=1 n=1 n=1 n=1 n=1

B (9—12) —0.87 (58) —1.23 (60) —1.69 (65) —1.99 (61) +0.87 (59) +1.12 1.74
n=1 n=1 n= n=1 n=1 n>1

2V vs Fc/Fc; slope log(/(la — 1) in mV in parentheses) = number of electrons transferrétl, electrochemical gag.(S,5A)-8 or (S,SC)-8.
d Optically pure diastereoisomer which can ®el0, 11, or 12, an unambiguous structural assignment was not yet pogsible.

with the oxidation ofA (9—12) occurring somewhat easier.
Since reduction ofA (9—12) is also slightly more facile, the
electrochemical gap becomes considerably smaller than that of
the parent fullerene or the other two monoadducts. At variance
Fe/Fe' with all other covalent fullerene derivatives studied, monoadduct
B (9—12)is more difficult to oxidize than the parent fullerene.
10 4 In sharp contrast to the isomeric;dnonoadducts (Table 2),
the electrochemical gaps of theg@nonoadducts differ signifi-
51 cantly from one another. They could, therefore, become useful
diagnostic tools in the quite challenging structural assignment
of covalent derivatives of functionalized derivatives o%.C
-5 D. Redox Characteristics of Covalent Derivatives of the
Isomeric FullerenesC,,-C7g and D3-C+s. Crg is the smallest
fullerene for which several isomers have been isolated that
15 4 satisfy the isolated pentagon riffe . Multiple cyclopropanation
T " T " T " T of an isomeric mixture o€,,- andD3-Cyg (ca. 3:1) with diethyl
2 - 0 ! 2-bromomalonate (2 equiv) evidenced a high reactivity of the
Potential (Volts vs Fc/Fc') two isomeric fullerenes toward nucleophilic attack and yielded
Figure 5. Cyclic voltammogram of g monoadduct$,S/A)-8 in CH,- two C;-symmetrical bisadducts together with at least eight
Cl, (+ 0.1 M BwNPF;), scan rate 0.1 Vg, for different potential isomeric trisadducts? The most abundantly formed products
windows: (top)+1.1 to—1.9 V, (bottom)+1.1 to —2.4 V. were chosen for this electrochemical study, namely, @yo
symmetrical bisadducts @f,-Crs, (£)-13, of unknown structure
(thus not drawn), and#)-14, C,,-Cyg trisadduct {)-15 with
Co-symmetry, aCs-symmetrical tris-adduct dDs-Cyg of either
structure ££)-16 or structure £)-17, aC;-symmetrical trisadduct

Current (uA)

differences in the electrochemistry are expected for the two
components of one pair of diastereoisomers, since the electro-
active fullerene cores in each pair are enantiomeric. Table 3
shows electrochemical results, and Figure 5 depicts the CV of
monoadduct $,S'A)-8.

At first view, one notices that the four reductions measured
in CH.Cl, for the parent fullerene (Table 1) and the threg C
monoadducts (Table 3) occur at comparable potentials. Re-
markably, monoadduct8 and A (9—12) are slightly more
readily reduced than the parent fullerene (Table 1), which is in
sharp contrast to the results obtained for methano-bridged
derivatives of all other fullerenes studied thus far. The four
reduction steps correspond to reversible electron transfers only
in the cases 08 andA (9—12) whereas the third reduction of
B (9—12)is only reversible at high potential scan rate(5
V s71). At variance with similar G and Gg derivatives, E100C
discussed above, the generated dianions and trianions of the eooc
Cz6 monoadducts are much more chemically stable. This is
evidenced by the observation that the third reduction step of
the monoadduct of £ with the same addition pattern asin
but with the optically active malonate addend used in the C
derivatives exhibits reversibility in CV only at scan rates beyond
1V s, while the third reduction of the studied:§erivatives
behaves reversibly at all scan rates. In agreement with a
significantly higher stability, we also observed that the retro-
Bingel reaction, i.e., the electrolytic removal of the bis-
(alkoxycarbonyl)methano bridges 8 A (9—12), andB (9—

12), occurs sluggishly and only in low yiefd.

All three C;6 monoadducts undergo a first reversible and a
second irreversible oxidation step, in analogy to the reported
behavior for the parent fullerefi&. The first oxidation potentials
of the parent fullerene and its monoadducts are also rather close, (38) Taylor, R.J. Chem. Soc., Perkin Trans.1®93 813-824.

of D3-Cyg, (£)-18, of unknown structure (thus not drawn), and
the Cy,-symmetrical bisadduct#)-19 (exact structure also
unknown), prepared via electrolytic retro-Bingel of trisadduct
(£)-15. Asindicated in the compound drawings, three structures
are possible for£)-14 and &)-15, respectively, one of which

is preferred on the basis of-bond order consideratioR&38
Such considerations also suggest that structuf®1( is
preferred for theCs-symmetrical trisadduct oDs-Crs. The
electrochemical data for these compounds are summarized in




Covalent Derpatives of Gg, Cre, and Gg J. Am. Chem. Soc., Vol. 120, No. 31, 199867

Table 4. Redox Characteristics of Covalent Adducts@f-Czs and Ds-C;s Obtained by Steady-State Voltammetry (SSV) or Cyclic
Voltammetry (CV) on a Glassy Carbon Working Electrode in,CH + 0.1 M BuNPFR#

Compound ElRed EzRed E3Red E4Red E5Red Elox Elox — ElRedb

(£)-13 —0.92 (68) —1.29 (80) —1.86 (75) —2.08 (88) +0.86 (80) 1.78
n=1 n=1 n=1 n=1 n=1

(+)-14 —1.07 (59) —1.30 (62) —1.78 (70) —1.89 (60) —2.06 (62) +0.85 (68) 1.92
n=1 n=1 n=1 n=1 n=1 n=1

(£)-15 —1.14 (67) —1.34 (58) —1.76 (110) —1.90 (52) —2.11 (66) +0.77 (60) 1.91
n=1 n=1 n>1 n=1 n=1 n=1

(£)-160r (£)-17 —1.09 (70) —1.40 (70) —1.64 (70) —1.91 (90) +0.81 (62) 1.90
n=1 n=1 n=1 n=1 n=1

(+)-18 —1.07 (69) —1.39 (67) —1.98 (83} —2.27 (1049 +0.78 (71) 1.85

(£)-19 —0.81 (73) —1.14 (80) —1.86 (96§ —2.06 (1049 +0.81 (80) 1.62

2V vs Fc/Fc; slope log(/(ls — 1) in mV in parentheses) = number of electrons transferretV, electrochemical gag.Badly resolved.

Table 4. The CV of £)-15 along with that of its retro-Bingel
bisadduct productH)-19 is presented in Figure 1. I
All six C,g adducts studied here exhibited four one-electron 4r
reduction steps and one oxidation step, while bisaddbgtlé@ 2
and trisadduct £)-15 displayed an additional fifth reduction
step (Table 4). The oxidation step is a reversible, or close to
reversible, one-electron process, similar to the one observed for
the free Ggisomers in 1,1,2,2-tetrachloroethane and forle
isomer in this study" Oxidation of trisadduct£)-15is clearly
facilitated as compared to that of the bisadduet3-13 and
(£)-14. I
Among the reduction steps, the first two and the last one are 10
all one-electron transfers. The first is either reversible or quasi- .12
reversible, and this holds also for the second reduction step in P . 5
bisadducts £)-13 and &)-19 and in trisadduct+£)-18. The
third reduction is a one-electron step, close to reversibility in ) i
bisadducts £)-13 and @)-19 and trisadducts)-16/+)-17 Figure 6. Cylcllc voltammograms in CkCl, (+ 0.1 M BwNPFRs), scan
and ()-18, whereas stationary voltammetry revealed an ad- rate 0.1V s, of (a) bisadduct)-19 and (b)Ca.-Crs.
ditional one-electron step in bisadduet)¢14, the two half-
wave reduction potentials being separated by 110 mV only.
Similarly, in stationary voltammetry, the third reduction wave . L
of (+)-15had the amplitude of a two-electron process, whereas reduced with two electrons per molecule. Preliminary measure-

an additional one-electron reduction step was observable closdNents indicate thatl the retro-lzlnggl reabc_tlog dOf tnzgdollﬂij_t (
to the third one AE1, = 140 mV). These additional reduction 18 10 9ive Da-C7s also proceeds via a bisadduct displaying a

signals were not detected on the shorter CV time scale. Thus,Sirnilar voltammogram to that obtained faE)-19. This matter

it is reasonable to ascribe them to species resulting from IS Under further investigation. _
chemical reactions of the electrochemically generated dianions N general, reduction of functionalized-£requires more
of (+)-14 and @)-15. Again, this analytical observation €nergy than that pf _the parent fuIIeren_e, whergag the oxidation
correlates well with the ready formation Gb,-Czg by retro- is facilitated. This is in agreement with the findings fogoc;
Bingel reaction of 4£)-15 under controlled potential electrolysis, ~and Go but contrasts with some of the remarkable observations
which was used to generate the pure fullerene for this study. made for Ge monoadducts which, depending on the addition
The electrochemical behavior of:f-19 deserves special ~ Pattern, are more readily reduced or more difficult to oxidize
attention and is presented in Figure 6 along with the CV of the than the parent fullerene.
parentC,,-Crzs. The four reduction steps as well as the one-  Interesting differences in the relative energies of the two first
electron oxidation are reversible or quasi-reversible. In many unoccupied orbitals in the various adducts become apparent from
ways, including the actual potential values, this bisadduct is the measured data. Whereas the separation between the first
similar to the parent compound. The two adducts result only and second reduction steps in bisadddex{3 and trisadducts
in a cathodic shift o~~100 mV, and the spacing between the (£)-16/(%)-17 and @)-18 amounts from 0.31 to 0.37 V, this
first three reductions is very similar int)-19 to the corre-  difference is only 0.23 V in bisadducts:}-14 and 0.20 V in
sponding values fo€,,-C7s. Coulometric experiments show  trisadduct £)-15. In analogy to the findings for the other higher
that the dianion of £)-19 is stable but the trianion (beyond fullerene derivatives (Tables 2 and 3) the second and third
—1.9 V) decomposes and eventually leads to the formation of reductions are separated by a wider gap than the first and second
Cy,-Crsif exhaustively electrolyzed. Interestingly, during CPE ones. The electrochemical ge?* — E;R®9), which correlates
of bisadduct ¢)-13, an intermediate voltammogram very similar ~ well with the HOMO-LUMO energy separation in fullerenés,
to that of ()-19 (Figure 6a) was also observed. This could increases by 0-10.5 V upon changing from the pure£
mean that this particular bisadduct isomer is energetically isomers to the covalent derivatives.
favored and accessible electrochemically, by removal of an It is worth noticing that the redox pattern of some of thg C
addend from a trisadduct derivative, or perhaps by isomerization bis- and trisadducts is diagnostic and should be of use in their
of the malonates after electron transfer. Evidence of such unambiguous identification. Thus, bisadduct3{L3and &)-
electrochemically induced “shuffling” of malonate adducts on 14 are specifically recognized by the large difference in their
the surface of g has recently been obtained and is being first reduction potential, which is 150 mV less negative for the

)

Fc/Fc*

Current (pA)
S

.
)
T

T

-

Potential (Volts vs Fc/Fc*)

reported separately. We believe that a similar mechanism is
operative when any bismalonate adduct @f i€ coulometrically
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former than for the latter. Similarly, among the trisadducts, to and from constitutionally isomeric adducts ofs@nd Gg
(£)-15 is much more difficult to reduce than the other two differ significantly and thus bear diagnostic value.

derivatives (Table 4). During this study, a notable instability of electrochemically
_ generated dianions and higher anions of the bis(alkoxycarbonyl)-
Conclusions methano adducts was observed, and this instability was found

to correlate nicely with the propensity of these compounds to
of covalent adducts of the higher fullerenes bearing similar bis- Undergo loss of the methano bridges in the recently discovered

(alkoxycarbonyl)methano addends has revealed a series c)1retro-l3ingel reactioﬁ? a preparatiyely useful electrosynthetic .
interesting trends. A number of features are common to lower PfOC€SS: This new electrosynthetic method a"OV\.’Ed us to obtain
adducts (mono- to tetrakisadducts) of all the fullerenes studied, & "W C2-Cre bisadduct that was not present in the regular
including Gso. All derivatives undergo several electrochemical Bingel reaction. Furthermore, this bisadduct seems to cor-
reduction and one or two oxidation steps. For a given fullerene, reqund to an |ntermed|ate j[hat is formed during retro-Bingel
the first one-electron reduction usually becomes more difficult reactions of other is- and b|saddu_cts®t,-078, asa result of
with increasing degree of addition whereas oxidation becomes either removal of a bismalonate moiety or shuffling of the latter

facilitated. A notable exception to this general trend was Meieties around the 4 sphere. _
observed in the series of isomeric monoadducts gf @here For G multiple adducts, useful correlations between the

the two derivative® andA (9—12) were reduced more readily electrochemical characteristics, the computed LUMO energy and
than the parent fullerene and the deriva&/69—12) was more electron affinity, and the reactivity of fullerenes toward nucleo-
difficult to oxidize. Both the first reduction and oxidation steps Philes and carbenes and as dienophiles in cycloaddition reactions
are the most facilitated in/gderivatives, followed presumably ~ Nave been establishé®. Similarly, this electrochemical study

(as extrapolated from the data measured for bis- and trisadductsj"@kes a substantial contribution to the understanding of
by derivatives of the & isomers, Go, and finally G. electronic and reactivity properties of the covalent derivatives
Similarly, the electrochemical gag£* — EiRed) for comparable of higher fullerenes. We are now extending these investigations
covalent adducts seems to diminish in the sequenge-Gro to derivatives of fullerene & as well as to derivatives of higher

> Cy,- andDs-Cyg > Crs. These trends resemble those observed fullerenes with a very high degree of addition.
experimentally (Table 1) and predicted by thé®#p for the
pure carbon spheres.

A large number of similarities were encountered in the redox
characteristics of derivatives ofggand G, at variance with
the adducts of the larger carbon spheres &d Gs. Thus,
the redox characteristics (first reduction and oxidation potential, Supporting Information Available: 13C NMR spectra of

electrochemical gap) of constitutionally isomeric adducts are (S,SA)-8 and 6,5C)-8 and cyclic voltammograms of
nearly identical. In contrast, the potentials for electron transfer bis’adduct4 and C;O tetrakisadducé (4 pages, print/PDF). See

(39) (a) Tanaka, K.; Okada, M.; Okahara, K.; YamabeCTiem. Phys. any current masthead page for ordering information and Web
Lett.1992 193 101-103. (b) Tanaka, K.; Okada, M.; Okahara, K.; Yamabe, access instructions.
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