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Abstract: The formation of organofullerenes of the typedg, and R(R)Cso from Cso?~ and alkyl halides

(RX or RX) in benzonitrile was mechanistically investigated for 15 different alkyl halides which vary in
electrophilicity and electron acceptor ability. The first step in the reaction leads g R an electron-
transfer mechanism, followed by formation 0§@, or R(R)Cso via an 2 mechanism. Evidence of the
mechanism comes from comparison of rate constants for the stepwise addition of two R groggs witG

rate constants for the genuine electron transfer ayadr&actions. The formation tfBuCsp~ and PhCHCgo™

after the first R group addition was confirmed by electrospray ionization mass spectroscopy-BiGg~
derivative will not react further with excegsBul, but this is not the case for the less sterically hindered
PhCHBr, which adds ta-BuCsy~ in benzonitrile to givet-Bu(PhCH)Cso. A protonation oft-BuCso~ with
trifluoroacetic acid can also occur to give :8u(H)Cso, which rearranges rapidly to yield 1t2Bu(H)Cso.

Rate constants for the second alkylationt-&uCgso~ with a variety of different alkyl halides are compared
with values of genuine & reactions and indicate that the second step in the fullerene alkylation reaction
proceeds via any® mechanism. The rate constants of electron transfer frgstr @ RX span a range of

1P, but are insensitive to the steric effect of the alkyl group, i.e., they depend only on the electron-acceptor
ability of RX. In contrast, the @ rate constants dFBuCsy~ with RX are highly susceptible to the steric
effect of the alkyl group and no reaction at all takes place betw®erCs;~ andt-Bul. Thus, the first addition

of one sterically hindered alkyl group tas€~ occurs via electron transfer and cannot be followed by further
addition of a second sterically hindered group (via a2 8action). This is not the case for less sterically
hindered alkyl groups such as benzyl bromide which can add viayarme&ction to yield G adducts with

two different alkyl groups.

Introduction electrophiles, or electron acceptors, rather than nucleophiles or

Fullerenes such asggare easy to reducebut difficult to
oxidize electrochemically,and thus are generally regarded as

electron donors. The derivatization of fullerenes has therefore
been focused on reactions with a variety of nucleophiegsh
as electron-rich olefincarbene$,carbanions$,alkoxides’ and

lOsaka_Uni_\/erSi_ty. organometallic reagents.On the other hand, when electrons

s Eﬁaseigk’y”g’fﬁgg-smn are chemically or electrochemically added tg,Ghe resulting

(1) (a) Haufler, R. E.; Conceicao, J.; Chibante, L. P. F.; Chai, Y.; Byme, anions are expected to behave as strong nucleophiles or electron
N. E.; Flanagan, S.; Haley, M. M.; O'Brien, S. C.; Pan, C.; Xiao, Z.; Billups, donors. In fact, G anions, such as¢g~, Cec®, and Gg®,

W. E.; Ciufolini, M. A.; Hauge, R. H.; Margrave, J. L.; Wilson, L. J.; Curl,  can be considered as potential nucleophiles in that they react

R. F.; Smalley, R. EJ. Phys. Chenil99Q 94, 8634. (b) Allemand, P.-M.;
Koch, A.; Wudl, F.; Rubin, Y.; Diederich, F.; Alvarez, M. M.; Anz, S. J.;

with electrophiles such as alkyl halidé8 and also act as

Whetten, R. LJ. Am. Chem. Sod991, 113 1050. (c) Cox, D. M.; Behal, electron donors in redox catalytic reactidfs.

?-} gfg‘&h ?'Hgoéggb?ﬁsMqugﬂgixbgd; gsub?-T?hh';ﬁg'gAi BC-?h"e"r'gafv It is now well-known that the reactions of electrochemically
S0c.1991 113 2940. (d) Dubois, D.; Kadish, K. M.; Flanagan, S.; Haufler, a_nd Ch?m'ca"y generatech€” with alkyl halides in benzonitrile
R. E.; Chibante, L. P. F.; Wilson, L. J. Am. Chem. Sod991, 113 4364. yield dialkyl and tetraalkyl adducts ofggsuch as RCso and

(e) Greaney, M. A; Gorun, S. M.. Phys. Cheml991, 95, 7142. (f) Xie, R4Cs0.219 This alkylation could proceed via one of two

Q.; Peez-Cordero, E.; Echegoyen, I. Am. Chem. S0d.992 114, 3978.
(9) Khaled, M. M.; Carlin, R. T.; Trulove, P. C.; Eaton, G. R.; Eaton, S. S.

probable mechanisms. One is an electron-transfer mechanism

J. Am. Chem. S0d994 116, 3465. (h) Boulas, P.; Jones, M. T.; Kadish, ~Where Gg¢*~ acts as an electron donor and the other is @@ S

K. M.; Ruoff, R. S.; Lorents, D. C.; Tse, D. 3. Am. Chem. S0d.994

116 9393. (i) Weu, X.; Wu, M.; Qi, L.; Xu, ZJ. Chem. Soc., Perkin Trans. (3) (@) Wudl, F.Acc. Chem. Resl992 25, 157. (b) Diederich, F.;
21997 1389. Thilgen, C.Sciencel996 271, 317. (c) Hirsch, AAngew. Chem., Int. Ed.
(2) (a) Jehoulet, C.; Bard, A. J.; Wudl, F.Am. Chem. S0d991, 113 Engl. 1993 32, 1138. (d) Taylor, R.; Walton, D. R. MNature1993 363
5456. (b) Dubois, D.; Kadish, K. M.; Flanagan, S.; Wilson, LJJAm. 685. (e) Fagan, P. J.; Calabrese, J. C.; Malon&diencel 991, 252, 1160.

Chem. Soc1991, 113 7773. (c) Xie, Q.; Arias, F.; Echegoyen, I.. Am. (f) Fagan, P. J.; Calabrese, J. C.; Malone A8c. Chem. Redl992 25,

Chem. Soc1993 115 9818. (d) Yang, Y.; Arias, F.; Echegoyen, L.;  134.(g) Hirsch, AThe Chemistry of Fullereng$hieme Medical Publishers:
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mechanism where &~ acts as a nucleophile. The electron

transfer vs nucleophilic process alternative has been one of the

most central propositions in reaction mechant8m¢ but it has
never been examined in the case @h.CThe heterogeneous
electron-transfer reactions of fullerenes with electrédsswvell

as their photoinduced electron-transfer reactions have been

(4) (@) Schwenninger, R.; Mier, T.; Krautler, B. J. Am. Chem. Soc.
1997 119 9317. (b) (b) Llacay, J.; Mas, M.; Molins, E.; Veciana, J.; Powell,
D.; Rovira, C.Chem. Commun1997, 659. (c) Ohno, M.; Azuma, T.;
Kojima, S.; Shirakawa, Y.; Eguchi, Setrahedron1996 52, 4983. (d)
Krautler, B.; Muler, T.; Maynollo, J.; Gruber, K.; Kratky, C.; Ochsenbein,
P.; Schwarzenbach, D.; By, H.-B. Angew. Chem., Int. Ed. Engl996
35, 1204. (e) Paquette, L. A.; Graham, RJJOrg. Chem1995 60, 2958.
(f) Nie, B.; Rotello, V. M.J. Org. Chem1996 61, 1870. (g) Belik, P.;
Gigel, A.; Kraus, A.; Walter, M.; Milen, K. J. Org. Chem1995 60, 3307.
(h) Isaacs, L.; Haldimann, R. F.; Diederich ,Angew. Chem., Int. Ed. Engl.
1994 33, 2339. (i) Belik, P.; Ggel, A.; Spickermann, J.; Mien, K. Angew.
Chem., Int. Ed. Engll993 32, 78. (j) Yamago, S.; Takeichi, A.; Nakamura,
E.J. Am. Chem. S0d994 116, 1123. (k) Prato, M.; Suzuki, T.; Foroudian,
H.; Li, Q.; Khemani, K.; Wudl, F.; Leonetti, J.; Little, R. D.; White, T.;
Rickborn, B.; Yamago, S.; Nakamura, E. Am. Chem. Sod993 115
1594. (1) Belik, P.; Ggel, A.; Spickermann, J.; Mien, K. Angew. Chem.,
Int. Ed. Engl.1993 32, 78. (m) Gigel, A.; Kraus, A.; Spickermann, J.;
Belik, P.; Mulen, K. Angew. Chem., Int. Ed. Endl994 33, 559.

(5) (@) Suzuki, T.; Li, Q.; Khemani, K. C.; Wudl, F.; Almarsson, O
Sciencel 991, 254 1186. (b) Suzuki, T.; Li, Q.; Khemani, K. C.; Wudl, F;
Almarsson, OJ. Am. Chem. So0d.992 114, 7300. (c) Shi, S.; Khemani,
K. C.; Li, Q. C.; Wudl, F.J. Am. Chem. So&992 114, 10656. (d) Sijbesma,
R.; Srdanov, G.; Wudl, F.; Castoro, J. A.; Wilkins, C.; Friedman, S. H.;
DeCamp, D. L.; Kenyon, G. LJ. Am. Chem. Sod.993 115 6510. (e)
Prato, M.; Li, Q. C.; Wudl, F.; Lucchini, VJ. Am. Chem. S0d.993 115
1148. (e) Chateauneuf, J. H. Am. Chem. Socl995 117, 2677. (f)
Eiermann, M.; Wudl, F.; Prato, M.; Maggini, M. Am. Chem. S0d.994
116, 8364.

(6) (a) Fagan, P. J.; Krusic, P. J.; Evans, D. H.; Lerke, S. A.; Johnston,
E.J. Am. Chem. S0d.992 114 9697. (b) Hirsch, A.; Soi, A.; Karfunkel,
H. R.Angew. Chem., Int. Ed. Endl992 31, 766. (c) Hirsch, A.; Gieser,
T.; Skiebe, A.; Soi, A.Chem. Ber.1993 126 1061. (d) Komatsu, K.;
Murata, Y.; Takimoto, N.; Mori, S.; Sugita, N.; Wan, T. S. M. Org.
Chem.1994 59, 6101. (e) Murata, Y.; Motoyama, K.; Komatsu, K.; Wan,
T. S. M. Tetrahedron1996 52, 5077. (f) Nagashima, H.; Terasaki, H.;
Kimura, E.; Nakajima, K.; Itoh, KJ. Org. Chem.1994 59, 1246. ()
Nagashima, H.; Saito, M.; Kato, Y.; Goto, H.; Osawa, E.; Haga, M.; Itoh,
K. Tetrahedron1996 52, 5053.

(7) (a) Wilson, S. R.; Wu, YJ. Am. Chem. S0d.993 115 10334. (b)
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(8) (a) Sawamura, M.; likura, H.; Nakamura, EAm. Chem. So4996
118 12850. (b) Rubin, YChem. Eur. J1997, 3, 1009. (c) Wang, G.-W.;
Murata, Y.; Komatsu, K.; Wan, T. S. MChem. CommuriL996 2059. (d)
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L. Chem. Commuril996 1547.

(10) (a) Subramanian, R.; Kadish, K. M.; Vijayashree, M. N.; Gao, X.;
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Phys. Chem.1996 100, 16327. (b) Kadish, K. M.; Gao, X.; Van
Caemelbecke, E.; Hirasaka, T.; Suenobu, T.; Fukuzuml, Bhys. Chem.
A 1998 102 3898.

(11) Huang, Y.; Wayner, D. D. MJ. Am. Chem. S0d.993 115, 367.

(12) (a) Lund, H.; Daasbjerg, K.; Lund, T.; Pedersen, SAtt. Chem.
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1979 B33 495. (c) Daasbjerg, K.; Pedersen, S. U.; Lund Aldta Chem.
Scand.1991, 45, 424. (d) Eberson, LElectron-Transfer Reactions in
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(13) (a) Kornblum, NAngew. Chem., Int. Ed. Endl975 14, 734. (b)
Bunnett, J. FAcc. Chem. Re4978 11, 413. (c) Bunnett, J. FAcc. Chem.
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Scheme 1

studied extensivel}y’ 8 but few studies have been carried out
with respect to the homogeneous electron-transfer reactions of
Cso.

In this paper, we report the mechanism for formation gf C
adducts with two different alkyl groups via a combination of
electron transfer and \ reactions. The general reaction
pathway involves an initial reaction ofs€~ with one alkyl
halide (RX) to generate the monoalkyl adduct anioneRC
and this is followed by the reaction of B£ with another alkyl
halide (RX) to give the bis-alkyl derivatives, R(JFCso, as shown
in Scheme 1. This sequential process for the derivatization of
Ceois made possible by differences in alkyl halide reactivity in
the first and the second steps of the reaction. The detailed
kinetics of each step is examined and compared with the kinetics
of authentic electron transfer angZreactions involving alkyl
halides and provides valuable insights into a novel reaction
mechanism which is specific to theggCanions which have
electrons highly delocalized over the fullerene skeleton. The
present study also provides a new synthetic route for the precise
and selective functionalization of fullerenes with two different
addends.

Experimental Section

Materials. Cgo (>99.95% pure) was purchased from Science
Laboratories Co., Ltd., Japan, and used as received. Benzonitrile
(PhCN) was purchased from Wako Pure Chemical Ind. Ltd., Japan,
and distilled over FOs prior to use*® All alkyl halides, naphthalene,
trifluoroacetic acid, and sodium were obtained commercially from
Aldrich and Wako Pure Chemical Ind. Ltd., Japan in special grade.
tert-Butyl iodide ¢-Bul) from Wako Pure Chemical Ind. Ltd. was
distilled in the dark under a reduced pressure of 100 mmHg at 333 K.
Tetrahydrofuran (THF) was dried by refluxing under nitrogen with

(15) (a) Pross, A.; Shaik, S. 8cc. Chem. Re4983 16, 363. (b) Pross,
A. Acc. Chem. Red.985 18, 212. (c) Shaik, S. Frog. Phys. Org. Chem.
1985 15, 197. (d) Kochi, J. K Angew. Chem., Int. Ed. Engl988 27,
1227. (e) Ashby, E. CAcc. Chem. Resl988 21, 414. (f) Chanon, M;
Rajzmann, M.; Chanon, H.etrahedron199Q 46, 6193.

(16) (a) Mattalia, J.-M.; Vacher, B.; Samat, A.; Chanon,MAm. Chem.
Soc.1992 114 4111. (b) Fukuzumi, S.; Koumitsu, K.; Hironaka, K.;
Tanaka, TJ. Am. Chem. S0d.987, 109 305. (c) Fukuzumi, S.; Okamoto,
T.J. Am. Chem. S04993 115 11600. (d) Fukuzumi, Bull. Chem. Soc.
Jpn 1997 70, 1. (e) Patz, M.; Mayr, H.; Maruta, J.; Fukuzumi, Ahgew.
Chem., Int. Ed. Engl1995 34, 1225.

(17) (a) Mikami, K.; Matsumoto, S.; Ishida, A.; Takamuku, S.; Suenobu,
T.; Fukuzumi, SJ. Am. Chem. Sod995 117, 11134. (b) Mikami, K;
Matsumoto, S.; Tonoi, T.; Suenobu, T.; Ishida, A.; Fukuzumisgnlett
1997, 85. (c) Guldi, D. M.; Maggini, M.; Scorrano, G.; Prato, Nl. Am.
Chem. Socl1997, 119, 974. (d) Fukuzumi, S.; Suneobu, T.; Kawamura, S.;
Ishida, A.; Mikami, K. Chem. Communl1997, 291. (e) Fukuzumi, S.;
Suneobu, T.; Patz, M.; Hirasaka, T.; Itoh, S.; Fujitsuka, M.; ItoJOAm.
Chem. Soc1998 120, in press.

(18) (a) Foote, C. STop. Curr. Chem1994 169 347. (b) Wilson, S.
R.; Kaprinidis, N.; Wu, Y.; Schuster, D. 1. Am. Chem. S0d.993 115,
8495. (c) Akasaka, T.; Ando, W.; Kobayashi, K.; Nagase].&m. Chem.
Soc. 1993 115 10366. (d) Akasaka, T.; Mitsuhida, E.; Ando, W.;
Kobayashi, K.; Nagase, 3. Am. Chem. So&994 116 2627. (e) Averdung,
J.; Mattay, J.Tetrahedron1996 52, 5407. (f) Kusukawa, T.; Shike, A,;
Ando, W. Tetrahedron1996 52, 4995. (g) Schuster, D. I.; Cao, J,;
Kaprinidis, N.; Wu, Y.; Jensen, A. W.; Lu, Q.; Wang, H.; Wilson, S.R.
Am. Chem. Socl1996 118 5639. (h) Liou, K.-F.; Cheng, C.-HChem.
Commun.1996 1423. (i) Lem, G.; Schuster, D. I.; Courtney, S. H.; Lu,
Q.; Wilson, S. RJ. Am. Chem. Sod.995 117, 554. (j) Siedschlag, C.;
Luftmann, H.; Wolff, C.; Mattay, JTetrahedron1997, 53, 3587.

(19) Perrin, D. D.; Armarego, W. L. FPurification of Laboratory
Chemicals Butterworth-Heinemann: Oxford, 1988.
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sodium prior to use. Tetra-butylammonium perchlorate (TBAP) was
recrystallized from ethanol and dried in a vacuum at 313 K. The sodium
salt of the naphthalene radical anion (2410* M in THF) was
prepared by reduction of naphthalene (5.5 mmol) with sodium (5.0
mmol) under deaerated conditions in distilled THF at 298 K. Cobalt-

Fukuzumi et al.

(8.4 x 1072 — 4.2 x 10t mmol) was added to theeg~ solution, the
absorption bandigax = 955 nm) due to &~ disappeared and this
was accompanied by an increase ingRGR = t-Bu) absorption bands

at 660 and 995 nm. The same absorption bands were observed in the
reaction of G~ with PhCHBr (8.4 x 1072 to 4.2 x 107! mmol).

(I) tetraphenylporphyrin, CoTPP, was prepared as described in the The Vis-NIR spectra were recorded on Hewlett-Packard 8452A and

literature?® Cobalt(l) tetraphenylporphyrin anion, CoTPRvas ob-
tained by an electron-transfer reduction of CoTPP with 2,3-dimethyl-
hydroquinone dianion that had been formed by the reaction of 2,3-
dimethylhydroquinone with tetramethylammonium hydroxtle.
Synthesis of 1tert-Butyl-4-benzyl-1,4-dihydro[60]fullerene. To
a deaerated PhCN solution (500 mL) of chemically generatgé C
(0.14 mmol) was addetiBul (1.66 mL) at room temperature. The
solution was stirred fol h to give t-BuCso~, after which PhCkrBr
(33.3 mL) was added to the reaction solution to give a major product
(~36%, 43.7 mg) along with unreacteds@fter evaporation of PhCN

8453 diode array spectrophotometers which were thermostated at 298
K.

Electrospray mass ionization spectrometry (ESI-MS) was used to
identify RGss~ (R = t-Bu and PhCH) in PhCN. A sector type mass
spectrometer (JEOL-D300) connected with a homemade ESI (electro-
spray ionization) interface was used to obtain ESI mass spectra. The
interface is similar to that of the ESI ion source designed by Pénn.
The sample solution was sprayed at the tip of a needle applied at a
current 3.5 kV higher than that of the counter electrode. This electrode
consisted of a 12-cm-long capillary pipe of stainless steel. A heated

under evacuation. The reaction mixture was washed with MeCN, after N2 gas (70°C) flowed between the needle and the capillary electrode

which the brown solid was collected by centrifugation. The HPLC
separation of the solid was performed with a preparative “Buckyclutcher
I” column?? of 25 cmx 21.1 mm (Regis, Morton Grove, IL). A hexane/
toluene mixture was used as an eluent with a flow rate of 2 mL/min.
The product was monitored at 450 nm with a Ywis detector, UV970

to aid the desolvation of charged droplets sprayed. lons entered the
vacuum system through the first and the second skimmer to a mass
spectrometer. The flow rate of a sample solution wag L min~2.

The voltage of the first skimmer was 50 V higher than that of the
second, and that of the capillary electrode is 50 V higher than that of

(JASCO Corporation, Japan). The major product was collected and the first. For measurements of ESI mass spectra, all of the samples

identified as 1tert-butyl-4-benzyl-1,4-dihydro[60]fullerene (1#4Bu-
(PhCH)Cs0) by elemental analysis, FAB mass, attland*3C NMR
spectroscopy.!H and*3*C NMR spectra were recorded on JEOL GSX-
400 (400 MHz) and Bruker AM600 (600 MHz) NMR spectrometers,
respectively. FAB mass spectra were obtained with a JEOL JMS-
DX303 mass spectrometer. Anal. Calcd faildss, t-Bu(PhCH)Csq:

C, 98.14; H, 1.86. Found: C, 97.78; H, 2.22. Bb\is [CS;, Amax
nm (€, M~t cm1)] 331 (3.2x 10, 447 (6.8x 10%), 539 (1.4x 10°),
620 (sh, 8.0x 1(?), 687 (3.6x 10?). FAB-MS (negative): mass calcd
for C71H16, 868; found 868.'H NMR (CD.Cly) 6 (ppm) 1.94 (s, 9H),
4.25 (d, 1H,Jap = 13.2 Hz), 4.46 (d, 1HJap = 13.2 Hz), 7.477.21
(m, 5H); *C NMR (CD,.CL/CS) ¢ (ppm) 192.37 (C§, 157.52, 157.12,

were dissolved in freshly distilled PhCN to prepare a sample concentra-
tion of ca. 0.1 mM. ESI-MS: mass calcd feBuCss~ (CeaHo), 777.8;
found 778. PhCh{Cs (Cs/H7), 811.8; found 812.

Kinetic Measurements. Rates of electron transfer froms&™ or
MesQ~ to RX in deaerated PhCN at 298 K were monitored by
following a decrease in absorbance due t?C(1 = 750 nm) or
MesQ~ (Amax = 442 nm) under pseudo-first-order conditions where
the RX concentrations were maintained at more than 10-fold excess of
the G¢?~ or MeyQ*~ concentration (5.0< 104 M). Rates of the &
reactions oft-BuCsg~ or CoTPP with RX were determined by
following a decrease in absorbance dug-BuCs,~ (4 = 650 nm) in
PhCN or increase in absorbance due to RCoTRR«E 406 nm) in

151.74, 150.87, 149.47, 148.64, 148.49, 148.42, 147.62, 147.10, 147.04MeCN under pseudo-first-order conditions where the concentrations
146.81, 146.73, 145.69, 145.62, 145.45, 145.41, 144.77, 144.74, 144.640f RX were maintained at more than 10-fold excess ofttB&iCso~
144.52,144.42, 144.25, 144.19, 144.15, 144.04, 143.95, 143.93, 143.92and C4TPP~ concentrations (2.8x 10“ and 2.5 x 10° M,
143.56, 143.45, 143.32, 143.19, 143.08, 143.04, 142.98, 142.95, 142.92yespectively). The VisNIR spectral changes during these reactions
142.90, 142.82, 142.59, 142.51, 142.48, 142.27,142.20, 142.07, 141.67were followed by Hewlett-Packard 8452A or 8453 diode array
141.15, 140.25, 138.95, 138.46, 137.93, 137.52, 135.40 (54 peaksspectrophotometers which were thermostated at 298 K. Fast reactions

assignable to 58 §i€ of Cq), 130.73 (GHs—), 128.20 (GHs—), 127.28
(CeHs—), 68.33 (Go, sP’), 60.06 (Go, sp), 47.50 (CH,—), 40.13
(—C(CHsa)s), 28.30 (-CHy).

Synthesis of 1tert-Butyl-1,2-dihydro[60]fullerene. The successive
reaction of G~ (0.14 mmol) witht-Bul (14 mmol) and CECOOH
(2.5 mmol) was carried out in 500 mL of deaerated PhCN at room
temperature and the crude product was isolated by HPLC. A major
product (60%, 64.9 mg) along with unreactegh 0%, 40 mg) was

of CoTPP and G¢?~ with alkyl halides in MeCN (half-lives shorter
than 5 s) were determined with a Union RA-103 stopped-flow
spectrophotometer. Pseudo-first-order rate constants were determined
by a least-squares curve fit with a personal computer. The pseudo-
first-order plots were linear for three or more half-lives with a
correlation coefficient greater than 0.999.

Cyclic Voltammetry. Cyclic voltammetry measurements were
performed at 298 K on a BAS 100W electrochemical analyzer in

obtained. The major product was collected as described above anddeaerated PhCN containing 0.1 M NBIO, as supporting electrolyte.

identified as 1tert-butyl-1,2-dihydro[60]fullerene (1,2-Bu(H)Csq) by
FAB-mass andH NMR spectroscopy. UWVis [CS, Amax NM] 437.
Mass calcd for GHio, 779; found 778 [M— 1]. 'H NMR (CDCly/
CS) 6 (ppm) 1.99 (s, 9H), 6.53 (s, 1H)**C NMR (CDCL/CS,) o
(ppm) 192.36 (C§, 157.48, 154.47, 153.87, 147.53, 146.90, 146.25,

146.23, 146.09, 146.00, 145.70, 145.23, 145.21, 144.57, 144.37, 143.11(0.01 M) reference electrode.

A conventional three-electrode cell with a gold working electrode
(surface area of 0.3 minand a platinum wire as the counter electrode
were utilized. The Pt working electrode (BAS) was polished with a
BAS polishing alumina suspension and rinsed with acetone before use.
The measured potentials were recorded with respect to the Ag/AgNO
All potentials (vs Ag/Agwere

142.94, 142.52, 142.50, 142.07, 142.05, 141.94, 141.57, 141.47, 141.32converted to values vs SCE by adding 0.2%°VAll electrochemical

140.25, 138.96, 136.37, 136.31 (28 peaks assignable to 58 s

Ceo), 73.38 (Go, SP), 56.90 (Go, SP), 41.06 (-C(CHs)s), 29.90 (-CHs).
Spectroscopic Measurements of Rg . Naphthalene radical anion

(2.4 x 10°* M) in THF was generated as described in the liter&fure

measurements were carried out under an atmospheric pressure of argon.
Theoretical Calculations. Theoretical calculations were performed

by using the MOPAC program (Ver. 6) that is incorporated in the

MOLMOLIS program by Daikin Industries, Ltd. The PM3 Hamiltonian

and added to a quartz cuvette (10 mm i.d.) containing a deaerated PhCNVas used for the semiempirical MO calculatiGhsFinal geometries

solution (3.0 mL) of G (2.8 x 1074 M) to produce G?~. Whent-Bul

(20) Adler, A. D.; Longo, F. R.; Vidi, V. Inorg. Synth1976 16, 213.

(21) Fukuzumi, S.; Maruta, Jnorg. Chim. Actal994 226, 145.

(22) Welch, C. J.; Pirkle, W. HJ. Chromatogr.1992 609, 89.

(23) (a) Closson, W. D.; Wriede, P.; Bank, 5.Am. Chem. Sod.966
88, 1581. (b) Corey, E. J.; Gross, A. W. @rganic Syntheses: An Annual
Publication of Satisfactory Methods for the Preparation of Organic
Chemicals Bedejs, E., Ed.; John Wiley & Sons: New York, 1987; Vol.
65, p 166.

and energetics were obtained by optimizing the total molecular energy
with respect to all structural variables. The heats of formatidH;)
were calculated with the restricted Hartrdeock (RHF) formalism with

use of a key word “PRECISE".

(24) Whitehouse, C. M.; Dreyer, R. N.; Yamashita, M.; Fenn, JAi&al.
Chem.1985 57, 675.

(25) Mann, C. K.; Barnes, K. KElectrochemical Reactions in Non-
aqueous SystemMlarcel Dekker: New York, 1990.

(26) Stewart, J. J. Rl. Comput. Chenl989 10, 209, 221.
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2-
Ceo

2.0

Absorbance

700 800 900

Wavelength, nm

1000 1100

Figure 1. Electronic absorption spectra observed in the first 80 min
of the reaction of G?~ (1.0 x 10~* M) with t-Bul (5.0 x 1072 M) in
deaerated PhCN at 298 K (200 s interval).

Results and Discussion

Addition of the First Alkyl Group to C ¢*~. A PhCN
solution of G¢*~ was generated by the two-electron reduction
of Ceo with 2 equiv of naphthalene radical anion after which
the progress of the reaction o€~ with RX was monitored
by vis—NIR spectroscopy.

Figure 1 shows the visNIR spectral changes observed in
the reaction of gZ with t-Bul in PhCN. As the reaction
proceeds, the &*~ absorption band aflmax = 955 nn¥’

J. Am. Chem. Soc., Vol. 120, No. 36, 1293

778 @

770 775 780 785 790
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Figure 2. Electrospray ionization mass spectra (ESI-MS) for (a)

t-BuCso~ and (b)t-PhCHCgo . Inset: magnified spectrum in the vicinity

of molecular weight of each anion as compared with the natural isotope
abundance pattern.

decreases, and this is accompanied by the appearance of a new
absorption band at 660 nm, which is a diagnostic marker band
of monoalkyl Go adduct aniong® The same spectral changes
were observed in the reactions ofo€ with each alkyl halide
(RX) to yield RGyy~ and the stoichiometry of the reaction is
given by eq 1 for the case of R t-Bul.

1

The formation oft-BuCso~ and PhCHCg~ was confirmed
by electrospray ionization mass (ESI-MS) spectra as shown in
Figure 2, where peaks appear clearly at the mass number o
t-BuCso~ (778) and PhChso~ (812). The natural isotope

these are shown as histograms in the insets of Figure 2.
The addition of a few microliters of trifluoroacetic acid to a
3 mL solution oft-BuCgo~ in a quartz cuvette results in an
instantaneous disappearance of tiguCsy~ absorption band
at 660 nm and the appearance of a new absorption bahg,at
= 437 nm, a value that is diagnostic for 1,2-adducts f'G2°
This is consistent with the isolated product that was identified
as ltert-butyl-1,2-dihydro[60]fullerene as shown in eq 2 (see

(27) Lawson, D. R.; Feldheim, D. L.; Foss, C. A.; Dorhout, P. K.; Elliott,
C. M.; Martin, C. R.; Parkinson, Bl. Electrochem. S0d.992 139, L68.

(28) (a) Kitagawa, T.; Tanaka, T.; Tanaka, Y.; Takeuchi, K.; Komatsu,
K. J. Org. Chem1995 60, 1490. (b) Kitagawa, T.; Tanaka, T.; Takata,
Y.; Takeuchi, K.; Komatsu, KTetrahedron1997 53, 9965. (c) Tanaka,
T.; Kitagawa, T.; Komatsu, K.; Takeuchi, K. Am. Chem. So4997, 119,
9313.

(29) (a) Creegan, K. M.; Robbins, J. L.; Robbings, W. K.; Millar, J. M.;
Sherwood, R. D.; Tindall, P. J.; Cox, D. M.; Smith, A. B., lll; McCauley,
J. P., Jr.; Jones, D. R.; Gallagher, RJTAm. Chem. S04992 114, 1103.
(b) Smith, A. B., lll; Strongin, R. M.; Brard, L.; Furst, G. T.; Romanow,
W. J.; Owens, K. G.; King, R. CJ. Am. Chem. S0d.993 115 5829.

6

abundance patterns agree well with the simulated values, andP

Experimental Sectiorf)30.31

(2

+ CF;COOH *T>

CF,CO0™ 1,2--BuCgH

The treatment of g with tert-butyllithium followed by an
acid quench has been reported to initially give both the 1,2-
and 1,4-isomers dfBu(H)Ceo, with the 1,4-isomer rearranging
to give the more stable 1,2-isomer at prolonged reaction
times3031 This rearrangement is reported to be base-catalfzed,
nd a fast rearrangement of the 1,4-isomer may also occur under
ur basic reaction conditions.

Addition of a Second Alkyl Group to RCgy~. The
hCHCso~, formed in the reaction of &2~, undergoes addition

of a second benzyl group with excess PhBHto yield
(PhCH)2Ceo (eq 3), which has been shown by X-ray crystal-
lography to exist as the 1,4-isomer, 1,4-(Ph{z8s0 (eq 3)102

On the other hand;BuCs,~ does not undergo the addition of

a secondert-butyl group, even in the presence of a large excess
of t-Bul (see Figure 3), thus indicating that the addition of a
second addend is highly sensitive to the steric effect of the R
group. In contrast, addition of PhGBIr to a PhCN solution

of t-BuCsy~ results in the disappearance of the 660 nm
absorption band of-BuCso~ (Figure 3). The final product of
this reaction was isolated and identified as tBu4(PhCH)-

Cso (see Experimental Section) as shown in eq 4. It has a
diagnostic absorption band at 447 nm that is similar to the ca.

(30) Banim, F.; Cardin, D. J.; Heath, Bhem. Commuri997, 25.

(31) (a) Murata, Y.; Komatsu, K.; Wan, T. S. Nletrahedron Lett1996
37,7061. (b) GonZez, R.; Wudl, F.; Pole, D. L.; Sharma, P. K.; Warkentin,
J.J. Org. Chem1996 61, 5837. (c) Schick, G.; Kampe, K.-D.; Hirsch, A.
J. Chem. Soc., Chem. Commua®95 2023.
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Figure 3. Time-dependent changes of the 660 nm bantBxiCs~ O@' O@'
after addition oft-Bul (4.0 x 1072 M) (®) and PhCHBr (4.0 x 102 ‘@g' ‘eg’
M) (a) to t-BuCso~ (4.0 x 1074 M) in deaerated PhCN at 298 K. Q‘U Q'O
450 nm band observed for 1,4-(Ph@#Cso and other 1,4- A A
adductg0a3t
1,2--Bu(H)Cqg 1,4-t-Bu(H)Cgp
AH; = 760.2 kcal mol™! AH; = 763.2 keal mof™
~ Most Stable -

+ PhCH,Br 3)
; Figure 4. Calculated heats of formatiom\Hy) for regioisomers of
¥ t-Bu(PhCH)Cg andt-Bu(H)Cso.
Br~  1,4-(PhCH,),Cq
Table 1. Reduction Half-Wave Potential&{,) for the 1,4- and
1,2-Adducts of G in PhCN Containing 0.1 M TBAP at 298 K

Ei2vs SCE, V (in PhCN)

compd 1st 2nd 3rd
+ PhCH,Br @ Ceo —0.43 -0.87 -1.33
1,44-Bu(PhCH)Cso —0.55 —0.98 -1.51
1,4-(PhCH),Ceso -052  —0.9%  -15P
- 1,2-0-xylyl-Ceo —0.54 —1.00 —1.51
B 14-+-Bu(PhCH;)Coo 1,2-MeOCEO)CMey(H)Cso  —0.56° —0.97
Theoretical heats of formatiom\H;) for the 1,4- and 1,2- aTaken from ref 10a° Taken from ref 17a.

isomers of both-Bu(PhCH)Cgo andt-Bu(H)Cgso were calculated

by using the PM3 method and gave the results shown in Figure Scheme 2

4. The calculations indicate that the 1,4-isometBti(PhCH)- First Addition = on
Cso is thermodynamically more stable than the 1,2-isomer of Transfer
the same compound and that the 1,2-isometr-Bti(H)Cqp is g /

more stable than the 1,4-isomer. The 15 kcal Thamaller
AH; for the 1,4-isomer of-Bu(PhCH)Cso as compared to the
1,2-isomer may be due to a steric repulsion between the bulky
t-Bu and PhCH groups. Second Addition
The first, second, and third one-electron reduction potentials
of 1,44-Bu(PhCH)Cgo are shown in Table 1, which also
includes data for 1,4-(PhCh#Ceso and two 1,2-adducts ofda
There is no noticeable effect of the isomer type Bmp, and
the addition of two addends tosgby which one G-C double
bond of Gy is transformed to a single bond results in ca. a 0.1
V negative shift in both the first and the second one-electron
reduction potentials as compared with the paregti€espective
of the type of added group. addition step of Scheme®. The addition of a second alkyl
Electron Transfer vs §2 Pathway. The conversion of  group to RGy~ may also proceed via electron transfer from
Cs®™ to R:Cgo 0r R(R)Cso passes through a RE intermediate. RGCso~ to RX to give a radical pair (RegR'*X ™), followed by
The first and second steps in formation of the bis-adduct may fast radical coupling to yield the final product, R{Bso. As
,bOth proceed via an electron transfer or ad &action as shown (32) For the discussion whether the radical anions of alkyl halides have
in Scheme 2. An electron transfer from¢€ to RX would a finite lifetime or not; see: (a) Symons, M. C. R.Chem. Res. (9978
give a radical pair (6 R°X™) where the R-X bond is cleaved = 360. (b) Garst, J. F.; Roberts, R. D.; Pacifici, J.JAAm. Chem. Sod977,

upon dissociative electron transfér A facile radical coupling 99‘(3??)212\;16 (CﬁoRn?cf,‘?Eiﬂf;ﬁnBSfb roducts of alkyl radicals were obtained

in the radical pair may give the same &Cproduct as expected  ingicating that no free radicals escaped from the cage to be involved in the
from the alternative & pathway shown in the first R group  electron-transfer pathway.

SNZ\&

Electron
Transfer

G imm RO - K>

o, AR

D Cgpi RTX
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15 15 from 1.3 x 1(® M~ s71in the case of CGI(1) to 2.3 x 1073
M~1 s71in the case of PhCHCI (15). The reactivity of RX
toward Go?~ is insensitive to the steric hindrance of the alkyl
group of RX, being opposite from what is expected for the
@) normal reactivity in {2 reactiong! For example, the largest
9 | - 49 rate constant is seen for sterically hindered £ @ihile t-Bul

S’S (8), which is also sterically hindered, has a lardess value

)

12 A 412

1 o1
k', s

] (4.7 x 1002 M~1 s71) than the much less sterically hindered
6 r —] 6 Mel (9: 3.5x 1002M~1s™1). Thekqpsvalues for the reactions
) with RI (8—14) follow the order R= t-Bu > Me > s-Bu >
i-Pr= Et > n-Pr > n-Bu, and such an insensitivity of the rate
to the steric hindrance of RX is a known characteristic of
electron-transfer reductions of R:3°

(] L L L (] Dianionic Gso*~ is expected to act as a strong electron donor

0 1 2 3 4 o : . e :
10[RX], M judging from its largely negative oxidation potenti&® =

Figure 5. Plots of pseudo-first-order rate constarky (s [RX] for —0.87 V vs SCE in PhCN)!2%® The standard free energy

the reactions of G~ (2.8 x 104 M) with (a) Me,C=CHCH,Br and change of electron transfeAG%) from Cse>~ to RX can be
(b) CH/=CHCH,Br. calculated from the oxidation potential ofg# and the
reduction potentialE%.q of RX3435by using eq 6, wher€ is

Table 2. Observed K.s7) and Theoretical Rate Constants (in

Parentheses) for the First Addition of RX te@/€ and Rate AGY = F(EO B d) (6)
Constants of Electron Transfer from Mg~ to RX (kep in PhCN at et ox re

298 K

the Faraday constant. The dependence of the activation free

no. RX Kops® M 57 ke M7t s energy of electron transfeAG*) on the free energy change of
1 CClL 1.3x 12 (6.8x 1) 5.8x 10? electron transfer XG%y) is given by the Marcus theory of
2 CH—CHCH 2.0x 10 9.5x 10 electron transfer (eq 7Y, where AG% is the intrinsic barrier
3 Me,C=CHCH,Br 3.2x 10 1.9x 10
4 0-CHiCH:Br), 8.0 1.4x 10 £ 0 £.2
5  PhCHBr 2.5 (3.0x 109 23 AG" = AG ((1+ AG /4AG ) @)
6 CH~=CHCHBr 22 15 o o
7 MeC=CHCHCl 5.1x 102 2.4x 107t that represents the activation free energy when the driving force
8 t-Bul 4.7x 1072 2.6x 107! of electron transfer is zero, i.eAGH = AGH at AG%; = 0.
9  Mel 3.5x 107 . 15x107 The AG¥, values for electron-transfer reduction of a number
10 sBul 22x107°(7.1x107)  8.3x 107 of RX groups have previously been reportéd43> The AG*
11 i-Prl 1.2x 102(2.0x 103 55x 10 | lated to th ‘ol
12 Etl 12x 102(59x 10 3.3 1072 values are re ated to the rate constants of electron trargfer (
13 n-Prl 7.3x 1073 as given by eq 8,
14  n-Bul 45x 1078 (2.0x 1073 1.7x 1072
15  PhCHCI 23x10%(26x 108 50x 103 AGH = 2.3RTlog[Z(ky * — Ky )] (8)
@ Theoretical values in parentheses are evaluated on the basis of the . . .
Marcus theory by using egs 7 and 8, see text. whereZ is the collision frequency that is taken asim-1s1

andkgirr is the diffusion rate constant that is taken as 5.60°
shown in Scheme 2, the electron transfer an@ Gathways in M-1s7138
each step would give the same products. In such a case, the Theoretical rate constants for electron transfer frag? Cto
operating mechanism can only be distinguished by evaluating various RX in PhCN at 298 K were calculated from th&0%;
the reactivity of RX in each step. Thus, we examined the rates and AG*, values by using egs 7 and 8, and these values are

of both the first and second alkyl group addition te® and listed in parentheses in Table 2 along with the experimentally
compared these data with rates of authentic electron transferobtainedkyps values. As seen in the table, the theoretical rate
and 2 reactions qide infra). constants agree within 1 order of magnitude with the experi-

Evaluation of the Electron-Transfer Pathway. The rates mentally determined#opsvalues. Such an agreement indicates
of Cee?~ disappearance in the reaction with RX were determined that electron transfer fromgg~ to RX is the rate-limiting step
by monitoring both the decrease i€ absorbance and the in the formation of RGy .
increase in Rgy~ absorbance (see Figure 1 for the case ef R The occurrence of a rate-determining electron transfer from
t-Bu). The rates obey pseudo-first-order kinetics under experi- Cgo?>~ to RX was further confirmed by comparison between the
mental conditions where the RX concentration is greater than observed rate constantss; for formation of RGy~ and the
10-fold excess of the &~ concentration. The pseudo-first- rate constantskg) of electron transfer from tetramethylsemi-
order rate constants increase proportionally with the RX quinone radical anion (M€*~) to the same series of RX. These
concentration as shown in Figure 5 for the case ofG4eCH- ket values are also listed in Table 2. The radical anione
CHBr and CHE=CHCHzBr’ Wh?re the second-order rate (34) Ishikawa, M.; Fukuzumi, SJ. Am. Chem. Sod.99Q 112, 8864.
constants Kobsj) in eq 5 are obtained from the slopes of the  (35) (a) Savent, 3.-M.J. Am. Chem. So2987, 109, 6788. (b) Andrieux,
plots. C. P.; Gorande, A. L.; Saeat, J.-M.J. Am. Chem. S0d.992 114, 6892.

(c) Andrieux, C. P.; Gallardo, |.; Saaat, J.-M.; Su, K.-BJ. Am. Chem.

72— - 2— Soc.1986 108 638. (d) Andrieux, C. P.; Saeet, J.-M.; Su, K. BJ. Phys.
—d[Cgo™ 1/dt = kyps{Cso™ 1[RX] ©) Chem.1986 90, 3815.

(36) Dubois, D.; Moninot, G.; Kutner, W.; Jones, M. T.; Kadish, K. M.
The kops1 Values for the first addition of a series of RX to - ?;%Smg:‘cig‘l?iﬁ:&?’;é Phys. Chem1964 15, 155
Ceo?~ in PhCN at 298 K are listed in Table 2 and arranged  (3g) Arbogast, J. W.; Foote, C. S.; Kao, N.. Am. Chem. S0d.992

according to the magnitude of the rate constant, which varies 114, 2277.
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3T CH,=CHCHbl
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— 2 2 T~~_¢ ccl,
2 4L PhCH,Br
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i CH,=CHCH,Br e® sHa(CH;BN),
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Figure 6. Correlation between logaps for the reaction of G2~ (2.8
x 10~ M) with various alkyl halides and loky for the electron-transfer
reaction of MaQ~ (3.7 x 10 M) with various alkyl halides in
deaerated PhCN at 298 K.

Table 3. Rate Constants for Addition of RX t8BBuCso~ (Kobs)
and CoTPP (ks,2) in PhCN at 298 K
no. compd Kobsa M1 st Ksyz, M~1s71
3 Me,C=CHCH,Br 42x 102 4.7 x 10°
2 CH,=CHCH,l 2.7x 1072 2.2x 10°
6 CH,~=CHCH,Br 4.0x 108 4.3 x 104
5 PhCHBr 29x 10 19x 1P
9 Mel 1.5x 103 2.1x 10¢
12 Etl 9.7x 10°° 8.6 x 107
13 n-Prl 7.4x 10°° 1.1x 10%2
14 n-Bul 46x 105 2.6x 10°
1 CCl 3.0x 10°® 45x%x 107
10 s-Bul 0 3.6x10
8 t-Bul 0 0

aTaken from ref 21.

was chosen to model the electron-transfer reactionsggf C
with RX (eq 9), since MgQ*~ has nearly the same oxidation

o
k,
+ Rx._ﬂyﬂ*' R’ + X~ (9)
(0]

potential €1, = —0.84 V vs SCE in MeCN¥ as that of G~
(E1e = —0.87 V vs SCE in PhCN)?2:36 The plot between the
experimentally determined lokp,s and logke: values (Figure
6) shows a linear correlation with a slope of unity, thus
demonstrating clearly that the activation barrier for the first-
step reaction of g2~ with RX is essentially the same as that
for the electron-transfer reaction of Mg~ with the same series
of RX.

Evaluation of the §y2 Pathway. Values of second-order
rate constants{ssy for addition of each alkyl group teBuCsg-
are given in Table 3 and arranged according to the order of

o

X

magnitude of the rate constant. These rates were determined”
by monitoring the disappearance of the 660 nm absorption band

due tot-BuCso~ as seen in Figure 3 for PhGBIr. The rates
obey pseudo-first-order kinetics under experimental conditions
where the RX concentration is greater than 10-fold excess of
the t-BuCso~ concentration. The pseudo-first-order rate con-
stants k%) are in all cases proportional to the RX concentration
as shown in Figure 7 for the case of RX CH,=CHCHLl,
Me,C=CHCH,Br, and Mel. The second-order kinetics shows

(39) Fukuzumi, S.; Yorisue, TBull. Chem. Soc. Jpr1992 65, 715.

Fukuzumi et al.

10%[RX], M
4 6

10

10[RX], M

Figure 7. Plots of pseudo-first-order rate constarky ¢s [RX] for
the reactions of-BuCso~ (2.8 x 107 M) with (a) CH;=CHCH_l, (b)
Me,C=CHCH,Br, and (c) Mel.

Scheme 3

+ meC=X ——

....C....X

I,

ﬁ RCoTPP

Co'TPP~ RX X
a first-order dependence on each reactant (eq 10), thus indicating
that there is no contribution of any$ reaction pathway where
the dissociation of RX to Rand X is the rate-determining
step?0
~d[t-BuCq; Jidt = ke ft-BUCs, JIRX]  (10)

The reactivity order of RX for the second step addition in
Table 3 is quite different from that for the first step addition in
Table 2. For example, C&(1), is the most reactive RX group
in the first step addition, but it is much less reactive in the second
step addition and haskgpszvalue of 3.0x 107> M~1s™1, which
is 3 orders of magnitude smaller than the most reactive
Me,C=CHCH.Br (3: 4.2 x 102 M~ s1). The sterically
hinderedt-Bul (8) ands-Bul (10) both have a good reactivity
in the first R group addition, but show no reactivity at all in
the second R group addition. Such sensitivity to the steric
hindrance of the alkyl group of RX is characteristic a§2S
reactions involving RX and nucleophiles, a typical example of
which is the conversion of cobalt(l) tetraphenylporphyrin anion,
CdTPP, to the o-bonded complex, RCoTPP, as shown in
Scheme 3141

The Si2 reactions of alkyl halides at a tetrahedral carbon
center with low-valent metal porphyrins such as Co(l), Fe(l),
and Rh(l) porphyrins have been well-established to yield
-bonded organometallic porphyrifd* Thus, the second-

(40) In this case the rate would be zeroth-order with respettBaCso ],
which is clearly distinguished from the kinetic formulation in eq 10 observed
under the present experimental conditions. Eventiisformed by an §1
reaction pathway, Rwould be immediately trapped by a base that is present
in a solution of naphthalene radical anion used for generationsgf C

(41) Three-electrony® reactions are known to exhibit greatly diminished
steric effects. Even in such cases, however, thet-He/ratio for the rate
of three-electron @& reaction of 1,1-diphenyl-2-alkylcyclopropane radical
cations with methanol is still 31. (a) Dinnocenzo, J. P.; Lieberman, D. R;
Simpson, T. RJ. Am. Chem. S0d.993 115, 366. (b) Dinnocenzo, J. P.;
Todd, W. P.; Simpson, T. R.; Gould, I. R. Am. Chem. S0d.99Q 112,
2462.
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0 Scheme 4

Me,C=CHCH,Br First Addition

2—

CH,=CHCH,l Electron Transfer

+ t-Bu] ———

)
2 -2 CH,=CHCH,Br
‘o D)
S
2 -3} PhCH,Br Ceo®™
& Radical Coupling
]

£ .af
=3
°

-5}
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Figure 8. Plot of logkgpsfor the reaction of-BuCss~ (2.8 x 107 M)
with various alkyl halides (1.4 1072t0 5.6 x 101 M) vs log Kops for
the S,2 reaction of CoTPP (5.0 x 10°°> M) with the same series of
alkyl halides in deaerated PhCN at 298 K.

order rate constantkd,) for the $,2 reactions of CAPP"

with the same series of RX as employed for the reactions of
t-BuCso~ were determined in the present study by monitoring
the appearance of the RCoTPP 406 nm absorption band upor
the reaction with RX. These rate constants range fromx4.7
10° M1 s71 for Me,C=CHCH;,Br to 0 fort-Bul (see Table 3).

As seen in Figure 8, a linear correlation with a slope of unity
is observed between loBys, Of t-BuCsg~ and log kg2 of
CoTPP. In contrast, no correlation is seen between kgg.
or log kg2 vs log ke for the data in Table 2. The linear
correlation in Figure 8 thus clearly indicates that the alkylation

of t-BuCso~ with RX proceeds via ann2 pathway rather than  repulsion between the proximat@u and benzyl groups, and

1,4--Bu(PhCH,)Cgo

via an electron-transfer pathway. _ _ the nucleophilic addition of RX may then occur at the C(4) or
One question that must be addressed is why the reactions ofc(11) positions, where the negative charge is the second largest.
Cso* and t-BuCso~ with RX proceed via different mecha- In conclusion, the drastic difference in charge distribution

nisms: an electron transfer and ag2Srespectively. There is between G2~ andt-BuCsg~ causes significant differences in

a high delocalization of negative charge on thg €keleton  theijr nucleophilic reactivities so that the reactions gfCand

and the most negative charge at &°C carbon atom is only t-BuCsg~ With RX proceed via different pathways, i.e., an
—0.06102 |t is therefore not surprising thats€~, with such a electron transfer in the first step and ag2Sathway in the
small negative charge at each carbon, cannot act as an effectiveecond step. A summary of the mechanism is shown in Scheme
nucleophile in the reaction with RX. In such a case, an electron- 4 for the formation oft-Bu(PhCH,)Ceo as a typical example.
transfer pathway is the only choice for the reaction to occur. The initial electron transfer fromdg2~ to t-Bul gives the Go"/

In general, a nucleophile, which is also an electron donor, is t-Bur radical pair following an instantaneous cleavage of the
forced to undergo an electron-transfer pathway when steric c—| pond upon the dissociative electron-transfer reduction of
hindrance at the reaction center prevents the nucleophile from{.gy|. A fast radical coupling betweens€~ andt-Bu* occurs
interacting strongly enough to undergo ap2Sreaction?44 in the radical pair to produce the monoadduct anteBuCeo™,
Thus, the G /RX system provides a unique example for an which then undergoes an reaction with PhChBr to yield

electron-transfer pathway of a nucleophile which has a highly the final product with two different alkyl groups such as
delocalized negative charge. In contrast, the negative chargei-By(PhCH,)Cgo.

ont-BuCsy~ becomes significantly localized at the C(2) position
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