J. Am. Chem. S0d.997,119,9871-9882 9871

Synthesis and Electrochemistry of Electronegative
Spiroannelated Methanofullerenes: Theoretical Underpinning of
the Electronic Effect of Addends and a Reductive Cyclopropane
Ring-Opening Reaction

Brian Knight, T Nazario Marti'n,** Toshinobu Ohno; Enrique Ortr’,8
ConcepcioRovira," Jaume Veciand! JoseVidal-Gancedo! Pedro Viruela,$
Rafael Viruela,® and Fred Wudl*-*

Contribution from the Institute for Polymers and Organic Solids, Departments of Physics and
Chemistry, Unwersity of California, Santa Barbara, California 93106, Departamento

de Qumica Organica, Facultad de Qumica, Unversidad Complutense, E-28040 Madrid, Spain,
Departamento de Qmica Fsica, Uniersidad de Valencia, E-46100 Burjassot (Valencia), Spain,
and Institut de Ciacia de Materials de Barcelona (CSIC), Campus U.A.B.,

E-08193 Bellaterra, Spain

Receied July 5, 1998

Abstract: Spiroannelated methanofullerenes bearing quinone-type addends including TCNQ and DCNQI analogues
(3a—c, 6a,b, 8, 10,and11) have been prepared, and their structural and electronic properties have been characterized
by both experimental techniques and quantum-chemical calculations. The spiro[2,5-cyclohexadieriene-4,61
methanofullerene] derivative84—c), the spiro[10-anthrone-9,6inethanofullereneld), and the TCNQ- and DCNQI-

type derivatives 10 and 11) were isolated as [6,6] adducts. The spiro[cyclohexanone€-i@éthanofullerene]6)

was however obtained as a mixture of [5,6] and [6,6] isomers. The novel methanofullerenes, with the only exception
of 6, show irreversible cyclic voltammograms with additional reduction peaks. The conjugated cyclohexadienone
derivatives3 exhibit better acceptor abilities than the paregs. CSemiempirical PM3 calculations show that the
addend lies perpendicular to the transanular bon8 imhile it folds down and adopts a butterfly shaped structure

for compoundsB, 10, and11. For compounds3, periconjugative interactions transmit the inductive effect of the
addend and produce a small stabilization of the orbitalsegf I€sulting in a less negative first-reduction potentials
compared to . For compounds, 10,and11,the folding of the addend prevents periconjugative effects. Theoretical
calculations performed oBa~ and 322~ at the semiempirical (PM3), density functional (B3P86/3-21G), and ab
initio (HF/6-31G*) levels indicate that the attachment of the first electron causes the homolytic cleavage of one of
the bonds connecting the addend t.CThe resulting open-cyclopropane structure is stabilized by the aromaticity

of the phenoxyl radical structure presented by the addend. The second electron enters in the addend forming the
phenoxyl anion. This ring opening is supported by ESR measurements and explains the irreversible electrochemical
behavior of compound3. The nonconjugated nature of the cyclohexanone rirgydetermines that reduction takes

place via a closed-cyclopropane structure with an electrochemical behavior similar to that observed for C
Compounds8, 10,and11 are proposed to undergo reduction via an open-cyclopropane structure now obtained after
the attachment of the second electron which produces the heterolytic opening of the cyclopropane ring. The lack of
planarity shifts the reduction of the addend to more negative potentials.

Introduction complexation reactions ofggwith strong electron donors such
as cobaltocerfeor tetrakis(dimethylamino)ethylene (TDAE)
have been reported to form fully ionic charge-transfer complexes
(CTC). The [TDAE"Ce~ complex thus shows low room-

The design of novel organofullerenes exhibiting better
electron acceptor properties than the parent fulleregesCa
major goal for the development of specific electronic and optical

applications. The charge-transfer absorption energies measuredtemper‘f’Iture conduc;ivity bUt exhibits interesting .ferromagnetic
for different donor-Cso complexes in solution, together with properties Clathration with other donor organic molecules

the redox potentials and the electron affinity reported for the such as fef_roceﬁebis(ethylenedithio)tetrathiafulvalene (BEDT-
fullerene Go molecule, clearly indicate thategis a weak  11F)° its dimer? Fe(CO)(7>-CsHs)a,** hexamethylenetetratel-
electron acceptor comparable to other organic molecules such - - — -

as s-tetracyanobenzene or 2,3-dichloro-1,4-naphthoquiidne. 198) \ﬁgngf L. S.; Conceiao, J.; Jin, C.; Smalley, RBem. Phys. Lett

In agreement with the observed electron-accepting ability, (4) Stinchcombe, J.; Penicaud, A.; Bhyrappa, P.; Boyd, P. D. W.; Reed,
C. A. J. Am. Chem. S0d993 115 5212.

T University of California. (5) Stephens, P. W.; Cox, D.; Lauher, J. W.; Mihaly, L.; Wiley: J. B.;

* Universidad Complutense. Allemand, P.-M.; Hirsch, A.; Holczer, K.; Li, Q.; Thompson, J. D.; Wudl,

§ Universidad de Valencia. F. Nature 1992 355, 331.

'csic. (6) Allemand, P.-M.; Khemani, K. C.; Koch, A.; Wudl, F.; Holczer, K.;

® Abstract published iAdvance ACS Abstract#ugust 15, 1997. Donovan, S.; Gimer, G.; Thompson, J. C5ciencel99], 253 301.

(1) Hirsch, A. The Chemistry of the FullereneShieme: New York, (7) Crane, J. D.; Hitchcock, P. B.; Kroto, H. W.; Taylor, R.; Walton, D.
1994. R. M. J. Chem. Soc., Chem. Comma®892 1764.

(2) Saito, G.; Teramoto, T.; Otsuka, A.; Sugita, Y.; Ban, T.; Kusunoki, (8) Izuoka, A.; Tachikawa, T.; Sugawara, T.; Suzuki, Y.; Konno, M,;
M.; Sakaguchi, KSynth. Met1994 64, 359. Saito, Y.; Shinohara, Hl. Chem. Soc., Chem. Commu892 1472.
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lurafulvalene (HMTTeF}! or the more recent tellurium donor
derivatived? results in the formation of insulating neutral solids
in which the Go molecule cocrystallizes with the donor unit.
Intramolecular charge-transfer electronic interactions between
Ceo and a series of electron donor moieties have also been
recently reported

The preparation of electrically conducting CT complexes
containing the G unit requires the design of electroactive
organofullerenes showing improved electrochemical properties
in comparison with the parentggmolecule. In this regard,
although a wide variety of § derivatives bearing different
addends have been prepatétheir electrochemical properties

Knight et al.

fa:R=H
1b : R = NBn,
1c:R=NO;

Figure 1. Fluorenofullerenes with electron-donating and electron-

have been scarcely reported, and only recently, a comparativewithdrawing substituents.

electrochemical study by cyclic voltammetry of a group of
differently modified organofullerenes has been published by
Suzuki et at® The electrochemical behavior of a series of

slightly less negative values than forgdC This behavior
contrasts with that observed for diphenylmethanofullerenes, for

organofullerenes has also been analyzed beyond the fourth-which the CV data are independent of the functional groups.

reduction wave by Echegoyen etl&l.With the exception of
the highly fluorinated GoFsg!” and the recently reported
dicyanodihydrofullerené® which show more positive first-
reduction potentials, the fullerene derivatives studied by Suzuki
et al1® show cathodically shifted potentials relative tgo@ue

to the saturation of a double bond in the sphere. Suzuki et al.
concluded that the inductive effect of the attached organic group
was the most important factor in determining the redox
properties of organofullerends.

The first-reduction potentials of the spiroannelated fluoreno-
fullerenes 1) shown in Figure 1 have been recently reported to
be dependent on the electronic nature of the substituéfit R.
For compounds bearing electron-donating grods, ¢he first-

The existence of a special kind of through-space orbital
interactions between thesystems of the ball and the spiroan-
nelated addend ith was invoked as the crucial difference with
diphenylmethanofullerenes. The so-called “periconjugatfén”
can be thus considered as an alternative and predictable
procedure for the preparation of novel spiroannelated metha-
nofullerenes exhibiting anodically shifted peaks, relative gg C

as precursors for the preparation of molecular materials with
electrical, optical, and magnetic properties.

In this paper, we describe the synthesis of a series of prototype
qguinone-type methanofullerene3, 6, and8). The effect of
substitution on the electrochemical properties is studied for
compound3. Furthermore, we have carried out the additional

and second-reduction potentials are shifted to more negativetransformation of compouné to the corresponding dicyano-

values relative to unsubstitutedggs while for compounds
bearing electron-withdrawing groupkdj, both potentials show

(9) Izuoka, A.; Tachikawa, T.; Sugawara, T.; Saito, Y.; Shinohara, H.
Chem. Lett1992 1049.

(10) Crane, J. D.; Hitchcock, P. B. Chem. Soc., Dalton Tran$993
2537.

(11) Pradeep, T.; Singh, K. K.; Sinha, A. P. B.; Morris, D.JE Chem.
Soc., Chem. Commut992 1747.

(12) Wang, P.; Lee, W.-J.; Shcherbakova, I.; Cava, M. P.; Metzger, R.
M. Synth. Met1995 70, 1457.

(13) Liddell, P. A.; Kuciauskas, D.; Sumida, J. P.; Nash, B.; Nguyen,
D.; Moore, A. L.; Moore, T. A.; Gust, DJ. Am. Chem. S0d 997 119
1400. Guldi, D. M.; Maggini, M.; Scorrano, G.; Prato, Nl.. Am. Chem.
Soc 1997 119 974. Kuciauskas, D.; Lin, S.; Seely, G. R.; Moore, A. L,;
Moore, T. A.; Gust, D.; Drovetskaya, T.; Reed, Ch. A.; Boyd, P. D.OV
Phys. Chem1996 100, 15926. Imahori, H.; Hagiwara, K.; Aoki, M.;
Akiyama, T.; Taniguchi, S.; Okada, T.; Shirakawa, M.; Sakata].YAm.
Chem. Soc1996 118 11771. Williams, R. M.; Koeberg, M.; Lawson, J.
M.; An, Y.-Z.; Rubin, Y.; Paddon-Row, M. N.; Verhoeven, J. W.Org.
Chem 1996 61, 5055. Matsubara, Y.; Tada, H.; Nagase, S.; Yoshidd, Z.
Org. Chem 1995 60, 5372. Williams, R. M.; Zwier, J. M.; Verhoeven, J.
W. J. Am. Chem. So&995 117, 4093. Nakamura, Y.; Minowa, T.; Tobita,
S.; Shizuka, H.; Nishimura, J. Chem. Soc., Perkin Trans 2995 2351.
Imahori, H.; Hagiwara, K.; Akiyama, T.; Taniguchi, S.; Okada, T.; Sakata,
Y. Chem. Lett 1995 265. Watanabe, A.; Ito, Ql. Chem. Soc., Chem.
Commun 1994 1285. Belik, P.; Ggel, A.; Kraus, A.; Spikermann, J.;
Enkelmann, V.; Frank, G.; Mlen, K. Adv. Mater. 1993 5, 854. Diederich,
F.; Jonas, U.; Gramlich, U.; Hermann, A.; Ringsdorf, H.; ThilgenHEL.
Chim. Actal993 76, 2445. Khan, S. J.; Oliver, A. M.; Paddon-Row: M.
N.; Rubin, Y.J. Am. Chem. Sod 993 115 4919.

(14) Diederich, F.; Thilgen, CSciencel1996 271, 317. Hirsch, A.
Synthesis 995 895.

(15) Suzuki, T.; Maruyama, Y.; Akasaka, T.; Ando, W.; Kobayashi, K.;
Nagase, SJ. Am. Chem. S0d 994 116, 1359.

(16) Arias, F.; Xie, Q.; Wu, Y.; Lu, Q.; Wilson, S. R.; EchegoyenJL
Am. Chem. Sod 994 116, 6388.

(17) Zhou, F.; Van Berkel, G. J.; Donovan, B. J. Am. Chem. Soc
1994 116 5485.

(18) Keshavarz-K., M.; Knight, B.; Srdanov, G.; Wudl,F.Am. Chem.
Soc 1995 117, 11371.

(19) Eiermann, M.; Haddon, R. C.; Knight, B.; Chan Li, Q.; Maggini,
M.; Martin, N.; Ohno, T.; Prato, M.; Suzuki, T.; Wudl, Angew. Chem.,
Int. Ed. Engl 1995 34, 1591.

methylene and cyanoimino derivativel)@nd11) as intended
analogues of tetracyarmguinodimethane (TCNQ) and dicy-
anop-quinonediimine (DCNQI). We combine cyclic voltam-
metry and spectroscopic measurements with quantum-chemical
calculations to characterize the compounds prepared and to gain
some understanding of the experimentally observed trends.

Results and Discussion

Synthesis The quinone-type methanofullerenes were pre-
pared by following the versatile fullerene functionalization by
reaction of organic diazo compounds witgo@' In a prelimi-
nary communication, we reported the reaction gf ®ith the
corresponding 1,4-diazooxides to afford the novel carbonyl-
containing organofulleren&s (Scheme 1). 1,4-Diazooxides
were in turn prepared according to the procedures previously
reported in the literaturé®:2*

The spiro[2,5-cyclohexadienone-4'6fhethanofullerene] de-
rivatives 3a—c were isolated exclusively as adducts on 6/6
junctions according to spectroscopic d&ta different behavior
was observed in the photochemical reaction of the carbonyl
protected tosylhydrazoné with Cg, leading to a mixture of
fulleroid (5a) and methanofullerenel) isomers, from which
the free carbonyl [5,6]- and [6,6]-spiro[cyclohexanone-4,61
methanofullerenesha,b could be separated and characterized

(20) Wudl, F.; Suzuki, T.; Prato, MSynth. Met1993 59, 297.

(21) Suzuki, T.; Li, Q.; Khemani, K. C.; Wudl, F.; Almarsson, Science
1991, 254, 1186. Shi, S.; Khemani, K. C.; Li, Q.; Wudl, B. Am. Chem.
Soc 1992 114, 10656. Suzuki, T.; Li, Q.; Khemani, K. C.; Wudl, B.
Am. Chem. Sod992 114 7300. Prato, M.; Suzuki, T.; Wudl, B. Am.
Chem. Socl1993 115 7876. Prato, M.; Lucchini, V.; Maggini, M.; Stimpfl,
E.; Scorrano, G.; Eiermann, M.; Suzuki, T.; Wudl, F.Am. Chem. Soc
1993 115 8479.

(22) Ohno, T.; Marm, N.; Knight, B.; Wudl, F.; Suzuki, T.; Yu, HJ.
Org. Chem 1996 61, 1306.

(23) Puza, M.; Doetschman, 3ynthesisd971, 481.

(24) Ried, W.; Dietrich, RChem. Ber1961, 94, 387.
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nofullerene] 8) obtained in moderate yieR}, a mixture of
isomeric bis adduct®(n = 2) and tris adducts) n = 3) were
obtained.

Quinone-type spiromethanofullerenes are good candidates for
the preparation of TCNQ-type and DCNQI-type derivatives.
TCNQ and DCNQI are among the most useful electron-acceptor
molecules for the preparation of salts and charge-transfer
complexes exhibiting electrically conducting behavorz-Ex-
tended acceptor systems based on TCNQ and DCNQI have been
recently reported to present interesting photoinduced intramo-
lecular electron-transfer properti#s®® The linkage of TCNQ-
or DCNQI-type acceptor units toggshowing through-space
orbital interactions should lead to the preparation of novel and
stronger Gp containing acceptors.

We have carried out the reaction of the spiromethanofullerene
8 with malononitrile in the presence of a large excess of titanium
tetrachloride and pyridine (Lehnert’s reagefit)The reaction,
that is performed in refluxing dry chloroform, proceeds slowly
(7—14 days) in moderate yield (26%; 37% based on consumed
Cs0) (Scheme 3). The U¥vis spectrum of the dicyanometh-
ylene derivativel0 shows the characteristic peaks for the
methanofullerene isomers at 434, 492, and 694 nm, and the
FTIR presents the conjugated cyano band at 2223'crithe
methanofullerene structure had already been previously ascer-
tained for the quinone-type precurs@) Py 13C NMR spec-
troscopy??

The preparation of the DCNQI-type methanofullerédevas
obtained fron8 by reaction with bis(trimethylsilyl)carbodiimide
(BTC) and titanium tetrachloride by following Hig's proce-
dure®? (Scheme 3). Analogously to the preparationl6f the
reaction of8 and BTC takes place slowly in refluxing dry
chloroform and requires a large excess of reactants, affording
the cyanoimino methanofullerenglj in good yield (60% and
the starting compoun8 was consumed). The comparatively
long reaction times needed for the preparation of compounds
10 and 11 indicate the lower reactivity of this carbonyl group
in comparison with otherr-extended quinones. This fact
could be accounted for by the proximity of the surface of the
ball to the carbonyl group. This effect has been previously
observed for other functional groups (ester) close to the sghere.

Compoundl1 shows the expected UWis peaks at 435, 498,

(Scheme 2). In this case, the diazo compound was generatetyng 698 nm and the cyano stretching vibration at 2171lcm

in situ from tosylhydrazond by base treatment, followed by
reaction with Go under standard conditions. It has been
previously observed that fulleroids are the kinetic products of
these diazo additions tog€2> Fulleroids can, in general, be
transformed by thermalization into the thermodynamically more
stable methanofullerenés.More recent, photochemical isomer-
ization has also been reportéd.Thus, the isomeric mixture
5a,beither under thermal or photochemical conditions afforded
the methanofulleren&b). As itis shown in Scheme 2, further

treatment of the isolated isomers under acidic conditions yielded

the cyclohexanone derivativé€s and 6b, respectively.

In contrast to the monocyclic 1,4-diazooxid@a—c, 10-
diazoanthrone7) reacted smoothly with § under different
thermal conditions (see Table S1 in the Supporting Information).
Together with the monoadduct spiro[10-anthrone-9r6étha-

(25) Suzuki, T.; Li, Q.; Khemani, K. C.; Wudl, R. Am. Chem. Soc
1992 114, 7301. Isaacs, L.; Wehrsig, A.; Diederich, lHelv. Chim. Acta
1993 76, 1231.

(26) Smith, A. B, llI; Strongin, R. M.; Brard, L.; Furst, G. T.; Romanow,
W. J.; Owens, K. G.; King, R. CJ. Am. Chem. Sod993 115 5829.
Osterodt, J.; Nieger, M.; Windschief, P.-M.; yite, F.Chem. Ber1993
126 2331.

(27) GonZ#ez, R.; Hummelen, J. C.; Wudl, B. Org. Chem1995 60,
2618.

FAB-MS shows the MH ion for compoundl1 at 937 (calcd
for C7sHgN2, 937.0766; found, 937.0762) and, analogously, at
961 for compoundL0, being the base peak at 720s¢C The

IH NMR (CS/500 MHz) spectrum ofLO shows the aromatic
peri hydrogens as two multiplets ai = 8.28 and 8.08,
integrating each one for two protons. For compodigdfour
doublets appear at = 8.65 (1H), 8.40 (1H), 8.33 (1H), and
8.10 (1H), thus indicating the loss of symmetry for the
cyanoimino derivative.

(28) International Conference on Science and Technology of Synthetic
Metals, ICSM94, Seoul, Korea. See also: Marl\l.; Seoane, C. I@rganic
Conductie Molecules and Polymerblalwa, N. S., Ed.; Wiley: New York,
1997.New Organic MaterialsSeoane, C., Mdi, N., Eds; Universidad
Complutense, 1994.

(29) Martn, N.; Segura, J. L.; Seoane, C.; De la Cruz, P.; Langa, F.;
Orti, E.; Viruela, P. M.; Viruela, RJ. Org. Chem1995 60, 4077.

(30) Martn, N.; Segura, J. L.; Seoane, C.; Qif.; Viruela, P. M.;
Viruela, R.; Albert, A.; Cano, F. H.; Vidal, J.; Rovira, C.; VecianaJJ.
Org. Chem.1996 61, 3041.

(31) Lehnert, W.Tetrahedron Lett197Q 4723; Lehnert, WSynthesis
1974 667.

(32) Aumiller, A.; Hunig, S.Angew. Chem., Int. Ed. Engl984 23,
447. Hinig, S.; Erk, PAdv. Mater. 1991, 3, 225.

(33) Martn, N.; Behnisch, R.; Hanack, M. Org. Chem1989 54, 2563.

(34) Win, W. W,; Kao, M.; Eiermann, M.; McNamara, J. J.; Wudl, F.;
Pole, D. L.; Kassam, K.; Warkentin, J. Org. Chem1994 59, 5871; Meier,

M. S.; Poplawska, MTetrahedron1996 52, 5043.
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Scheme 3
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Table 1. Peak Reduction Potentials (mV vs

Attempts to carry out the reaction of the monocyclic quinone- Ferrocene/Ferrocenium)

type methanofullerene®a—c with malononitrile or BTC under

the same experimental conditions did not lead to the respective_compd Etred Ered Elred Efred Ereq
dicyanomethylene or cyanoimino derivatives. The low solubil-  Ceo —1123 —1455  —1913 —2383
ity of compound3a and the steric hindrance of the substituents ~ 3a —108Pc  —1559

3b —1097 —1620 —2037

adjacent to the low reactive carbonyl group3ib,c prevented

. 3c —1042 —1197 —1602 —2016

the progress of the reaction. 6a 1158 —1550 -2010 —2379

Electrochemistry. The cyclic voltammetry (CV) measure- 6b —1164 —1554  —2044 —2504

ments were carried out in 1,2-dichlorobenzene (ODCB) atroom 8 —1215 —1525  —1670 —2090

temperature with tetrabutylammonium tetrafluoroborate as the 10 —1133 —1383 1537 1943
supporting electrolyté® Peak reduction potentials instead of 11 —1142 —1321  -1448 1536 —1953

averaged data are summarized in Table 1 since several irrevers- apeak position depends on scan rafwo-electron process.Scan
ible processes were observed. Figure 2 displays the cyclicrate: 10 mV s
voltammograms obtained fdc, 6b, and10.

The CV curves recorded for the fulleroila and the
methanofullerenéb indicate that the first reduction of both
isomers is totally reversible and occurs at slightly more negative
values in comparison with the unsubstitutegh,@n agreement
with the expected behavior for organofullerefedsomers 5/6
and 6/6 are reported to present a similar electrochemica
behavior for the first four reduction waves, and only recently,
an anodically shifted (0.20 V) fifth-reduction wave has been
observed for a fulleroid, in comparison with that of the
corresponding methanofullerefe.In this regard, the CV data
of the fulleroid form6a closely correspond to those measured

for the methanofullerene forrb, especially for the first- and

second-reduction waves. The four-reduction waves observed

for both isomers clearly correlate with those measured fgr C

In comparison with isome&a,b, the quinone-type derivatives

3a—c show a significantly different electrochemical behavior.

| On one hand, the first-reduction potential3zf-c is anodically
shifted with respect to . This result evidence the striking
influence of the double bonds present in the cyclohexadienone
addend. Derivatives that undergo reduction more easily than
unsubstituted g are still rare, and the quest for more elec-
tronegative spiroannelated methanofullerenes can enhance the
outstanding properties of thesgdnolecule. On the other hand,

(35) CV conditions: 0.15 M"Bu)sNBF4 in o-dichlorobenzene, 2%C. and unlike most organofu”erene& Compouﬁds—c show an

Working electrode: Pt disk (2 mm diameter). Counter electrode: Pt wire. : . :
Reference electrode: aqueous Ag/AgC! (Fe/Finternal standard), irreversible behavior in the CV measurements. This fact could

Potentiostat: BAS-100A, scan rate 100 m\:sOther standard CV solvents € accounted for by the opening of the cyclopropane ring in
(THF, acetonitrile) as well as toluene/acetonitrile (Xie, Jre2eCordero, the formation of the radical aniéhand is discussed below in

E.. Echegoyen, LJ. Am. Chem. Sod992 114, 3978) did not provide  the |ight of theoretical calculations and ESR measurements. It
sufficient solubility for all compounds of our study.

(36) Arias, F.; Echegoyen, L.; Wilson, S. R.; LU, @.Am. Chem. Soc should be also mentioned that the first-reduction wav&lof
1995 117, 1422. corresponds to a two-electron process andJompresents a
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Figure 2. Cyclic voltammograms of compoung@s, 6b, and10. Scan

rate: 100 mV sl Potentials vs ferrocene/ferrocenium (Fcifc
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shoulder at—1197 mV. The poor quality of the CV data
recorded for unsubstitute@a is due to the extremely low
solubility of this compound.

The anthrone-containing methanofullereshows a first-
reduction potential shifted toward more negative values than
those for compound8a—c and Go. The Osteryoung square
wave voltammetry (OSWV}Y was also recorded and confirms
the obtained CV values. Preliminary molecular mechanics
calculations showed that the steric interactions of plegi
hydrogens of the anthrone moiety with the surface of the
fullerene causes the deviation of the orthogonal disposition of
the addend? The effect of this geometric distortion on the
electronic properties is discussed below.

The CV data recorded for the dicyanomethylel@ and
cyanoiminoll derivatives show that their first reductions are
irreversible and occur at1133 and—1142 mV, respectively

(see Figure 2c and Table 1). In comparison with the precursor

anthrone-containing spiromethanofullere8)ehe reduction is
facilitated by more than 70 mV (Table 1), thus showing the
stronger electronic effect of the dicyanomethylene and cy-
anoimino groups$® Compoundsl0 and 11 present several
reduction processes in the voltage zent300 to—1600 mV.

(37) Osteryoung, J. G.; O’'dea, J. J Btectroanalytical ChemistryBard,
A. J., Ed.; Dekker: New York, 1986; Vol. 14.

J. Am. Chem. Soc., Vol. 119, No. 41, 9895

Although synthetic difficulties prevented the preparation of
the respective TCNQ and DCNQI-type methanofullerenes of
the quinone-type8a—c, the less negative reduction potentials
obtained for10 and 11 compared to8 suggest that those
methanofullerenes would present anodically shifted reduction
potentials related to compoun@s—c. The design of novel
quinone-type methanofullerenes bearing long alkyl chains, to
increase their solubility, or with fused pentagonal heterocyclic
rings are currently under investigation in our groups.

Theoretical Calculations. To gain some understanding of
the experimental observations reported above, quantum-chemical
calculations were performed for compour&#s 6b, 8, 10, and
11 The molecular geometries were fully optimized using the
PM3 semiempirical methé@as implemented in the MOPAC
93% and GAUSSIAN 94! systems of programs. The geom-
etries of the unsubstituted methanofullerergGE,, cyclopen-
tadienefullerene (6CsH4), and fluorenofullerene (§gCi3Hs)
were optimized for comparison purposes. Additional calcula-
tions at the ab initio HartreeFock (HF) level and using density
functional theory (DFT) were performed f8a. DFT calcula-
tions have the advantage of providing electron-correlated wave
functions at a reasonable computer cost and are being exten-
sively applied to the study of fullerené%.44

Molecular Structure. Figure 3 presents the PM3-optimized
geometry obtained foBa without imposing any symmetry
restriction. The quinone ring perpendicularly bisects the-C1
C2 bond and forms a methanofullerene structure with the
fullerene cage. Compourha thus shows &,, symmetry in
accord with the 15 peaks observed for the fullerene moiety in
the 13C NMR spectrum indicating the existence of two planes
of symmetry?2 Figure 3 only displays the bond lengths and
bond angles of the pyracylene unit defined around the 6/6
junction where bridging occurs because the geometry of this
unit undergoes the most noticeable changes with respegbto C
For Gso, the PM3 method predicts bonds lengths of 1.458 and
1.384 A for 5/6 and 6/6 junctions, respectively, in good
agreement with the experimental values obtained from X-ray
data (1.446 and 1.389 &)and gas-phase electron diffraction
measurements (1.458 and 1.4014R).

The methano-bridged GiC2 bond is predicted to have a
length of 1.548 A, i.e., 0.164 A longer than the 6/6 junctions in
Cso- The calculated value is slightly shorter than the experi-
mental X-ray bond distances reported for (bis((trimethylsilyl)-
butadiynyl)methano)fullerene (1.574 %)and ((3,4-dimethox-

(38) Hinig, S.Pure Appl. Chem199Q 62, 395.

(39) Stewart, J. J. Rl. Comput. Cheml989 10, 209, 221.

(40) MOPAC 93: J. J. P. Stewart, Fujitsu Limited, Tokyo, Japan, 1993

(41) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Gil, P. M. W.; Johnson,
B. G.; Robb, M. A.; Cheeseman, J. R.; Keith, T.; Petersson, G. A
Montgomery, J. A.; Raghavachari, K.; Al-Laham, M. A.; Zakrzewski, V.
G.; Ortiz, J. V.; Foresman, J. B.; Cioslowski, J.; Stefanov, B. B.;
Nanayakkara, A.; Challacombe, M.; Peng, C. Y.; Ayala, P. Y.; Chen, W.;
Wong, M. W.; Andres, J. L.; Replogle, E. S.; Gomperts, R.; Martin, R. L.;
Fox, D. J.; Binkley, J. S.; Defrees, D. J.; Baker, J.; Stewart, J. P.; Head-
Gordon, M.; Gonzalez, C.; Pople, J. Baussian 94, Résion B.1 Gaussian
Inc.: Pittsburgh, PA, 1995.

(42) Martin, J. M. L.; El-Yazal, J.; Franis, J.-PChem. Phys. Letl 995
242 570;1996 52, 9. Martin, J. M. L.Chem. Phys. Lettl996 255, 1.

(43) (a) Raghavachari, K.; Sosa, Chem. Phys. Lettl993 209, 223.
(b) Bakowies, D.; Bal, M.; Thiel, W. Chem. Phys. Lettl995 247, 491.
(c) Scuseria, G. EChem. Phys. Letfl996 257, 583. (d) Patchkovskii, S.;
Thiel, W.J. Am. Chem. Sod 996 118 7164.

(44) Green, W. H. Jr.; Gorun, S. M.; Fitzgerald, G.; Fowler, P. W.;
Ceulemans, A.; Titeca, B. Q. Phys. Cheml996 100, 14892.

(45) Burgi, H.-B.; Blanc, E.; Schwarzenbach, D.; Liu, S.; Lu, V.; Kappes,
M. M.; Ibers, J. A.Angew. Chem., Int. Ed. Endgl992 31, 640.

(46) Hedberg, K.; Hedberg, L.; Bethune, D. S.; Brown, C. A.; Dorn, H.
C.; Johnson, R. D.; de Vries, Msciencel991, 254, 410.

(47) Anderson, H. L.; Boudon, C.; Diederich, F.; Gisselbrecht, J.-P.;
Gross, M.; Seiler, PAngew. Chem., Int. Ed. Engl994 33, 1628.
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1.218 (1.217)
1.483 (1.487)

(@) (b) (©
Figure 3. Detail of the PM3-optimized molecular structure of compoda (a) Atom numbering and axes orientation. (b) Geometry of the
pyracylene unit on which methano bridging takes place. (c) Geometry of the cyclohexadienone moiety. The PM3-optimized bond lengths obtained
for p-benzoquinone are given within parentheses. Bond lengths are in angstroms and bond angles in degrees.

yphenyl)methano)fullerene (1.614 &and is in good agreement N P
with the X-ray value of 1.553 A reported for a methano-bridged e,
dibenzohomopyracylerf@#*® The lengthening of the G1C2
bond is accompanied by the elongation of the four contiguous
5/6 bonds (1.497 A) which have 3psp? character. The
remaining bonds forming the pyracylene unit depicted in Figure
3b present maximum deviations of 0.017 and 0.009 A with
respect to the bond distances of the 5/6 and 6/6 bondgdn C
respectively.

The bond angles surrounding the transannular C2 bond
present the largest deviations from the values of 120 andé 108
found for the internal angles of hexagons and pentagons,
respectively, in icosahedralge The C6-C1-C9 and C3-
C2—C12 angles are reduced to 10%4&hd the C6,C9C1-C2
and C3,C12C2—-C1 angles to 116%in agreement with the
106.0 and 116:2 values reported for (bis((trimethylsilyl)- Cgv
butadiynyl)methano)fullererré. . Figure 4. PM3-optimizedCy, andC; structures of compount. See

The strain at the bridgehead atoms C1 and C2 determinesgigyre 3 for atom numbering.
that the two hexagons and the two pentagons delimiting the C1 . . . .
and C2 vertices lose their planarity and fold up. The hexagons CeoCsHa are almost identical with that obtained f&and show

the same trends. (The geometric parameters defining the

present a folding angle of 684long the C3-C6 and C9-C12 | ing in th d . in Table S2
axes, respectively. The pentagons are more largely bent alonggics? progftf‘ne rll:\]?o:nmat'eosne BC;rr;ggggtsstﬁgeng;/rin (Ier;t (?CI(?)
the C3-C12 and C6-C9 axes by angles of 10.5 As a upporting ion)3a p W yclo-

- ropane ring due to the nonbonding interactions that take place
consequence of these foldings, the C1 and C2 atoms protrud
from the Go skeleton. The distances from these two atoms to {éeé\(;iiz;gﬁ; r?gg;m)?étgy;r:g%ﬁg g;otrgi:éHa?]Zd acngdt:g(:sl)z(gt(t)?r?s
the centroid of the ball are 3.765 A and are larger than the Y

: . . of the Gg ball. The distances for these interactions are 2.71
distances from the atoms situated on the opposite pole®f C . :
(3.541 A) or from the atoms located on the equatorial zone along anvzv'?gl A,r Vgi‘i'?hrarsrgl'%hgz dsuogfr thfr;]\n(zthgeogggn of the van
they (3.530 A) andx (3.551 A) axes. All these trends agree Cc' '/aals radi for carbo ydrogen (<. '

- . Steric interactions are more important for the anthraceno-
\év;gﬁ?ose observed by Anderson et al. from X-ray experimental fullerenes8, 10, and11 due to the short contacts between the

The cyclohexadienone ring is joined to the C1 and C2 atoms aromat.icperi.hy(jrogens of the anthra_lcgne unit and tagall.
by bondg of 1.521 A. This va?ue Ijies between the average valuesAS depicted in Figure 4, the PM3-optimized geometry calculated

reported for a (diphenylmethano)fullerene (1.5128%nd for for 10 imposing aCy, symmetry reveals that the distance of

; - : . the peri hydrogens to the C4, C5 and C10, C11 atoms is only
(bis((trimethylsilyl)butadiynyl)methano)fullerene (1.539 X). 1.90 A and the distance to the C3. C6 and C9. C12 atoms i
The C1-C61-C2 angle predicted foBa (61.2) is very close : A a € distance fo the &3, a ’ atoms 1S
to that obtained for the latter (62)8*” The geometry of the 241 A. To avoid the.se short contacts, the anthr_acene moiety
cyclohexadienone moiety is typical of a quinone-type structure Ir?nnoi Iofnl%er dpe(;pe?iﬂlculag totthenfeﬁﬁ t:|° rr11d %I'nhd |trs celzztial
with a large bond length alternancy between single and double g IS Tolded adopling a boat conformation. E\ esulfirg
bonds (see Figure 3c). structure only.shows two short contacts at 2.39 betwgen the

The PM3-optimized geometries calculated for the methano- two lower peri hydrogens and carbons C3 and C12. Similar

. : structures are found fd3 and 11
fullerene moiety in compound8b, 8, 10, 11, CsCH,, and .
y P o~ For compound, the foldedC; structure is 25.18 kcal/mol
19518)1?03;er0dt, J.; Nieger, M.; \gtle, F.J. Chem. Soc., Chem. Commun. more stable than the perpendiculds, form. The “butterfly
(49) Vog.el, E.Pure Appl. Chem1993 65, 143. (50) Bondi, A.J. Phys. Cheml964 68, 441.

'
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shape” adopted by the anthracene moiety in @3estructure (a)

can be defined in terms of the dihedral angles of the central

quinone-type ring. The lower vertex C61 is folded down with — 33by(-201)

respect to the plane defined by the four central atoms C62, C63, 214 (-2.20) —_ e —Z L. —

C65, and C66 by an angle of 42.2see Figure 3 for atom = — 26a,(-2.26)

numbering). The upper vertex C64 is less folded by an angle

of 30.3. The lateral benzene rings preserve their planarity . —— 32bg(-2.74)

showing aromatic structures and form an angle of 135.0 5ty (-2.89) — — — % - - — 35by(288)
The energy difference between the perpendicGlarand the T 44a,(2.99)

“butterfly-shaped”Cs forms increases to 42.55 kcal/mol for

compoundLO. In this case, the folding of the anthracene moiety

not only reduces the steric hindrance with thg €age but also

alleviates the nonbonding interactions that take place between

the cyano groups and the uppeeri hydrogens (see Figure 4). 7

As a result, while the lower vertex C61 is folded down by 42.1 -7

similarly to compound, the upper vertex C64 (36)pand the any (0.48) A f- A €2 -

central ring (131.%) are significantly more bent than 81 The pN

folding of the anthracene has been previously discussed for

TCNQ derivatives showing that theoretical PM3 predictions are

31b, (-0.32)

~ 43a, (-9.75)

in very good accord with X-ray observatio®s. C60 3a
For compoundLl, only the “butterfly shaped” structure was
calculated. The bending of the anthracene moiety is intermedi- (b)

ate between those calculated ®and10. Folding angles of
42.2 (C61 vertex), 32.9(C64 vertex), and 133?9along the
central C61C64 axis) are found fot 1l

Electronic Structure. The most immediate effect of methano-
bridging substitution on the electronic structure ab & the
breaking of the orbital degeneracy associated to the icosahedral
symmetry of the ball. As Figure 5a illustrates, the 5-fold
degenerate 4hHOMO of Cgp calculated at—9.48 eV at the
PM3 level splits into five molecular orbitals ranging fron®.75
to —9.32 eV for compoun@a. Among these five orbitals, only
the 31h HOMO sketched in Figure 5b presents significant
contributions from the cyclohexadienone moiety. The orbital
displays 2p-7r bonding interactions for those bonds exhibiting
a higher double-bond character in both thg €age and the
addend. Ther-systems of both fragments further overlap giving
rise to a through-space bonding interaction that has been
previously named as “periconjugatio#f20

Periconjugation differs from spiroconjugation in the relative
orientations of the atomic orbitals involved in the two interacting Figure 5. (a) PM3 molecular orbital distributions calculated fogC
7-systemg920 For spiroconjugation, the interacting prbitals and3a The energy of the ort_Jl_taIs (in eV) are given within parentheses.
lie in parallel planes and give rise to a lateral overlap. For () Atomic orbital composition of the HOMO of compour@.

. : . . S . Coefficients are given for the cyclohexadienone moiety in units of.10
periconjugation, the porbitals lie in perpendlcule_\r p!anes a_nd Only the contributions of the carbons forming the upper part gf C
lead to a more frontal overlap. More intense orbital interactions 4re given for clarity.
should therefore be expected for periconjugation. The extension
of periconjugation for the HOMO d3a s very small since the We have calculated the electronic structure of ((3-methylene-
atomic orbital (AO) coefficients of the C62 and C66 atoms in 1,4-cyclohexadienyl)methano)fullererf?] as a representative
the LCAO expansion are only 0.05 (see Figure 5), but more example where periconjugation plays an important role in the
effective periconjugative effects are present for lower energy HOMO. As depicted in Figure 6, the AO contributions of the

& and h orbitals. cyclohexadiene moiety to the HOMO are larger than those
Compared with the parent methanofullerengG,, for obtained for3a (cf. Figures 5 and 6) and give rise to an
which the HOMO iis calculated at9.20 eV, the HOMO oBa important through-space periconjugation effect. The key for

(—9.32 eV) appears to be 0.12 eV more stable and the HOMO this effect is the fact that the HOMO of the 3-methylene-1,4-
of 6b (—9.24 eV) is 0.04 eV lower in energy. The greater Cyclohexadiene addend lies-a8.68 eV, i.e. 0.80 eV higher in
stabilization found for the HOMO d3ashould be attributed to ~ energy than the HOMO of & (—9.48 eV) and, therefore,
periconjugative interactions that transmit the electron-withdraw- strongly contributes to the HOMO a2 which appears at8.98

ing inductive effect of the carbonyl group of the addend. Those €V. This is not the case f#abecause the HOMO of the 1,4-
interactions do not exist fd due to the saturated nature of the Cyclohexadienone addend is calculated lower in energy at
addend and the inductive effect is more poorly transmitted. The —10.19 eV and has a very small contribution to the HOMO of
stabilization of the HOMO oBa is small because periconju- 3a

gation is negligible for this orbital and it only exerts an indirect ~ We turn now to analyze the unoccupied orbitals. Methano

influence through its presence in lower energy orbitals. bridging produces a slight destabilization of the,%UMO of
Ceo Which is splitted into three orbitals. The energy of the

(51) Orfy E.; Viruela, R.; Viruela, P. MJ. Phys. Chenl996 100, 6138. LUMO seems not to be affected by the size of the addend, since
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(b)

(@)

\C/

12

Figure 6. (a) Molecular structure of compourd@. (b) Atomic orbital
composition of the HOMO of compount2. Coefficients are given
for the cyclohexadiene moiety in units of Z0Only the contributions
of the carbons forming the upper part ofs@re given for clarity.

almost identical energies are obtained for the LUMO g§-C
CH; (—2.82 eV), G¢CsH4 (—2.83 eV), and fluorenofullerene
(—2.83 eV). This feature is due to the negligible contribution
of the addend to the LUMO. Both the destabilization of the
LUMO and the constancy of its energy agree with the
experimental CV data reported for methanofullerenes. The
former explains the slightly more negative first-reduction
potentials measured for (diphenylmethano)fulleren#.(8 V)
and fluorenofullerene<1.175 V) compared with the parengfC
(—1.123 V)1° The latter justifies the almost identical values
of those potentials.

The attachment of the cyclohexadienone moiety doplaces
the LUMO 0of3a0.07 eV below the LUMO of & (see Figure

Knight et al.

The effect of periconjugation on the energy of the LUMO
and thereby on the reduction potentials of spiroannelated
methanofullerenes such 8a and its TCNQ analogue is small
because it only plays the indirect role of transmitting the
inductive effect of the electronegative addend. We believe,
however, that periconjugation can be used to obtain fullerenes
with more significantly improved acceptor properties. The
challenge is to synthesize methanofullerenes with conjugated
addends showing a more electronegative character, in such a
way that their LUMO would lie close in energy or even below
the LUMO of Gso and an effective periconjugative interaction
would take place between the LUMOs of both fragments.
Periconjugation would therefore play a direct role in determining
the energy of the LUMO of the adduct and would lead to
methanofullerenes with significantly enhanced electron-acceptor
properties.

PM3 calculations indicate that the LUMO, LUMEL, and
LUMO++2 orbitals of8 lie at almost the same energies than for
3awhen the anthraquinone moiety is forced to be perpendicular
to the CE+C2 bond C,, structure). These orbitals are, however,
destabilized by~0.12 eV when the addend adopts the more
stable butterfly structure due to the loss of periconjugative
interactions (see Figure 4). The LUMO @& (—2.84 eV)
therefore appears at slightly higher energies than the LUMO of
Ceo (—2.89 eV), thus supporting the shift of 0.09 V to more
negative values experimentally observed for the first-reduction
potential of8. The more electronegative character of the C(CN)
and N-CN groups determines that the LUMOs calculated for
the folded structures df0 (—2.89 eV) andll (—2.88 eV) lie
at almost the same energies than fgg.CThis result explains
the almost identical values measured for the first-reduction
potentials of Gp, 10, and11 (see Table 1).

Since the energies of the unoccupied orbitals strongly depend
on the theoretical approach, the electronic structurgaofas
further investigated by performing single-point calculations on
the PM3-optimized geometries ofg§; CsoCH,, and3a at the
DFT level using the hybrid gradient-corrected B3P86 density

5). This result agrees with the more electronegative characterfunctionaf? and the 3-21G basis $étand at the ab initio HF

found for3a, for which the first-reduction potential is anodically
shifted with respect to & (see Table 1). Although the through-
space periconjugation interaction plays no direct role on the
LUMO of 3a, since the 2p-x orbitals of the cyclohexadienone
unit do not contribute to this orbital, its occurrence in lower
energy orbitals transmit the inductive effect of the addend and
produces a small stabilization of all the orbitals localized on
the Goo cage. Compared to g&CHy, the LUMO of 3a is
stabilized 0.14 eV similarly to that found for the HOMO.

The reason for the total absence of periconjugation in the
LUMO of 3ais that the LUMO of the addend, calculated at
—0.47 eV, lies very high in energy with respect to the LUMO
of Cso (—2.89 eV), and there is no effective overlap between
the LUMOs of both fragments. To investigate the effect of

more electronegative addends, we calculated the electronic

structure of the TCNQ analogue &a resulting from the
substitution of the oxygen atom by a C(GNjroup. The

synthesis of this compound was in fact intended by condensation

of malononitrile with 3a, but the reaction did not work as
discussed above. Although the LUMO of the addend now lies
at —1.64 eV, it is still 1.25 eV above the LUMO ofggand
has no contribution to the LUMO of the adduct which now
appears at-3.02 eV, i.e. only 0.06 eV lower in energy than
for 3a. The TCNQ analogue oBa would therefore show a
first-reduction potential only slightly less negative than that
measured foBa.

level using the more extended 6-31G* basis *4etThe
molecular orbital descriptions provided by both approaches are
identical with those obtained from the PM3 results. At the
B3P86/3-21G level, the LUMO o8a lies 0.10 eV below the
LUMO of Cggand 0.18 eV below the LUMO of §H>. At the
HF/6-31G* level, these relative energies increase to 0.20 and
0.25 eV, respectively. These results support the predictions
performed above on the basis of PM3 calculations.

Reduced Compounds. Compound3a was chosen as a
representative example to investigate the reduction process. The
geometric structure of the anion 8& was first optimized at
the PM3 level using the restricted open-shell HartrEeck
(ROHF) formalisn®® Two possible structures were considered
for 3a~: a closedC,, structure similar to that depicted in Figure
3 for the neutral compound and an open structure where the
cyclopropane C2C61 bond is broken. The opening of the

(52) The B3P86 functional consists of Becke’s three-parameter hybrid
functional®22which is a hybrid of Hartree Fock exchange with local and
gradient-corrected exchange and correlation terms, with the nonlocal
correlation provided by the “Perdew 8&P expression. (a) Becke, A. .
Chem. Phys1993,98, 5648. (b) Perdew, J. Phys. Re. B 1986 33, 8822.

(53) Binkley, J. S.; Pople, J. A.;, Hehre, W.JJ.Am. Chem. S0d.98Q
102 939. Gordon, M. S;; Binkley, J. S.; Pople, J. A.; Pietro, W. J.; Hehre,
W. J.J. Am. Chem. Sod982 104, 2797. Pietro, W. J.; Francl, M. M.;
Hehre, W. J.; DeFrees, D. J.; Pople, J. A.; Binkley, J1.8sm. Chem. Soc.
1982 104 5039.

(54) Hariharan, P. C.; Pople, J. &hem. Phys. Lettl972 16, 217.
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0 99.9 and 109.% those encircling the C2 atom widen to 107.4
and 122.3. These changes reflect the large sharacter of
the C1 atom that largely protrudes from theyGkeleton (see
Figure 7a). The pentagon and the two hexagons delimiting the
C1 vertex are folded up along the respective-@®, C2-C6,

and C2-C9 axes by~15-17°.

The PM3 method predicts that the open-cycloprop&ge
structure is more stable than the closed-cycloprop&age
structure by an energy difference of 4.03 kcal/mol. To ascertain
the reliability of this result, the PM3-optimized geometries of
both structures were recalculated, in a first step, at the DFT
B3P86/3-21G level. These calculations confirm the PM3 result
and reduce the energy difference between open and closed
structures to 2.05 kcal/mol. In a second step, the geometries
(b) of both structures were reoptimized at the DFT B3P86/3-21G

level and at the ab initio HF/6-31G* level. Both approaches

o predict the open structure to be more stable by 2.40 and 4.33
1.229 (1.228) kcal/mol, respectively’ These results support the PM3 predic-
X 1.460 (1.454) tions and point out that the energy difference between the open

and closed structures 8&~ is on the order of a few kilocalories

per mole. The greater stability of the open structure is

(120.6) [\f20- 1.870) experimentally confirmed on the basis of ESR measurements
< 07 (1.417) as discussed below.

Table 2 summarizes the B3P86/3-21G and HF/6-31G* net
atomic charges and spin densities calculated for the cyclohexa-
dienone moiety of neutréa and its anion. In both cases, the
charge distribution remains almost unchanged in passing from

(c) (d) 3ato 3a~, showing that the extra electron enters thg €age
Figure 7. (a) PM3-optimized geometry calculated for the open- for both the closed and the open structures of the anion. This
cyclopropane structure 8&~. The atom numbering and axis orientation  is an expected result since the LUMO, i.e., the orbital which
are the same as those used in Figure 3. (b) Geometry of the pyracyleneaccepts the extra electron, 8& belongs to the € cage with
unit around the CxC2 bond. (c) Geometry of the cyclohexadienone almost no contribution from the addend. The total charge

moiety. The optimizing geometry is symmetric with respect toxhe  accumulated by the cyclohexadienone moiety is thus almost zero
plane passing through the €C2 bond. (d) PM3 bond lengths and for both structures oBa— as it is also for neutraBa.

bond angles calculated for the phenoxyl radical (CASSCF values from . .
ref 58 are given within parentheses). Bond lengths are in angstroms The calculated SP'“ densities ,ShOW that., for the closed
and bond angles in degrees. structure, the unpaired electron is delocalized on thg C

backbone and there is no spin density on the cyclohexadienone

cyclopropane ring was first suggested for methanofullerenes Moiety. The opposite is found for the open structure, for which

bearing electronegative addends such as fluorenofullerenes wittSPIn densities are zero forsgand the unpaired electron resides
electron-withdrawing group$ and has been invoked as a ©n the addend. This indicates that the extra electron causes

possible reason to explain the irreversible electrochemical the homolytic breaking of the C2C61 bond and, as a

behavior observed for the quinone-type derivati®e® 10,and ~ consequence, theegcage has a paired number of electrons
11 and a negative charge, while the cyclohexadienone moiety
The geometry calculated for the closég, structure of3a~ accommodates the unpaired electron and gives rise to a phenoxyl

is almost identical with that obtained for the neutral molecule. "adical. The opening of the cyclopropane structure is schemati-
This result agrees with the small changes observed with respec€@!ly shown on the left part of Figure 8. The spin densities
to Csoin the geometry of low-charged alkali-metal fullericés. ~ calculated for open structure de~ also indicate that the
The PM3-optimized geometry obtained for the open structure unp_alred elec_tron is hl_ghly del_o_callzed on the resulting phenoxyl
is sketched in Figure 7. It is symmetric with respect to xae radical. Maximum spin d¢n5|t|es are found for C61, C63, C65,
plane containing the GAC2 bond thus presenting @ sym- and the oxygen atom, \{vhlle they are almost zero for C62, C64,
metry. The opening of the cyclopropane ring produces impor- and_C66. These_densmes agree with the resonance structures
tant asymmetries in the neighborhood of the transannular C1  depicted on the right part of Figure 8.
C2 bond (cf. Figures 3b and 7b), which now has a length of ~ The opening of the cyclopropane ring induces important
1.506 A. While the C+C6 and C+C9 bonds lengthen to  changes on the geometry of the cyclohexadienone moiety (cf.
1.542 A, the C2-C3 bond and C2C12 bonds shorten to 1.420  Figures 3¢ and 7c). The=80 bond is 0.012 A longer and the
A. While the bond angles surrounding the C1 atom narrow to adjacent G-C bonds are 0.015 A shorter than in neutsal

55) The ROHF formalism was used instead of the more appropriate The C62-C63 and C65C66 bonds (1.361 A) are now
spi(n—unrestricted UHF formalism owing to the high spin conta?rrl)ingtion Im,ermedlate between the :!"335 A,dIStance foung-trenzo-
obtained for the open structure 8k ([ 1= 3.3 as compared to 0.75 for quinone and the 1.397 A distance in benzene. The-QEa2

a pure doublet state), which makes the energy comparison with the
noncontaminated closed structure meaningless. Exploratory calculations for  (57) B3P86/3-21G and HF/6-31G* calculations were performed using
the open structure @a~ at the ab initio UHF/3-21G* and 6-31G* levels the ROHF formalism and a tight convergence criterion of81for the
also lead to high spin contaminatiori${J~ 2.0). This problem has been density matrix. Although this criterion makes each calculation very costly
discussed for open-shell fullerenes by Thiel et al. (ref 43d), who also adopted in computer time (at the HF/6-31G* level, each optimization cycle of the
the ROHF treatment. openC; structure of3a~ took about 40 h on a Silicon Graphics Power
(56) Zhou, O.; Cox, D. EJ. Phys. Chem. Solid$992 53, 1373. Challenge XL-R8000/90 computer), lower convergence criterions should
Rosseinsky, M. JJ. Mater. Chem1995 5, 1497. not be used due to the large size of the molecule.
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Table 2. Net Atomic Charges and Spin Densities Calculated at the B3P86/3-21G and the HF/6-31G* (within parentheses) Levels for the
Cyclohexadienone Moiety of Neutr8kh and Its Anion (Both Closed- and Open-Cyclopropane Structures Are Give3afo@

net charges spin densities

atonpe 3a 3a (closed) 3a~ (open) 3a~ (closed) 3a~ (open)
c61 —0.17 (-0.04) —0.19 (-0.07) 0.16 (0.10) 0.00 (0.00) 0.24 (0.35)
C62 (C66) —0.14 (-0.12) —0.13 (-0.10) —0.21 (-0.19) 0.00 (0.00) 0.01 (0.02)
C63 (C65) —0.23 (-0.28) —0.24 (-0.30) —0.23 (-0.26) 0.00 (0.00) 0.17 (0.18)
C64 0.39 (0.53) 0.38 (0.53) 0.36 (0.50) 0.00 (0.00) 0.03 (0.07)
¢} —0.48 (0.57) —0.51 (~0.60) —0.51 (-0.62) 0.00 (0.00) 0.28 (0.17)
H62 (H66) 0.25 (0.24) 0.25 (0.24) 0.24 (0.23) 0.00 (0.00) 0.00 (0.00)
H63 (H65) 0.25(0.24) 0.23(0.21) 0.22 (0.21) 0.00 (0.00) 0.00 (0.00)
Q —0.01 (0.06) —0.11 (-0.04) 0.04 ¢0.03)

aThe calculations on the anion were performed within the spin-restricted HF formalism using a spin multiplicity valiesegeZigure 3a for
atom numberingc The C,, symmetry is lost for the open-cyclopropame structure8af. ¢ Q denotes the total net charge accumulated by the
cyclohexadienone moiety.

Figure 8. Homolytic breaking of the C2C61 bond of3a upon reduction and resonance structures of the resulting phenoxyl radical.

and C1C66 bonds (1.418 A) are only 0.021 A longer than

the C-C bonds in benzene and considerably shorter than in

p-benzoquinone. The opening of the cyclopropane structure thus

causes a partial aromatization of the cyclohexadienone moiety.

While the G=0 environment resembles the quinoid structure

of p-benzoquinone, the C61 vicinity is similar to the aromatic

structure of benzene. The predicted geometry actually corre-

sponds to that of the phenoxyl radical (cf. Figure 7c,d). Figure 3310 3345 3350 3355 3360 3365 3370

7d further compares the PM3 geometry obtained for the Gauss
phenoxyl radical with that obtained from very accurate CASSCF Figyre 9. ESR spectra of reducedc: (upper trace) experimental
calculations® Both geometries show a good correlation, thus spectrum in benzonitrile at 260 K; (lower trace) simulated spectrum
proving the reliability of the PM3-optimized geometrfés. using the values given in the text.

We believe that the possibility of delocalizing the unpaired opening occurs as predicted by theoretical calculatins.
electron within the addend, together with the aromatization of pyring the chemical reduction &c, with decamethylnickel-
the geometry of the addend are the factors which determine thegcene, Ni(GMes),, in benzonitrileé! a transient ESR structurated
opening of the cyclopropane ring for methanofullerenes since sjgnal (Figure 9) was observed. This signal appearg at
both factors contribute to the stabilization of the open-cyclo- 20030, which is very similar to those reported for some
propane structure. Two requirements are therefore necessargubstituted 2,6-dimethylphenoxyl radic®and is much larger
for the opening of the methanofullerene: (i) the addend should than that of radical anion derived fromsg{g = 1.9999)63 In
be a conjugated system that allows for the delocalization of the addition, the hyperfine structure of this signal can be simulated
unpaired electron, and (ii) the addend should gain in aromaticity by the coupling of the unpaired electron with six equivalent
when the cyclopropane ring is open. These two requirementshydrogen atoms of two methyl groups with a coupling constant
are fulfilled by the quinone-type derivativ@sand, in a lower of 1.0 G and a line width of 1.2 & Consequently, this rather
degree, byg, 10, and11, because the anthrone-type addend in unstable species can be adscribedco, confirming, therefore,

these compounds is highly distorted from planarity. This is not — - :

. . . (60) The poor solubility o8cin most solvents, as well as the transient
the case for the nonconjugated derivatélg for which there character of its reduced species, prevents at our hands the ESR study of
is no possibility of delocalizing the unpaired electron on the the reduction process by coulombimetry. Nevertheless, in situ chemical

addend, and the reduction process will occur via a closed reduction of3c was accomplished by using decamethylnickelocene, Ni-
! (CsMes),, in benzonitrile as a reducing agent (ref 61).

structure. (61) Decamethylnickelocene is a selective reductBpt(°= —0.65 V
i i i in gj i vs SCE) for the production of radical anion offCsee: Wan, W. C.; Liu,
Work in progress, involving in situ reduction of compound 3% 00 8 PTG R B, Am. Chem. S0d995 117, 9580,
3cin the CW-ESR cavity, has demonstrated that indeed ring (62) For ESR parameters of some substituted 2,6-dimethylphenoxyl
radicals, see: Landolt-Bostein, New Seriesl986 11/17e 206 and
(58) Chipman, D. M.; Liu, R.; Zhou, X.; Pulay, B. Chem. Physl994 references therein.
100, 5023. Quin, Y.; Wheeler, R. Al. Chem. Physl995 102 1689. (63) Khaled, M. M.; Carlin, R. T.; Turlove, P. C.; Eaton, G. R.; Eaton,
(59) The averaged difference between the geometric parameters calculateds. S J. Am. Chem. S0d994 116, 3465.
for the phenoxyl radical at the ROHF-PM3 level and the CASSCF geometry  (64) The poor resolution of the obtained spectrum prevents to give by
given in ref 58 is only 0.006 A for the bond lengths and°Ger the bond simulation a reliable value for the coupling constant of the two aromatic
angles. hydrogen atoms o8c .

I 1 1 I } -
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Figure 10. Schematic diagram showing the molecular orbital distribu-
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mol when the geometries were optimized at the HF/6-31G*
level. The greater stability of the open structure explains the
collapse of the first- and second-reduction processes under the
first CV reduction wave, since the two electrons reside on
different sites.

Although the nature of the addend in compouBd&0, and
11 is of quinone-type, the electrochemical properties of these
methanofullerenes differ from those 8f The first-reduction
process in8, 10, and 11 is well-separated from the second
reduction, and several reductions processes appear now at close
potentials in the zone-1300 to—1600 mV. To explain this
electrochemical behavior, the geometries of the anion and

tions calculated for the closed- and open-cyclopropane structures ofdianion of 10 were optimized at the PM3 level. Although the

3a~. The molecular units (& or addend) to which the orbitals belong
are indicated on one side. The atomic orbital composition of the
semioccupied orbital of the open structure is depicted on the right.

the theoretical prediction that the unpaired electror3af

calculations performed for the anion were not conclusive, since
it was impossible to reduce the gradient norm for the open-
cyclopropane structure below a value of 13 au, they clearly
indicate that the closed-cyclopropane structure is more stable
than the open structure fdi~. The calculations performed

resides mainly at the addend and the negative charge on theor the dianion predict that the open structure is more stable

ball.
Figure 10 illustrates the molecular orbital (MO) distribution

than the closed structure by 15.91 kcal/mol, similarly to that
found for 3a. These results suggest that the second electron

obtained for the closed- and open-cyclopropane structures ofenters the ball and induces the heterolytic breaking of the C2

3a~. For the closed structure, the MO ordering is identical
with that depicted in Figure 5a for the neutral molecule and the

C61 bond since both theggcage and the addend are found to
bear a negative charge in the resulting open structure. The result

unpaired electron lies in one of the three almost degenerateof the reduction process, even the opening of the cyclopropane

LUMOs localized on the g cage. The second, third, and fourth

ring takes place by different ways, is thus the same3fand

electrons are therefore expected to occupy these orbitals andL0 since, after the entrance of the two first electrons, both the

enter the G ball. This explains the fact that the cyclic
voltammogram of the cyclohexanone derivatBlg for which

ball and the addend are reduced.
The calculations o (%~ illustrate that the addend in the more

the Closed structure ShOUld be faVOI’ed, presents We”'resolvedstable Open Structure’ a|th0ugh |eSS folded than in nemﬂ"al

reversible reduction waves at reduction potentials similar to
those of the parentdg (see Figure 2b and Table 1).
For the open structure, a new orbital localized on the quinone-

remains significantly distorted from planarity. The absence of
planarity reduces the gain of aromaticity when the electron is
attached to the addend and therefore shifts the reduction potential

type addend appears between the HOMOs and the LUMOs of associated to that attachment to more negative voltages com-
the G cage as a consequence of the structural changes. Thisyared ta3. This shifting has been experimentally observed for
orbital corresponds to the semioccupied HOMO of the phenoxyl TCNQ and DCNQI benzoannulated derivati$esnd explains
radical, and |tS AO CompOSition I’eﬂeCtS the mixed aromatic- the appearance Of the Second reduction potential Of the an-
quinoid character of this radical (see Figure 10). The second thraquinone-type derivative8, 10, and 11 at more negative

electron in3a, for which the open structure is energetically

potentials than ir8, in the zone of the second-reduction wave

favored, is therefore expected to enter in the addend, thusof cq4, (see Table 1).

completing the HOMO of the phenoxyl radical. This result

completely explains the electrochemical properties recorded for

compounds3. The fact that the first-reduction wave in the CV
curve of 3b corresponds to a two-electron process an@an
presents a shoulder at1197 mV are therefore due to the

attachment of the second electron to the addend. In this way,
both the Go cage and the addend bear a negative charge for

3a%~. The third and fourth electrons in the reduction process
will be accommodated in the LUMOSs ofsgand the respective
reduction waves{1620 and—2037 mV for 3b and —1602
and—2016 mV for3c) correspond to the secone 1455 mV)
and third 1913 mV) reduction processes indC

To give a further insight into the reduction process, the closed-
and open-cyclopropane structures3af~ were first optimized

It is difficult to unambiguously assign the reduction potentials
of these compounds to specific electron attachments with the
exception of the first electron that always enters thgdage.

We believe that the second-reduction potentiallih(—1383
mV) and11 (—1321 mV) corresponds to the attachment of the
electron to the addend. The reduction potential is slightly less
negative forll because the addend is less distorted from
planarity. In this way, the reduction potentials-at537 mV
(10) and —1536 mV (1) would correspond to the second
reduction of the ball. For compourt] the reduction of the
addend is shifted to more negative potentials due to the lower
electronegative character of the=O group compared with the
C(CN), and N-CN groups. It is therefore very difficult to
distinguish which of the two potentials at1525 and—1670

at the PM3 and calculated at the B3P86/3-21G level and secondmv corresponds to the reduction of the addend and which is

reoptimized at the ab initio HF/6-31G* level. The atomic charge
distributions confirm that the second electron enters in tie C

cage for the closed structure, while it is accommodated by the

addend for the open structure. The open structur@adf is

calculated to be more stable than the closed structure by 15.94

kcal/mol at the PM3 level and by 11.26 kcal/mol at the B3P86/
3-21G level> The energy difference increases to 33.54 kcal/

(65) The closed and open PMS3 structures3ef~ were also calculated
at the B3P86/6-31G* level obtaining an energy difference of 10.48 kcal/
mol. These calculations were not feasible3ar~ owing to the impossibility
of converging the closed structure.

due to the second reduction o§dC

Synopsis. The synthesis of new methanofullerenes bearing
qguinone-type addends including TCNQ and DCNQI analogues
has been described. Compared %, @he methanofullerenes
exhibit irreversible CV curves with additional reduction peaks.
Only the nonconjugated cyclohexanone derivavé&hows an
electrochemical behavior with reversible reduction waves cor-

(66) Aumiller, A.; Hunig, S.Liebigs Ann. Chem1984 618. Kini, A.
M.; Cowan, D. O.; Gerson, F.; M&el, R.J. Am. Chem. S0d.985 107,
556. Aumiller, A.; Hinig, S.Liebigs Ann. Cheml986 165.
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responding to those ofgg The conjugated cyclohexadienone

derivatives3 exhibit better acceptor properties thag,.C
Semiempirical PM3 calculations show that the cyclohexadi-

enone addend iB lies perpendicular to the transannular bond.

This perpendicularity is however lost for compour&l40, and

11 due to the interactions of theeri hydrogens of the anthrone-

type addend with the 4 backbone. To minimize these

Knight et al.

(71.1 mg, 0.375 mmol), and a brown suspension was formed. Then,
a solution of malononitrile (50 mg, 0.75 mmol) and pyridine (0.125
mL) in dry chloroform (3 mL) was added. The reaction mixture was
stirred at reflux temperature overnight, new amounts of J{C#2.2

mg, 0.75 mmol), malononitrile (100 mg, 1.50 mmol), and pyridine
(0.250 mL) were added, and the reaction mixture was refluxed for an
additional 13 days (monitored by TLC). The reaction mixture was
concentrated and submitted to flash chromatography x(S@uene)

interactions the addend loses the planarity and adopts a “butterflys give 35 mg of brown pure compound (26% yield) (37% based on

shaped” structure.

From the electronic structure standpoint, methano bridging
breaks the orbital degeneracy ogsCand produces a slight
destabilization of the LUMO. This explains the shifting to more
negative values of the reduction potentials of “standard”
methanofullerenes such &s For compounds, the pericon-
jugative interactions between thesystems of the addend and
the Gyo ball help to transmit the electron-withdrawing inductive
effect of the addend and produce a small stabilization of the
orbitals of Go. This justifies the slightly less negative first-
reduction potentials measured f8rcompared to g. Com-
poundsB, 10, and11 present reduction potentials similar to those

consumed starting materialjH NMR (CS/500 MHz): 8.28 (m, 2H),
8.08 (m, 2H), 7.66-7.55 (m, 4H). FTIR (KBr): 2223 (CN) (w), 1598
(m), 1586 (m), 1464 (m), 1452 (m), 1428 (m), 1187 (m), 780 (m), 768
(m), 753 (m), 701 (m), 556 (m), 527 (s) cm FABMS
(o-dichlorobenzene/NBA):m/z 961 (M + H)* 920, 767, 748, 720-
(Ce0). Anal. Calcd for GHHgN2: C, 96.25; H, 0.83; N, 2.91. Found:
C, 96.01; H, 1.01; N, 3.03. U¥vis (toluene)imax (nm): 286, 330,
434, 492, 694.

Spiro[10-cyanoiminoanthrone-9,61-methanofullerend (11). To
a solution of the spiro[gés-anthrone] §) (91.2 mg, 0.10 mmol) in dry
chloroform (80 mL) was added Ti¢€(1M solution in CHCI,) (189.7
mg, 1 mmol), and a brown suspension was formed. Then bis-
(trimethylsilyl)carbodiimide (BTC) (1.09 mL, 5 mmol) was added

of Cgp due to the disappearance of periconjugative effects as adropwise, and the resulting black solution was stirred at reflux

consequence of the folding of the addend.

temperature overnight. New amounts of Tj@hd BTC were added,

The first electron in the reduction process always enters the and the reaction mixture was refluxed for additional 5 days. After this

Cspo ball. Semiempirical (PM3), DFT (B3P86/3-21G), and ab
initio (HF/6-31G*) calculations indicate that, for compounds

3, the attachment of the electron causes the homolytic breaking

of one of the bonds connecting the addend ¢e T'he resulting

open-cyclopropane structure is stabilized by the delocalization
of the unpaired electron on the addend, which gains in
aromaticity and presents a phenoxyl radical structure. ESR

time, all the starting material was exhausted (monitored by TLC). The
reaction mixture was concentrated and submitted to flash chromatog-
raphy (SiQ, toluene) to give 55 mg of brown pure compound (60%
yield). *H NMR (CS/500 MHz): 8.65 (ddJ = 12, 2.0 Hz, 1H), 8.40
(dd,J = 11, 2.0 Hz, 1H), 8.33 (dJ = 14, 1H), 8.10 (d,) = 13, 1H)
7.65-7.50 (m, 4H). FTIR (KBr): 2171 (CN) (m), 1608 (s), 1589 (s),
1568 (s), 1464 (m), 784 (m), 587 (m), 556 (M), 527 (sy&mMFABMS
(chloroform/NBA): m/z937 (M + H)*, 766, 746, 720 (). HRMS:

spectroscopy provides experimental evidence for such unpairedcalcd for GsHgN, (M + H)* 937.0766, found 937.0762. Anal. Calcd

electron delocalization. The second electron in the reduction

for CzsHgN2: C, 96.15; H, 0.85; N, 2.99. Found: C, 95.87; H, 1.04;

process therefore enters in the addend. The opening of theN, 3.01. UV-vis (toluene)imax (nm): 282, 330, 410 (sh), 435, 498,

cyclopropane structure thus explains the irreversible electro-
chemical behavior observed for compour8jsor which the
first-reduction wave, which involves two electrons, implies the
reduction of both the ball and the addend. For compogind
the nonconjugated nature of the addend determines that th
reduction process goes via a closed-cyclopropane structure. Th

698.
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