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The synthesis and electrochemical and spectroscopic characterization of fullerene derivatives of the type
R,Cso Wwhere R= C¢HsCH,, 2-BrCsH4+CH,, 3-BrGH4CH,, or 4-BrGH4CH, and RCso where R= CgHsCH.»

are reported. The first step in the synthesis involves an electron transfer betyferai@ RBr, and a

similar initial electron-transfer step occurs betweensi{&CH,),Cso]>~ and GHsCH,Br during the synthesis

of (CsHsCH,)4Cso.  On the basis of NMR and UVvisible data, the investigated:@so derivatives are identified

as 1,4-adducts of g whereas the isolated isomer of;CH,),Cso is characterized as possessigymmetry

with the four benzyl groups being close to each other. The electrochemistry of each synthesized compound
was determined in benzonitrile containing 0.1 M tatrButylammonium perchlorate and each mono- and
dianion of RCg and R,Cs, Were characterized by near-infrared spectroscopy. The near-infrared spectra of
each species show two major “marker bands” which can be considered to be diagnostic of the fullerene
derivative oxidation state.

Introduction spiromethanofullerenes and (G}1.3%31 A recent report on

Electrochemistry has played a significant role in the earl the electrochemistry of the dumbbell-shapeg/Ghows that
) 15 y piay 9 . Y the dimer of Gois reduced at ai1» which is similar to that of
studies of Go 17> since the method for preparation of fullerenes Con 32

in macroscopic amounts was develofedhe discovery that
Cso can reversibly accept multiple electrons in solution, as
demonstrated by cyclic voltammetty? has indicated that &

is electron deficient and can act as an electrophile. This led to
follow-up studies on the reactions of g with various
nucleophiles; 19 which opened up ways for the derivatization . ) .
of Ceo. The dianion of G is very stable in solutions such as RzCeo,"-**and no spectroscopic data are available iCHg"
benzonitrile so that it is possible to generatg?Celectrochemi- wheren =1 or 2.

cally® or chemically213 and use it as a starting material for Only a few compounds of the type 4B have been

the functionalization of . Several groups have shown that Synthesized to daté** and it was therefore of interest to
the electrosynthesis of ¢ derivatives from G2~ is a very examine whether such compounds could be generated starting
efficient methodkl.14.15 from R,Cgo Where R is an alkyl or aryl group. The present

The derivatives of g have been speculated to possess some Paper reports the first electrogeneration o€k using RCso
novel properties since dgcan be derivatized in three dimen- ~ as a starting material (R CgHsCHy) and the first electrochem-
sionsl®-18 One important issue in derivatizing¢§is to istry of an RCgo derivative for comparison with that ofRgo.

understand how the electrochemical behavior gfi€affected ~ 1he data provide evidence for a complete loss of degeneracy
by the nature, number, and position of the addends. of the LUMO in the investigated /o compound. The near-

There are numerous reports dealing with the electrochemistry R SPectra of [RCed "™ and [RiCeq"™ wheren = 1 or 2 are
of Ceo derivativest®=32 In many cases, the first, second, and als.o _reported in the paper, and for the first time, .twc.) chara_c-
third reductions of g derivatives are shifted negatively by about ter!stlc absgrptlon bands are.re'ported for each anionic species.
100-150 mV with respect to the first, second and third This result is related to a splitting of the,and tg orbitals of
reductions of G, but there are little or no shifts iBy, which Ceo due to the decrease of symmetry.
can be ascribed to a substituent effect of the add&rid.
Sometimes, a good correlation between g values for Experimental Section
reduction and the lowest unoccupied molecular orbital (LUMO)
or LUMO + 1 of the compounds is observé&t® Through-
space orbital interactions or “periconjugation” has also been
proposed to explain the electrochemical behavior of the

The mono- and dianions of & are known to display
characteristic absorption bands in the near-IR redfoft
Experimental and semiempirical work has indicated that the
near-IR absorptions of ¢ originate from the LUMO of Gg**
but less is known about the mono- and dianionic forms of

Chemicals. Cgp(99.5%) was purchased from SES Research
(Houston, TX) and used without further purification. Electro-
chemical grade tetra-butylammonium perchlorate (TBAP),
purchased from Fluka, was recrystallized from absolute ethanol
*To whom correspondence should be addressed and dried in a vacuum at 313 K prior to use. Benzonitrile
t University of Houston. ' (PhCN) was distilled over #s under vacuum at 305 K prior
* Osaka University. to use. GHsCH2Br (98%), 2-BrGH4CH,Br (98%), 3-BrGHa-
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CH:Br (99%), 4-BrGH4+CH,Br (98%), and TMS (99.9%) red to green. The solution was stirred for 20 min during which
were purchased from Aldrich and used as received.,, CS time the color changed from green to dark brown. The mixture
hexanes, toluene, acetonitrile, methanol, and silica gel from EM was dried with a rotary evaporator, and the residue was washed
Science (Gibbstown, NJ) were used without further treatment. with acetonitrile to remove TBAP and excess RBr. The
CDCl;z and CDCl, for NMR measurements were purchased resulting product was first dissolved in neat L£&hd then
from Cambridge Isotope Laboratories (Andover, MA) and used purified on a silica gel column using hexanes as eluent. Each
as received. R>Cgo derivative was recovered in ca. 50% yield. About 5%
Instrumentation. H NMR spectra were recorded on either Of unreacted € was also recovered after synthesis of each
a Bruker AMX-600 or a General Electric QE-300 spectrometer compound. There was also some red-colored material left on
in CDCl/CS,, CDCh, or CD:,Cl, and referenced to TMS. UV the top of the column, part of which could be eluted with
visible spectra of neutral &¢, and RCso were recorded toluene. However, the nature of the toluene fraction is unknown
immediately after purification on the silica gel column with a  at the present time.
Hewlett-Packard model 8453 diode array spectrophotometer. (CegHsCH2)2Cso: UV —Visible (hexanes)max[nm](€) = 209
Near-IR spectra were obtained with both a Hewlett-Packard (1.7 x 1(°), 256 (1.2x 10°), 328 (3x 10%), 445 (7x 10%); H
model 8453 diode array and a Perkin Elmer model 330 NMR (CDCL/CS;, 295 K, 600 MHz)d = 7.51 (d,J = 7.3 Hz,
spectrophotometer. Cyclic voltammetry (CV) and controlled- 2H), 7.41 (t,J= 7.5 Hz, 2H), 7.30 (tJ = 7.5 Hz, 1H), 3.75 (d,
potential bulk electrolyses were carried out using an EG & G J= 12.6 Hz, 1H, H of CHy), 3.71 (d,J = 12.6 Hz, 1H, H of
Princeton Applied Research (PAR) 263 potentiostat/galvanostat. CH,); 13C NMR (CDCkL/CS, 295 K, 150 MHz)d = 157.6 (2C),
A conventional three-electrode cell was used for CV measure- 151.5 (2C),148.4 (2C), 147.0 (2C), 146.7 (5C),145.9 (2C), 145.3
ments and consisted of a glassy carbon working electrode, a(2C), 144.9 (2C), 144.6 (1C), 144.5 (2C), 144.2 (2C), 144.1
platinum counter electrode, and a saturated calomel referencg4C), 143.9 (2C), 143.8 (2C), 143.5 (2C), 143.0 (2C), 142.9
electrode (SCE). The SCE was separated from the bulk of the (6C), 142.8 (4C), 142.5 (2C),142.4 (1C), 142.3 (2C), 141.9 (2C),
solution by a fritted glass bridge of low porosity which contained 140.4 (1C), 138.6 (2C), 137.7 (2C), 136.0 (2C, Ph),130.9 (4C,
the solvent/supporting electrolyte mixture. Controlled-potential Ph), 128.4 (4C, Ph), 127.4 (2C, Ph), 60.3 (2C), 48.5 (2C;)CH
bulk electrolyses were performed in a glovebox from Vacuum  (2-BrC¢H4CH2),Ceo: UV —visible (hexanes)max[nm](e) =
Atmospheres Co. (Hawthorne, CA) using an “H” type cell 209 (2.4 x 10F), 256 (1.4x 10F), 328 (4 x 10%), 445 (9 x
which consisted of two platinum gauze electrodes (working and 108): 1H NMR (CDCL/CS;, 295 K, 600 MHz)d = 7.67 (d,J
counter electrodes) separated by a sintered glass frit. Solutions= 7.7 Hz, 1H), 7.64 (dJ = 7.9 Hz, 1H), 7.42 () = 7.5 Hz,
containing about 2« 10~* M of the desired RCeo Or RiCoo 1H), 7.19 (t,J = 7.5 Hz, 1H), 4.16 (dJ = 13.0 Hz, 1H, Hof
anionic species were obtained by setting the applied potential CH,), 3.94 (d,J = 13.1 Hz, 1H, H of CH,); 13C NMR (CDCk/
at values 150 to 250 mV more negative than Eg of the CS, 295 K, 150 MHz) = 156.8 (2C), 151.3 (2C), 148.6 (2C),
[RxCsq]" /[RxCo0] "~ redox couple (wher& = 2 or 4) inthe  148.3 (2C), 147.1 (2C), 146.9 (5C), 145.8 (2C), 145.4 (2C),
given solvent/supporting electrolyte system. CV measurements145.0 (2C), 144.7 (3C), 144.6 (2C), 144.3 (2C), 144.2 (4C),
were carried out in the glovebox immediately after bulk 144.0 (2C), 143.9 (2C), 143.5 (2C), 143.1 (2C), 143.0 (4C),
electrolysis. The electrogenerated anions and dianions@fR 142.9 (2C), 142.6 (2C), 142.4 (2C), 141.7 (1C), 141.8 (2C),
and RCgo were then transferred from the bulk cell to a 1-cm  140.6 (1C), 138.7 (2C), 137.9 (2C), 135.9 (2C, Ph), 133.6 (2C,

quartz cuvette and the cuvettes removed from the glovebox afterph), 133.0 (2C, Ph), 129.2 (2C, Ph), 127.4 (2C, Ph), 126.5 (2C,
being capped with a rubber septum and sealed with Parafim. pn), 59.6 (2C), 47.3 (2C, G

Near-IR measurements of the electrogenerated anions were (3-BrCgH4CH2),Coq: UV —visible (hexaneshmax [nm](e) =

carried out under an Natmosphere. 209 (2.0x 10F), 256 (1.3x 10F), 328 (4 x 10, 445 (9 x
MALDI (matrix assisted laser desorption ionization) mass 10%); IH NMR (CDCl/CS,, 295 K, 600 MHz)d = 7.67 (s,
spectra were acquired at the UT-Houston Medical School, using 1H), 7.47 (tJ = 9.2 Hz, 2H), 7.33 () = 7.5 Hz, 1H), 3.75 (d,
a Perseptive Voyager Elite time-of-flight mass spectrometer j = 13.0 Hz, 1H, H of CHy), 3.68(d,J = 13.1 Hz, 1H, H of
equipped with delayed extraction and a nitrogen laser. The CH,): 13C NMR (CDCH/CS,, 295 K, 150 MHz)0 = 157.1 (2C),
sample was dissolved in toluene or carbon disulfide. A saturated151.1 (2C), 148.6 (2C), 148.3 (2C), 147.2 (2C), 146.9 (4C),
solution of 2,5-dihydroxybenzoic acid in 0.1% trifluoroacetic 146.5 (2C), 145.7 (2C), 145.5 (2C), 145.1 (2C), 144.7 (1C),
acid was used as a matrix. A solution containing @L5of 144.6 (2C), 144.3 (3C), 144.2 (4C), 144.1 (2C), 144.0 (2C),
matrix and 0.5uL of sample was placed on the target. The 143.6 (2C), 143.2 (2C), 143.0 (6C), 142.6 (2C), 142.4 (2C),
sample was allowed to dry at room temperature and was 142.1 (2C), 141.9 (1C), 140.7 (1C), 138.7 (2C), 138.4 (2C, Ph),
protected from light. 137.7 (2C), 133.9 (2C, Ph), 130.8 (2C, Ph), 130.0 (2C, Ph),
Purification of (GHsCH2)4Cso by high-performance liquid 129.6 (2C, Ph), 123.0 (2C, Ph), 59.9 (2C), 48.1 (2C,CH
chromatography (HPLC) was performed using a preparatory  (4-BrC¢H4CH2)-Ceo: UV —Visible (hexanes)max[nm](e) =
“Buckyclutcher I” column (Regis, Morton Grove, IL) with a 209 (2.0 x 10F), 256 (1.3x 10F), 328 (4 x 10%), 445 (7 x
55:45 v/v mixture of hexanes/toluene as eluent and a flow rate 18); 1H NMR (CDCIy/CS,, 295 K, 600 MHz)d = 7.55 (d,J
of 8 mL/min. The eluted fractions were monitored by atV = 8.2 Hz, 2H), 7.42 (dJ = 8.1 Hz, 2H), 3.84 (dJ = 13.1 Hz,
visible detector set at = 365 nm. 1H, H, of CHy), 3.82 (d,J = 13.1 Hz, 1H, H of CH,); 1°C
Synthesis of RCg. To 80 mL of PhCN containing 0.2 M NMR (CDCI/CS,, 295 K, 150 MHz)6 = 156.8 (2C), 151.1
TBAP was added 200 mg of ¢ after which G¢#~ was (2C), 148.5 (2C), 148.2 (2C), 147.1 (2C), 146.8 (4C), 146.5
generated by exhaustive electrolysis of the solutiorratl V (2C), 145.7 (2C), 145.4 (2C), 144.9 (2C), 144.5 (1C), 144.4
vs SCE under a nitrogen atmosphere. The potentiostat was(2C), 144.2 (3C), 144.1 (4C), 143.9 (4C), 143.5 (2C), 143.1
switched off, and while the solution was being stirred, 10 (2C), 142.9 (6C), 142.5 (2C), 142.2 (2C), 141.9 (2C), 141.8
50-fold excess of RBr (R CgHsCHa, 2-BrCsH4CHy, 3-BrCsHa- (1C), 140.6 (1C), 138.7 (2C), 137.8 (2C), 134.8 (2C, Ph), 132.4
CHa, and 4-BrGH4CH,) was added under nitrogen all at once (4C, Ph), 131.5 (4C, Ph), 121.9 (2C, Ph), 59.8 (2C), 48.1 (2C,
to the solution. This led to an immediate color change from CH,).
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(CgHsCH,),Ceo PhCN solution (30 Cﬁ) of (CeHsCHz)gCeo (28 x 1074 M) to

6

produce [(GHsCH,)2Cs0]2~. When GHsCH:Br was added to

the [(GHsCH,)2Cs0]2~ solution, the absorption band &Afax =

903 nm due to [(@HsCH,)2Cso]?~ disappeared. The visible
near-IR spectra were recorded on a Hewlett-Packard 8452A or
8453 diode array spectrophotometer which was thermostated
at 298 K. The rate constant for reaction of §iGCH,)2Cso] 2~

with CgHsCH,Br and other alkyl halides in deaerated PhCN at
298 K was determined by following a decrease in absorbance
’ ! ' I T ' due to [(GHsCH,).Ce?>~ (A = 903 nm) under pseudo-first-
order conditions where the concentration of RX was maintained
at >10-fold excess of the [(§sCH,).Cesg]2~ concentration (2.8

x 1074 M). Pseudo-first-order rate constants were determined
by a least-squares curve fit using a Macintosh personal
computer. The pseudo-first-order plots were linear for three

Synthesis of (GHsCH3).Ceo. The method described above or more half-lives with correlation coefficients greater than
for the synthesis of (§HsCH,).Ceso from Cgo was applied to 0.999. ) ) . .
generate (€HsCH>)4Ceo from (CeHsCHz).Ceo. The key point Theoretical Calculations. Theoretical calculations were
of this method is a chemic&lor electrochemicat generation ~ Performed using the MOPAC program (version 6) which is
of the fullerene or substituted fullerene dianion which is then incorporated in the MOLMOLIS program by Daikin Industries,

Time (min)
Figure 1. HPLC trace of the crude [(§BlsCH,),Ceo]?> /CsHsCH,Br

reaction product (after 60 min of reaction time betweerHCH,),Csd]?~
and GHsCH,Br, see text).

allowed to react with the alkyl halide to give;Gso or ReCao. Ltd. The PM3 Hamiltonian was used for the semiempirical MO
In the present study, the dianion of @&CHy):Ceo Was calculationst® Final geometries and energetics were obtained
generated electrochemically in PhCN, 0.2 M TBAP at an applied PY Optimizing the total molecular energy with respect to all
potential of—1.15 V vs SCE. The reaction betweenskz- structural variables.

CH,)2Ceo and GHsCH.Br was allowed to proceed for either ] )

20 or 60 min. Benzonitrile, from the solution in the bulk cell, Results and Discussion

was removed by a rotary evaporator, after which the solid Synthesis and Spectroscopic Characterization of &eo.
residue was washed with methanol and filtered to eliminate the 1o synthesis of eaclk-8rCsH4CH,),Ceo derivative & = 2, 3,
TBAP supporting electrolyte and exces¢HeCH.Br. The crude o 4)"examined in this study is proposed to occur via a
solid was mixed with a hexane/toluene mixture (55:45 v/v) and \nechanism similar to that reported forefCH,):Ceo.22 The
was analyzed by HPLC. Some material could not be eluted fis; step should involve an electron transfer between electro-
with the hexane/toluene mixture and required pure toluene 10 generated g2~ andx-BrCsH4CH,Br, followed by a fast radical

be eluted. Only the fraction eluted with the hexane/toluene o\ pling and further reaction of the product with another
mixture was analyzed. molecule ofx-BrCsH4CH.Br via nucleophilic substitution.

The HPLC trace of the crude product (obtained after the  The crystal structure of (ElsCH,)2Cso Shows the compound
reaction between [(1sCH;)2Cec]?” and GHsCHBr was o pe a 1,4-adduct of 12 The UV—visible spectra of BCgo
allowed to proceed for 60 min) is shown in Figure 1. The most (R = 2-BrCgH4CH,, 3-BrCsH4CHa, or 4-BrGsH4CHy) in hex-
abundant fraction of the products (labeled as peak no. 6 in Figureanes show a pattern similar to that ofCsHsCH,), in that
1) was isolated in pure form and is characterized a¢4{C  four absorption bands are seen at about 209, 256, 328, and 445
CH2)4Ceo. nm, thus suggesting that each investigated compound is also a

(CeHsCH2)4Ce0: UV —visible (hexanes)max[nm]: 207, 247; 1,4-adduct of G. The visible band located at 445 nm has not
13C NMR (CDCh, 295 K, 150 MHz)é = 161.1 (1C), 156.6  been observed fordg*¢47or any known 1,2-RCs derivative®
(1C), 156.3 (1C), 154.8 (1C), 152.7 (1C), 151.8 (1C), 150.3 and may well be a diagnostic criterion for the generation of
(1C), 149.9 (1C), 149.5 (1C), 149.0 (1C), 148.6 (1C), 148.2 1,4-adducts of G495
(1C), 148.0 (1C), 148.0 (1C), 147.8 (3C), 147.6 (1C), 147.5 1H NMR Spectra. The IH NMR spectra of each o
(1C), 147.4 (1C), 147.3 (1C), 147.1 (1C), 146.9 (1C),146.5 (1C), derivative in CDC} are illustrated in Figure 2. All four
146.3 (1C), 146.1 (1C), 146.0 (1C), 145.8 (1C), 145.8 (1C), compounds show an AB quartet between 3.68 and 4.16 ppm
145.6 (1C), 145.5 (1C), 145.4 (1C), 145.3 (1C), 144.9 (1C), which results from the Cligroups of the benzyl groups. Each
144.7 (1C), 144.6 (1C), 144.5 (1C), 144.4 (1C), 144.2 (1C), compound also exhibits peaks due to aromatic protons in the
144.0 (1C), 143.8 (1C), 143.7 (1C), 143.5 (1C), 143.2 (1C), range 7.17.7 ppm, and this is consistent with the proposed
143.1 (1C), 142.9 (1C), 142.8 (1C), 142.8 (2C), 142.6 (2C), structure.

142.5 (1C), 139.8 (1C), 139.6 (1C), 138.2 (1C), 137.3 (1C), In a 1,2-disubstituted & derivative, the three carbons C1,
136.5 (1C, Ph), 136.4 (1C, Ph), 136.2 (1C, Ph), 135.8 (1C, Ph), C2 and C3 bonded to the $parbon C3are not all different,
131.2(2C, Ph), 131.0 (2C, Ph), 131.0 (2C, Ph), 130.7 (2C, Ph),j.e., C1 and C2 are equivalent (see Figure 3a), so that the two
128.8 (2C, Ph), 128.5 (2C, Ph), 128.3 (2C, Ph), 127.9 (1C, Ph), s carbons C3and C3 to which the substituents are attached
127.8 (2C, Ph), 127.5 (1C, Ph), 127.2 (1C, Ph), 126.8 (1C, Ph),are not chiral centers. For such a configuration of the

61.4 (1C), 58.6 (2C), 57.1 (1C), 47.5 (1C, gH47.4 (1C, CH), substituents, the two methylene protons of the benzyl groups
46.9 (1C, CH), 45.7 (1C, CH). are equivalei2®3 and give only a single resonance as is the
Kinetic Measurements. [(CsHsCHy).Cgo]?~, for kinetic case for (GHsCH2)HCs0.13 In contrast, the neighboring carbons

measurements, was produced by reduction gHECH,).Ceo of each sp carbon of the g cage in the 1,4-disubstitutedsC

by using naphthalene radical anion as a reducing agent.derivative (Figure 3b) are not equivalent, and consequently, these
Typically, an appropriate aliquot of a THF solution of naph- two sp carbons are chiral centers. In such a configuration of
thalene radical anion (1.2 1074to 2.0 x 10~ M) was added the substituents, the methylene protons of the benzyl groups
to a quartz cuvette (10 mm i.d.) which contained a deaeratedare diastereotopic and give an AB quaPfet® AB quartets are
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observed for all of the gy derivatives investigated in the W@

present study, thus implying that each compound is a 1,4-
addition product of G.
Chemical shifts of the methylene protons in the investigated

R.Cso derivatives are listed in Table 1. The two methylene -
proton resonances of (2-BgB4CHy).Ceo are shifted about 0.41  Figure 3. (a) Diagram for a 1,2-disubstituted compound. Due to a
(Ha) and 0.23 (H) ppm downfield with respect to the two  symmetry plane along the two%parbons of G, C1 is equivalent to
resonances of (EsCH,).Cso, While the methylene proton €2 and Cdl i(S: lquizvalegté% C2 (b) Diag_farln f?f a(jl,tf]jdi$Ub|Stitttlr:ed
compound. , ,an are nonequivalent, an IS IS also the case
risongntl:ei?{ (3'.86:3'4(:tH2t)ﬁC60 an]:j g_ngéCHZ)%%? raarvee for (?1’, C2, and C3 due to the lack gf_a symmetry plane along the
chemical shifts similar to those o € 5 2)2C0. , 9 two sp carbons of G Black circles indicate the position of the
difference for the 2-Br derivative might be due in part to a gypstituents.
substituent effect of the Br group on the phenyl ring, but
literature data for toluene and Br-substituted toluene show no TABLE 1: 'H NMR Resonances for the Methylene Protons
substituent effect on chemical shifts of the methyl protdns, ©f CedR)2 in CS/CDCls

@ (CeHsCH,),Cep (a)

(b)

ppm

Figure 2. *H NMR of R,Cg in CS/CDCl;, where R= (a) GHsCHy,
(b) 2-BrGH4CH, (c) 3-BrGH4CH; and (d) 4-BrGH4CH,. The peak
marked with an asterisk is due to an unknown impurity in..CS

thus suggesting the lack of a substituent effect on the proton 0, chemical shift coupling constant
resonances for compounds in teBrCsH4CH>).Cso Series. On (ppm) (Hz)

the other hand, the (2-BgH4CH,),Cso complex is clearly compound H Hp J J,  AS (ppmp
different from the other twoxBrCgH4sCH,),Cso derivatives, CeHsCHa)2Coo 375 371 126 126 0.04

both in the absolute value of the chemical shifts and in the value (2-BrGH,CH,),Ceo  4.16 3.94 13.0 13.1 0.22
of Ad. This latter value (expressed in ppm) describes the (3-BrCsHsCHz),Ceo 3.75  3.68 13.0 13.1 0.07
magnitude of separation between the two doublets of the AB (4-BrCeHsCHz)2Ceo  3.84 382 131 131 0.02
quartet, when measured from the centers of the doublets. 3 Ad is the separation between the centers of two doublets in ppm

Studies by Whitesides et &3¢ have shown that the for an AB quartet.
conformation of a phenyl ring with respect to the methylene  13C NMR Spectra. The 13C NMR spectrum of each
protons of a benzyl group has a significant effect’oh The investigated RCso derivative reveals two characteristic features.
authors have demonstrated that the valuéafwill be small One is the presence of two peaks at about 49 and 60 ppm which
when the two conformations in Chart 1 are equally populated correspond to the $garbons of CHand Gy, respectively. The
or when a conformation analogous to that in Chart 1b is other is the presence of 226 peaks between 137 and 157
favored. It is thus reasonable to believe that the valuA®f ppm which are assigned to the?sarbons of Go. This number
will be large when a conformation analogous to that shown in of peaks is smaller than the 31 peaks theoretically expected for
Chart la is favored. ThAod value of (2-BrGH4CH,)2Ceo is a 1,4-adduct of gy with Cs symmetry due to the presence of
significantly larger than that of the other three investigated several overlapping peaks. However, the observed number
compounds, and this result could be related to a hindered rotationof peaks is larger than the 16 which are calculated for a 1,2-
of the phenyl grouyy on the basis of analogy with the studies adduct with C,, symmetry}® thus indicating that the s
by Whitesides et &l%56 derivatives are best described as 1,4-addition productsof C
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CHART 1
(a) (b)
R R
H7’\CHJ H%\H
u o}
H o H
H H
cl

TABLE 2: Observed Second-order Rate Constantskpy,g for
the Reactions of [(GHsCH2)2Cesol?2~, Ceo?~, and [(CH2)4Q"]~
with Various Alkyl Halides (R X) in Deaerated PhCN at
298 K

Kobs Kobs
[(CeHsCH2)2Coc)> @ kobCo0® @ [(CH3)aQ7]~ 2
RX M-tst M-1s? M-ts?
t-C4Hol 6.2 x 1072 47x 102 26x 10t
(CH3),C=CHCH,CI 1.5x%x 1071 51x102 24x101!
CeHsCH,Br 1.6x 10 8.0x 10! 1.8
CH,=CHCH,Br 1.1x 10 2.2 1.5

2 The experimental error it 5%.

The 13C NMR spectrum of each investigatedb@o shows

0
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Figure 4. Mass spectrum of (§15CH;)4Cso.
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TABLE 3: Theoretical m/z Values for Fragment lons and
Gas Phase Products of (gHsCH2)4Ceo

species m'z
[(CeHsCH2)4Cgo + H] T 1085
[(CeHsCH2)4Cgo — CeHsCHz] ™ 993
[(CeHsCH2)4Cs0 — 2CsHsCH,] ™ 902
[(CeHsCH2)4Cs0 — 3CeHsCH2] ™ 811
[(CeHsCH2)4Cg0 — 4CeHsCH,] ™ 720
[(CeHsCH2)4Cso + CsHsCH,]* 1175

Rate constants for the electron-transfer reactions of a tetram-
ethylsemiquinone radical anion [(GHQ*]~ with alkyl halides

additional resonances between 120 and 139 ppm which arewere determined in PhCN at 298 K by following the decrease

assigned to carbons of the phenyl rings.

The UV—visible, 'TH NMR, and*3C NMR spectra of each
compound are self-consistent and imply that the four investi-
gated RCqgo derivatives are best described as 1,4-adductg®f C
A peak is found atm/z = 1059 in the mass spectra of both
(Z-BI'CeH4CH2)2Ceo and (3-BI’CéH4CH2)2C50. This m/z ratio
corresponds to the [M- H]* species of each derivative, thus
confirming their formulation as K.

Mechanism for Synthesis of (GHsCH2)4Cso from
(CeHsCH5)2Cgo. The reaction of g2~ with CsHsCH,Br occurs
via an initial electron transfer fromeg@~ to CsHsCH,Br2, and

in absorbance of a band at 442 nm which is assigned to
[(CH3)4Q7]~. Thekgpsvalues for these electron-transfer reactions
are listed in Table 2 along witkyns values for the reactions of
Ceso? and [(GHsCH,)2Cs2~ with the same alkyl halides. The
data agrees well with values for an electron-transfer reaction
from [(CH3)4Q*]~ to the alkyl halides (Table 2), supporting a
previous conclusion that the reaction o€ with alkyl
bromides occurs via a rate-determining electron-transfer step
between G~ and the alkyl bromidé? Thekopsvalues for the
reaction of [(GHsCH,)2Ce]2~ with alkyl halides are always
larger than values for reaction ofg$~ with the same alkyl

the observed second-order rate constant agrees with the valudalides (see Table 2). The fact that theys values for
expected for an electron transfer on the basis of the Marcus[(CeHsCHz)2Ceo]?~ are larger than those fors€~ is consistent

theory® The nucleophilic reactivity of 2~ is very low
because of the highly delocalized negative chafgkn the case
of [(CeHsCH,)2Csq)?~, however, the negative charge may be
more localized than in the case of£. To examine whether
the reaction of [(GHsCH>)2Cso]2~ with CsHsCH,Br occurs via
an initial electron transfer from [(ElsCH,)>Cs0]2~ to CoHs-
CH,Br or via a nucleophilic attack of [(§HsCH;)2Csc]2~ 0on
CsHsCH;,Br, the rate constants for reactions of JECH,)2Ced] 2~
with CgHsCH.Br and other alkyl halides were determined and

with an electron-transfer mechanism since the oxidation potential
of [(CeHsCH,)2Cso]?~ is more negative than that ofg€.12

The proposed mechanism also agrees with the reactivity
between [(GHsCH,)2Cso]?>~ andt-C4Hol, since a nucleophilic
attack of [(GHsCH,)2Csql?~ on the sterically bulkyt-C4Hgl
would be unlikely to occur. Thus, an initial electron transfer
from [(CsHsCH2)2Cs0]>~ to CsHsCH,Br may occur to give the
[(CeHsCH2)2Ce0)*~/CsHsCHy® radical pair which is produced
by an instant cleavage of the-®r bond upon the dissocia-

compared with rate constants expected for an electron-transfertive electron transfer to gisCH.Br. The electron transfer

reaction.

The rate constant for the reaction of f@ECH,),Cesq]2~ with
CsHsCH2Br was determined by monitoring the disappearance
of an absorption band due to {85CH,).Ceq]?~ at 903 nm.

The rate constant obeys pseudo-first-order kinetics under the Synthesis

present experimental conditions, where thé¢H§CH,Br con-
centration is more than 10 times the {GCH.).Ceol?~

would then be followed by a fast radical coupling between
[(CeHsCHz)zCeo]'_ and GHsCH,* to give [(C5H5CH2)3C50]_
which further reacts with another molecule o§HgCH,Br to
yield the final product, (6HsCH;)4Cso.

and Spectroscopic Characterization
(CeHsCH2)aCso. The procedure for the synthesis of Je-
CH,)4Csp has been described in the Experimental Section. The

of

concentration. The pseudo-first-order rate constant is propor-mass spectrum of ¢EisCH,)4Cso is shown in Figure 4, while

tional to the GHsCH,Br concentration, and a second-order rate
constant Kq,9 is determined from the proportionality constant.
The kops Values for reaction of [(§HsCH,)2Cegl?~ with other
alkyl halides were determined at 298 K in PhCN and are listed
in Table 2 along with the corresponditkgys for the reactions

of Cse?~ with the same alkyl halides.

the m/z ratios for the fragmentation and/or gas-phase reaction
products are listed in Table 3.

The peak for the [M+ H]* protonated molecular ion of
(CsHsCHy)4Cs0 Occurs atn/z = 1085 and has about a 90%
relative intensity with respect to that og§&(m/z = 720), thus
indicating that the tetra-adduct o§gls quite stable under these
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TABLE 4: H NMR Resonances for the Methylene Protons Figure 6. 3C NMR spectra of (€HsCHy)«Cso in CDCls.

of (C6H5CH2)4C60 in CD2C|2

AB 9, chemical shift (oppm) coupling constant (Hz) A symmetry as compared to those for the benzyl groups gf4C
quartet H Hp N} J2 (ppmy CH,).Cso. This result agrees with NMR data for the methylene
| (aa) 2.69 2.62 13.2 13.2 0.07 protons, indicating that the investigatedsHsCH;)4Cso isomer
Il (?b)) 3.39 3.31 13.2 13.2 0.08 possesse€; symmetry.

111 (cc 3.80 3.42 13.2 13.2 0.38 1 i i
IV (dd) 403 3,85 132 132 0.18 The!3C NMR spectrum of (gHsCH,)4Ceoin CDCls is shown

in Figure 6. Peaks are seen at 45.7, 46.9, 47.4, and 47.5 ppm,
2 Ad is the separation between the centers of two doublets in ppm and these can be assigned to the four inequivalent carbons of
for an AB quartet. the CH groups of (GHsCH,)4Ceo since chemical shifts for the
experimental conditions. The mass spectrum gHYCH,)4Cep ~ CH2 carbons of RCeo where R= CgHsCHp, 2-BrGH4CH,,
shows four peaks atvz = 993, 902, 811, and 720 which  3-BrGeHaCHy, or 4-BrGH4CH, range from 47.3 to 48.5 ppm.
correspond to a successive loss of fogHECH, groups. There  Signals for the spcarbons of the g skeleton are observed
is also a peak atVz= 1175 which is due to a reaction between between 56 and 62 ppm as is the case ##43 although only
(CeHsCH2)4Coo and GHsCH,* in the gas phase. Indeed, under three out of the four expected signals can be seen due to an

our experimental conditions, this peak would be locatesvat ~ Overlap in the resonances. The?garbon resonances of the
= 1176 rather than at 1175 if (BsCH,)sCeo Were initially four different benzene rings are seen between 126 and 137 ppm

present in the analyzed product. while a total of 52 peaks, which correspond to thé cgrbons
TheH NMR spectrum of (@HsCH,)4Ceoin CD,Cl, is shown of the Gy skeleton, are observed between 137 and 162 ppm.
in Figure 5 while Table 4 lists resonances of the £itoups. The3C NMR spectrum is therefore consistent with the presence

The spectrum of the compound shows four AB quartets between©f four inequivalent benzyl groups on thes(Cskeleton and
2.62 and 4.03 ppm which are consistent with the presence ofShows that the compound hasCa symmetry.

four CH, groups on the & skeleton. The spectrum of the Cyclic Voltammetry. The cyclic voltammograms of g,
compound in CDGJis also consistent with the presence of four (CeHsCHz2)2Ceo, and (GHsCH)4Ceo in PhCN, 0.1 M TBAP
CH, groups on the molecule. It shows only seven doublets, between 0.0 ane-2.0 V vs SCE are shown in Figure While
but one has an integrated area twice that of the other six the electrochemical data are summarized in Table SH{C

doublets. The AB quartets | (aa) and Il (bb) ofHECH2)4Cso CH>)2Cso undergoes three reversible one-electron reductions at
in CD,Cl, exhibit very smallAd values of 0.070.08 ppm (see  Ei2 = —0.51,-0.99, and—1.50 V vs SCE. The addition of
Table 4). These values are similar in magnitude toAlde= two benzyl groups on theggcage causes the reduction potential
0.04 ppm for the AB quartet of @EsCH,).Cso (See Table 4),  to shift negatively.

thus indicating that two of the four phenyl rings of ¢- Table 5 also lists thé, values for the reductions of the
CH>)4Ceo have relatively free rotation as is the case for the two three Br-substituted benzylsgderivatives. Due to the elec-
phenyl rings of (GHsCH,),Cso. However, the AB quartets Il tronic effect of the Br group, one would expect to see that all

(cc) and IV (dd) of (GHsCHy)4Cso haveAd values of 0.38 and of the compounds containing Br atoms are easier to reduce than
0.18 ppm, respectively (Table 4). These values are much higherthe unbrominated derivative. However, the first reduction
than those for the AB quartets | (aa) and Il (bb) of the same potential of (2-BrGH4CH>)2Ceo is identical to that of (€Hs-
compound but are similar in magnitude to thé values of CH,).Cso, and the overall data in Table 5 indicate that there is
(2-BrCsH4CH>).Cso, thus suggesting that these two benzyl no significant effect of the Br substitution on the electrochem-
groups are more favored to remain in a conformation similar istry of the investigated s compounds.
to the conformation of the benzyl group shown in Chart 1a. (CsHsCH,)4Cso undergoes reversible one-electron reductions
This effect may be explained in terms of interaction between atE;, = —0.68,—1.11, and—1.88 V vs SCE in PhCN, 0.1 M
closely positioned benzyl groups. TBAP. The addition of two more benzyl groups onto theH§

The resonances corresponding to the benzyl group aromaticCH,),Cso skeleton shifts cathodically each reduction of the
protons of (GHsCH,)4Ceso are more spread out and lacking in  compound, and this is similar to what is observed upon going
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TABLE 5: Reduction Potentials of Cgo, R:Cgo, and R4Cgg in
PhCN Containing 0.1 M TBAP

[(CeHsCH,)4Cep)> 1185
E1/2 (V VS SCE)
compound first second third \/v
Cso —0.42 —0.84 -1.33 -
(CeHsCHz)2Ceo -0.51 —0.99 —-1.50

%

(2-BTC6H4CH2)2C60 —-0.51 —0.96 —1.48 i 1 1 1 L |
(3-BrGsH4CH,)2Ceo —0.47 —0.99 —1.48 500 600 700 00 900 1000 1100 900 1000 1100 1200 1300 1400 1500 1600
(4-BTC6H4CH2)2C60 —0.48 —1.00 —1.48 Wavelength (nm) Wavelength (nm)
(CoHsCH)4Coo —0.68 111 —1.88

Figure 9. Near-IR spectra in PhCN, 0.2 M TBAP of (a)
. . [(CeHsCHz)2Cecl?~ and (b) [(GHsCHz)4Ceol >
from Cgoto (CeHsCHy)2Ceo.  The first two reductions of (gHs- et s-2)a-en

CHy)4Ceo are negatively shifted by 170 and 120 mV with respect (_2 46 eV) in (GHsCH,):Cso and further split into three

to the first and second reductions ofst&6CH>)2Cso, but a much separate orbitals-(2.56 eV,—2.47 eV, and-2.24 eV) in (GHs-
larger negative shift of 380 mV is seen in the case of the third cH,),C4(.59

reduction This difference may be caused by a significant split  The oxidative behaviors of s, and RCgo complexes were

in the degeneracy of the triply degeneratearbitals of G in also examined by cyclic voltammetry, but none of the com-
R4Cs0 Which has no symmetry as compared #CR. Theoreti- pounds undergoes a reversible oxidation under our experimental
cal calculations of the molecular orbital levels ofoC(CeHs- conditions.

CH,)2Cs0, and (GHsCHy,)4Cso show that the LUMOs which are Near-IR Spectra. The near-IR spectra of [(ElsCH;)2Cesq] "™
triply degenerate in g (—2.89 eV) are split into two almost  and [(GHsCH,)4Cso]"™ wheren = 1 or 2 are shown in Figures
degenerate orbitals2.72 and—2.70 eV) and a higher orbital 8 and 9, while Table 6 lists the major near-IR bands of the

TABLE 6. Spectral Data for Mono- and Dianions of Cgo, (R)2Cs0 Where R = C¢HsCH», 2-BrCeH4CH», 3-BrCgH4CHy, or
4-BrCegH4CH; and (R)4,Ceo Where R = C¢HsCH; in PhCN Contaning 0.2 M TBAP?2

Amax(NM) ande (M~ cm™t) in parentheses

monoanion dianion AE (eV)P

compound band | band Il band | band Il band | band Il
Ceo 1078 (12 000) 952 (16 000 0.15
(CeHsCHz)2Cso 989 (1 900) 1498 (1 500) 903 (5 200) 1294 (4 300) 0.12 0.13
(2-BrCsH4CH2)2Ceo 988 (1 800) 1505 (1 300) 903 (5 800) 1300 (4 800) 0.12 0.13
(3-BrCsH4CH,)2Ceo 992 (1 500) 1501 (900) 904 (6 100) 1300 (4 700) 0.12 0.13
(4-BrCsH4CH2)2Ceo 994 (1 500) 1495 (900) 904 (5 800) 1299 (5 000) 0.12 0.13
(CsHsCH2)4Cs0 801 (1 300) 1374 (1 700) 749 (2 800) 1185 (5 800) 0.11 0.14

aThe average uncertainty inmeasurement is ca. 10%AE is the energy difference between the two bands of dianions and monoanions.
¢Values are taken from ref 34.
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singly and doubly reduced forms og§&and RCgo (R = CeHs- The electrochemistry shows that the half-wave potential for
CH,, 2-BrGH4CH,, 3-BrGsH,CH,, and 4-BrGH4CH,) and the third reduction of (gHsCH,)4Cso in PhCN containing 0.1
R4Ce0 (R = CgHsCHy). M TBAP is shifted negatively by 550 mV with respect to the

The near-IR bands ofdg™ and G¢*~ are quite different from third reduction of Gy under the same experimental conditions.
each other and are characteristic of thg @nion oxidation This difference is much larger than the potential difference
state3®~41 The measured peak maxima vary from 1064 to 1080 between the first or second reductions of the same two
nm for the Go monoanion and from 945 to 952 nm for thegC  compounds and can be accounted for by a significant split of
dianion, depending upon the solution conditions. The near-IR the degeneracy in the triply degeneratgdrbitals of G in
spectrum of [(GHsCH2)2Csq] ~ in PhCN, 0.2 M TBAP consists ~ R4Cgo Which has no symmetry as compared withCg.
of two major bands at 989 and 1498 nm as well as two minor
bands at 874 and 1237 nm. On the other hand, the major bands Acknowledgment. We thank the Robert A. Welch Founda-
of [(CeHsCH,)2Cso]?~ are located at 903 and 1294 nm while tion (K.M.K., Grant E-680), the Petroleum Research Fund
the minor bands appear at 806 and 1087 nm. As is the case fofK.M.K., Grant ACS-PRF 27598-AC5), and an International

Cso, Near-IR bands of the dianionic species,sHeCH2)2Ceg]%, Scientific Research Program (08044083) from the Ministry of
are blue-shifted with respect to those of the monoanionic species,Education, Science, Culture and Sport, Japan for financial
[(CeH5CH,)2Cs0]~. The mono- and dianions oi-BrCeHs- support.
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