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DERIVATIZATION AND SOLUBILIZATION 
OF INSOLUBLE CLASSES OF FULLERENES 
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provisional application Ser. No. 60/371,380 ?led Apr. 9, 
2002, Which are both incorporated by reference herein in their 
entirety. 
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BACKGROUND OF THE INVENTION 

This invention describes improved methods for derivatiZa 
tion and solubiliZation of fullerenes. 

Since fullerenes Were ?rst macroscopically produced by 
the arc method in 1990 (Kratschmer, 1990), their exohedral 
derivatiZation chemistry has proceeded. The organic func 
tionaliZation of fullerenes has been extensively revieWed 
(Hirsch, 1994(a); Wilson, 2000(a, b)) as Well as their inor 
ganic/organometallic functionaliZation chemistry (Balch, 
1998). Because fullerenes possess no substituents, their exo 
hedral derivatiZation chemistry begins exclusively With addi 
tion reactions to their carbon surface, most commonly by 1,2 
bis-addition across the reactive carbon-carbon double bonds 
of the fullerene. 
A fundamental characteristic of fullerenes is their electro 

philic nature (Reed, 2000) and as a consequence most 
reported derivatiZation involves the addition of nucleophilic 
reagents. A particular kind of nucleophilic addition of Widely 
recogniZed utility is cyclopropanation Which Was ?rst 
reported by Bingel (Bingel, 1993). A general example of this 
so-called “Bingel” reaction is illustrated by the series of steps 
shoWn beloW in FIG. 1. 
Many scienti?c papers and reports concern the Bingel-type 

cyclopropanation of the fullerene surface (Bingel, 1993; Bin 
gel, 1995; Bingel, 1998 as Well as PCT-WO96/09275A1, 
EP00695287B1, and EP00782560A1; Brettreich, 1998; 
Camps; 1997; Hirsch, 1994(a); Hirsch, 1994(b); Lamparth, 
1994; Lamparth, 1997; Nierengarten, 1997; Richardson, 
2000; Wei, 2001; Wharton, 2001; Wilson 2000(b)).A primary 
reference for general organic reactions betWeen stabiliZed 
nucleophiles and electron-de?cient alkenes (non-fullerenes) 
is that ofJung (1991). 

The earliest examples of Bingel-type cyclopropanation of 
the fullerene surface involved base-induced deprotonation of 
an ot-halo ketone, forming a relatively stabiliZed nucleophilic 
carbanion that attacks the electron de?cient fullerene. Bin 
gel’s initial study employed NaH as the base, Which forms 
gaseous hydrogen by combination of the metal hydride and 
the removed proton (Step 1). The incipient Na+ salt of the 
carbanion may be very strongly ion paired in the nonpolar 
solvents typically used (toluene, etc.). The carbanion may be 
partially stabiliZed by adjacent electron WithdraWing sub 
stituents (the ot-halogen, carbonyls, phenyls, etc. that are 
electronegative and/or inductively WithdraW electron den 
sity) that simultaneously may or may not additionally 
enhance stability via electron delocaliZation (resonance). 
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2 
The nucleophilic carbanion immediately attacks the 

fullerene, forming a neW bond (Step 2). The cyclopropanation 
is complete folloWing the spontaneous elimination of the 
halide anion (or other current leaving group) (Step 3). The net 
reaction thus occurs via an addition/elimination mechanism. 
While the mechanism illustrated in FIG. 1 is believed to be the 
most likely mechanism for the reaction, less-likely altema 
tives exist including a concerted reaction and an electron 
transfer route. By using excess quantities of reagents, mul 
tiple groups can be added to the fullerene surface. The differ 
ent products With different numbers of groups added and With 
different isomeric arrangements on the fullerene surface can 
then be puri?ed and separated from one another by chroma 
tography. The fullerenes derivatiZed by cyclopropanation can 
also be referred to as methanofullerenes. When the Bingel 
reaction is performed on fullerenes that are already deriva 
tiZed, for example C6OF18, the ot-halo substituent of the 
nucleophile may not function as the leaving group. Instead, a 
group previously on the fullerene departs leaving the nucleo 
phile group attached to the fullerene via the ot-sp3 carbon 
Without cyclopropanation (Wei, 2001). 

Conditions alternative to those used by Bingel in his ?rst 
report have been developed. One of the mo st popular changes 
has been the replacement of the insoluble base NaH With 
soluble amines, most notably DBU (1,8-diaZabicyclo[5.4.0] 
undec-7-ene) (Camps, 1997). While this base is strongly hin 
dered, it has been reported to readily form covalent bonds 
With the surface of C60 (Skiebe, 1994; Klos, 1994). 

Another modi?cation to the standard Bingel conditions 
reported is the incipient production of the reactive ot-halo 
compounds by in situ treatment of mono- and bis-malonates 
With halogen-releasing agents such as CBr4, I2, etc. (Camps, 
1997; Nierengarten, 1997). This alloWs for the use of more 
elaborately substituted malonates for Which the ot-halo pre 
cursor is dif?cult to individually prepare and/or isolate as a 
reagent. Bingel-style addition of malonates has been used to 
link fullerenes to a variety of substituents of interest, for 
example, porphyrins. 

Addition of multiple groups to fullerene surfaces is usually 
performed stepWise using excess reagents. Derivatives With 
speci?c numbers of addends can be separated from deriva 
tives With lesser or greater numbers of addends by chromato 
graphic or other standard techniques. Separation of the dif 
ferent regioisomers formed can also be performed 
chromatograpically, but such separations can be expensive 
and laborious. 

For a Bingel-style multi-derivatiZation, a tether-directed 
addition strategy offers control over regiospeci?city of addi 
tion (location pattern of the cyclopropanations) and the num 
ber of addend groups in a pre-determined Way While increas 
ing yields over traditional derivatiZation strategies, as 
revieWed by Diederich et. al. (Diederich, F.; Kessinger, R. 
(1999). “Templated Regioselective and Stereoselective Syn 
thesis in Fullerene Chemistry,” Acc. Chem. Res., 32, 537 
545). The tether strategy uses multi-functional reaction sub 
strates cojoined in one molecule by covalent moieties of 
variable length separating these functionalities, Which are 
themselves variable in number. 

Tether-directed formation of C60 trisadducts has been 
reported previously by Rapenne et. al. (Rapenne, G.; Cras 
sous, J.; Collet, A.; Echegoyen, L.; Diederich, F. (1999). 
“Regioselective one-step synthesis of trans-3, trans-3, trans-3 
and e, e, e [60]fullerene tris-adducts by a C3-symmetrical 
cyclotriveratrylene tether,” .1. Chem. Soc. Chem. Commun. 
1121-1122). Reuther et al. describe the use of cyclo-[n] 
octylmalonates as an improved tether strategy (Reuther, U.; 
Brandmiiller, T.; Donaubauer, W.; Hampel, F.; Hirsch, A. 
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(2002). “A Highly Regioselective Approach to Multiple 
Adducts of C60 Governed by Strain Minimization of Macro 
cyclic Malonate Addends,” Chem. Eur. J, 8, 2261-2273). 
Reuther et. al. used this Bingel-reaction based tether addition 
process to form the C3 isomer (or e, e, e isomer) of the 
trisadduct C6O[C(COOH)2]3 in high yield With high speci?c 
ity. Bingel-style addition of malonates has also been used to 
control the regiochemistry of addition by Wilson (Wilson, 
2000(b)). 

FolloWing the Bingel cyclopropanation, the ester groups of 
malonate addition products can be cleaved and converted to 
other functionalities, i.e. effecting side-chain modi?cation 
(Lamparth, 1997). For example, the ester groups of the Bingel 
addition product of diethylbromomalonate (FIG. 1) can be 
converted to their respective carboxylic acids (or carboxylate 
salts of alkali metals, etc.) using the method of Hirsch (Lam 
parth, 1994). The carboxylic acid and carboxylate salts (of 
multiple adducts) of the fullerenes are Water-soluble, a prop 
er‘ty critical to the development of the fullerenes’ emerging 
medical applications. For example, multiply carboxylated 
C6O has shoWn high potential as an antioxidant for treating 
neurodegenerative disorders in vivo (Dugan, 2000). Other 
potential pharmaceutical applications for Water-solubiliZed 
fullerenes include HIV-protease inhibitors (Wilson, 2000(a)), 
nuclear medicine agents (Cagle, 1999), and in vivo enhancers 
for medical imaging techniques including, e.g., MRI, X-ray, 
and nuclear imaging (Zhang, 1997; Wilson, 1999; MikaWa, 
2001). 

Typically, the Bingel-style cyclopropanation reactions of 
non-derivatiZed fullerenes have been conducted in non-polar 
solvents such as aromatic hydrocarbons (benZene, toluene, 
etc.) that are also good solvents for common fullerenes 
(Ruoff, 1993). The fullerenes derivatiZed in this manner have 
invariably belonged to the class of fullerenes possessing 
larger HOMO-LUMO gaps such as the most abundant 
fullerene, C60, and the larger “higher” C2” fullerenes, e.g. 
C70, C76, C78, C82, C84, etc. A notable property ofthese large 
HOMO-LUMO gap-possessing fullerenes is solubility in 
common non-polar organic solvents. Consequently, addition 
reactions like the Bingel method outlined above are per 
formed on solutions of these fullerenes. This excludes impor 
tant classes of fullerene materials that are not soluble in these 
common organic solvents. U.S. Pat. No. 5,739,376, issued to 
Bingel, reports formation of cyclopropanated derivatives of 
fullerenes in polar solvents including methylene chloride and 
chlorobenZene. The fullerenes discussed in Bingel’s patent 
(C60, C70, C76, C78) are expected to be soluble in these polar 
aprotic solvents prior to derivatiZation. PCT published appli 
cation WO 96/ 09275 of Bingel also reports the generation of 
fullerene derivatives by certain cyclopropanation reactions. 

Chemical and electrochemical retro-Bingel reactions have 
been demonstrated by Echegoyen et al. (Moonen, 2000; 
Beulen, 2000). Addition of excess electrons (via exhaustive 
reduction) to methanofullerene derivatives regenerates 
underivatiZed fullerenes. Addition of less than an excess 
amount of electrons induces only a substituent migration or a 
“Walk-on-the- sphere” isomeriZation of the methanofullerene 
groups (Kessinger, 1998). 

There are a number of additional reports of methods for 
derivatiZation of fullerenes. Gugel, U.S. Pat. No. 5,763,719, 
reports methods for making thermally stable fullerenes. Mur 
phy et. al., U.S. Pat. No. 6,162,926 and PCT published appli 
cation WO9636631, report methods for making multiply 
substituted fullerenes. Cahill and Henderson, U.S. Pat. No. 
5,475,172, report methods of functionaliZing fullerenes 
employing organoborane intermediates. Mattay et. al., PCT 
published application WO 9626186, reports methods for the 
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4 
generation of aZafullerenes. Hinokuma et. al., EP 1 071149, 
reports the introduction of one or more proton releasable 
groups such as OH and SO3H into fullerenes. Kampe et. al., 
U.S. Pat. No. 5,587,476 and PCT published application WO 
9405671, report fullerene derivatives prepared by reaction 
With diamines. Chiang, U.S. Pat. Nos. 5,648,523; 5,994,410; 
6,020,523 and 6,046,361, reports the preparation of fullerene 
derivatives including polyorganofullerenes and Water 
soluble fullerene derivatives. Friedman et. al., U.S. Pat. Nos. 
5,811,460 and 6,204,391, report Water-soluble fullerene 
derivatives. Schriver et. al., U.S. Pat. No. 5,503,643, reports 
fuel oil-substituted fullerenes. 

Endohedral fullerenes are those fullerenes encapsulating 
an atom or atoms in their holloW interior spaces. They are 
Written With the general formula Mm@C2n, Where M is an 
element, In is the integer 1, 2, 3 or higher, and n is an integer 
number. The “@” symbol refers to the endohedral or interior 
nature of the M atom inside of the fullerene cage. Aspects of 
endohedral metallofullerenes have been revieWed (Bethune, 
1993; Nagase, 1996; Nagase, 2000; Shinohara, 2000; Liu, 
2000). 

Endohedral fullerenes corresponding to most of the empty 
fullerene cages have been produced and detected under varied 
conditions. Because the endohedral element is completely 
encased by the spherical fullerene shell, it is not released to 
the exterior except under cage-destructive conditions (heat, 
long-duration exposure to strong acids, etc.). Endohedrals 
containing lanthanide, transition, alkali, and alkaline earth 
metals have by far received the most attention to date, 
although studies on non-metallo endohedrals such as 
He@C6O, N@C6O, P@C6O, etc. are developing. The major 
production technique for producing endohedral metallof 
ullerenes is the Kratschmer-Huffman style resistive heating 
of graphite rods that are impregnated With metals or metal 
salts. Typically, metallofullerenes comprise only several per 
cent of the total fullerene yield in the carbon arc production 
method. 
Of the Mm@C2n metallo-endohedrals, those having the 

particular formulation M@C82 (With M:a lanthanide ele 
ment) have been the subjects of most investigations to date. 
This is largely due to the solubility of the M@C82 closed-shell 
species in common solvents. Because of their solubility, they 
can be separated from the empty fullerenes and other endohe 
dral metallofullerenes, including their different cage isomers, 
by chromatographic methods. Their solubility also alloWs for 
standard derivatiZations to be performed on the metallo-en 
dohedral fullerenes, by analogy to the derivation of empty 
large HOMO-LUMO gap fullerenes. 
The study of other M@C2n, and multiple-metal containing 

Mm@C2n materials is proceeding at more sloWly because 
many of these fullerenes are intrinsically insoluble in the 
common, non-reactive hydrocarbon and arene solvents nor 
mally used for C60, etc. Without Wishing to be bound by any 
particular theory, the most likely explanation for their insolu 
bility is the spontaneous formation of intramolecular poly 
mers. 

The “polymerization” Which occurs for certain metallof 
ullerenes, most notably the M@C6O species, derives from 
their electronic structures. The electronic structure of a met 
allofullerene of course encompasses the interior metal and 
any electrons it donates to the fullerene cage molecular 
orbital. Essentially, these fullerenes have small HOMO 
LUMO orband gaps such that the molecules are open-shell or 
very close in energy to being open shell. Functionally equiva 
lent descriptions to this situation include the descriptions that 
metallofullerenes possess “radical sites”, “dangling bonds”, 
or “unful?lled vacancies”. Most endohedral metallof 
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ullerenes have been found to contain metals Which donate 
three electrons (per metal) forming endohedral M3+ ions 
inside of a fullerene cage noW having three “extra” electrons 
relative to a cage Without a metal inside. Such an endohedral 
metallofullerene molecule is a zWitterion, With a cationic 
metal “core” and anionic fullerene (fulleride) cage. 

Because the number of electrons transferred to the 
fullerene cage (three) is an odd number, there has to be an 
unpaired electron, ie the molecule is a radical. As many 
radicals do, they dimerize or oligomerize spontaneously 
“quenching” their free radical status. To free them from their 
intramolecularly cross-linked matrix, their electronic struc 
tures must be altered. To eliminate radical behavior, redox 
chemistry (addition or removal of molecular electron(s)) can 
be performed, or they can be derivatized exohedrally by sub 
stituent groups. It should be pointed out that the matrix of 
“polymerized” insoluble endohedral fullerenes likely con 
tains some small percentage of soluble C2” species intersti 
tially trapped and/ or bonded to other endohedral fullerenes, 
as a consequence of heterogeneous nature of fullerene gen 
eration in the arc process. 

Despite the relatively loW availability of samples of 
endohedral fullerenes, their derivatization chemistry is also 
proceeding (Kato, 1997). Examples include the derivatiza 
tion of the soluble endohedral metallofullerenes M@C82 
(MILa, Gd), La2@C8O, and Sc2@C84 With disiliranes and 
digerrnanes (Akasaka, 1995(a); Akasaka, 1995(b); Akasaka, 
1995(c); Yamamoto, 1999). Suzuki and co-Workers reported 
the reaction of La@C82 With substituted carbenes derived 
from diazomethanes to produce cyclopropanated derivatives 
(Suzuki, 1995; Yamamoto, 1998). Various groups have 
reported the polyhydroxylation of endohedral metallof 
ullerenes including Ho@C82 (Cagle, 1999), Ho2@C82 
(Cagle, 1999), Pr@C82 (Sun, 1999), and Gd@C82 (Wilson, 
1999; MikaWa, 2001). 

Patents involving the exohedral derivatization of endohe 
dral metallofullerenes include US. Pat. No. 5,717,076 
(Yamamoto, 1998) and US. Pat. No. 5,869,626 (Yamamoto, 
1999). The ?rst involves cyclopropanations conducted in a 
completely different manner than Bingel-style reactions and 
adding four or feWer groups to the fullerene surface, While the 
second is an unrelated type of derivatization. 

Bingel-style cyclopropanations have not been reported on 
endohedral metallofullerenes. Bingel-style cyclopropana 
tions have been reported on minute amounts of “inert” 
endohedral fullerenes present in trace levels (10'4 M or 100 
ppm) in C60 matrices, including N@C6O (Dietel, 1999), 
3He@C6O (Cross, 1996) (and 3H@C6O (Khong, 2000)). These 
materials Were produced for EPR and 3He-NMR detection 
purposes. Both techniques are very sensitive to trace amounts 
of spectroscopically active material present in a matrix of 
dominantly unactive material. Neither has radical character 
expressed by the fullerene cage, explaining their apparent 
solubility and lack of difference in reactivity for Bigel-style 
cyclopropanation from that of C60. 

Reaction of M@C6O (and M@C7O, etc.) With nucleophilic 
solvents to extract soluble surface-modi?ed (normally 
insoluble) M@C2n species has been demonstrated With the 
nitrogen-bases aniline and pyridine. Examples of solvents 
used and endohedral fullerenes extracted include: aniline for 
M@C6O (MIY, Ba, La, Ce, Pr, Nd, Gd; Kubozono, 1996(b)), 
aniline for Eu@C6O (Inoue, 2000), aniline for Er@C6O 
(OgaWa, 2000), aniline for Ca@C6O and Sr@C6O (Kubozono, 
1996(a)), pyridine for Ca@C6O (Kubozono, 1995), and pyri 
dine for mixed M@C2n (MILa, Ce; Liu 1998). These highly 
nucleophilic solvents, With strongly coordinating amine 
nitrogen groups, may irreversibly produce soluble, poly-sol 
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6 
vent coordinated species. The chemical nature of the surface 
attachment has not been analytically determined; a covalent 
linkage is most likely. The formation of adducts may proceed 
via charge-transfer, donor-acceptor complexes, and/or 
reduced fullerene species prior to covalent bond formation 
(Skiebe, 1994; Klos, 1994). In general, the solvent molecules 
in these cases cannot be removed from bonding to the 
fullerene cages, for example by applying reduced pressure 
and/or non-destructive heat. 

Giigel, Miillen and co-Workers reported the extraction of 
giant fullerenes from arc-produced fullerene soot by an irre 
versible Diels-Alder cycloaddition strategy using ortho-quin 
odimethanes (Beer et. al.,1997). These highly reactive inter 
mediates, obtained by thermal extrusion of sulfur dioxide 
from the requisite organic thiophenes, add irreversibly across 
fullerene carbon-carbon double bonds. Other reports on giant 
fullerene and SBF solubilizations include the folloWing. 
There are several reports of solvent extraction of “giant” 
fullerenes C2” (ni50) With high-boiling arene solvents 
(Parker, 1991; Diederich, 1991). Yeretzian et. al. conducted a 
study of gradient sublimation on empty and endohedral met 
allofullerenes, shoWing that the technique could be used to 
generate a partial enrichment of the larger (empty) C2” 
(ni47) fullerenes Without solvents (Yeretzian, 1993). The 
SBF C74 speci?cally Was solubilized by electrochemical one 
electron reduction, Which Was used to separate it from the 
more numerous large-bandgap fullerenes (Diener, 1998). 
The medicinal applications of fullerene compounds have 

been revieWed by several authors (Wilson, 1999; Wilson, 
2000(a)). Watson et. al. mention use of endohedral fullerenes 
in applications like medical imaging in theirU.S. patent (Wat 
son, 1997), but provide feW details on hoW the application 
Would be achieved. Gd chelates as MRI contrast agents have 
been thoroughly revieWed by Caravan and others (Caravan, 
1999). Zhang (1997), Wilson (1999), and MikaWa (2001) 
reported aqueous relaxivity measurements on Gd@C82 
(OH)X, shoWing higher Rl values than obtained With conven 
tional inorganic chelates. Neutron activation of l 65Hom@C2n 
to 166Hom@C2n With a biodistribution study Was reported 
(Cagle, 1996; Cagle, 1999). Dugan and co-Workers have 
reported medicinal antioxidant and other properties of 
“Bingelated” C6O (Dugan, 2000). 

There remains a need in the art for improved methods of 
derivatization and/or solubilization of fullerenes, especially 
of non-derivatized and derivatized fullerenic species that are 
insoluble or substantially insoluble in polar aprotic solvents. 

SUMMARY OF THE INVENTION 

This invention describes improved methods for the deriva 
tization and solubilization of fullerenes, Which are particu 
larly useful for those fullerenes that are normally insoluble 
and Which are speci?cally applied, among others, to endohe 
dral fullerenes, including endohedral metallofullerenes; 
empty fullerenes, including small-bandgap fullerenes and 
other insoluble fullerenes and to very high molecular Weight 
fullerenic materials generated in fullerenic soot, including 
giant fullerenes, fullerenic polymers, carbon nanotubes and 
metal-carbon nanoencapsulates. The improved methods can 
also be generally applied to soluble fullerenes to improve the 
speed or ef?ciency of derivatization. The improved methods 
herein can further be applied to fullerenes that already contain 
one or more functional groups on their surfaces, i.e., deriva 
tized fullerenes, and particularly to derivatized fullerenes that 
are not soluble or are only partially soluble in a selected 
solvent, to increase the number of functional groups on the 
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already derivatiZed fullerene and/or increase the solubility of 
the further derivatiZed fullerene in a selected solvent. 

The methods herein can be applied to form derivatives 
containing one or more exohedral functional groups on 
fullerene species. More speci?cally the invention relates to 
improved methods for cyclopropanation of fullerenic species 
Which are particularly useful for derivatiZation of the exterior 
surface of insoluble fullerenic species, including insoluble 
empty fullerenes, endohedral fullerenes and very high 
molecular Weight fullerenic species (i.e., giant fullerenes, 
carbon nanotubes and metal-carbon nanoencapsulates). As 
used herein cyclopropanation refers to the formation of a 
cyclopropyl ring by C addition to the fullerene surface and to 
silacyclopropanation Which forms a silacyclopropyl ring by 
Si addition to the fullerene surface. An important aspect of 
this invention is the provision of speci?c reaction conditions 
Which alloW for cyclopropanation reactions to be successfully 
performed for the ?rst time on insoluble classes of fullerenes. 

In speci?c embodiments, the derivatives formed have 
increased solubility in solvents commonly employed for 
fullerenes (e.g., non-polar hydrocarbon and arene solvents) 
facilitating separation and puri?cation of fullerenic species 
and/or enhancing the scope of applications of the fullerene 
species. In other speci?c embodiments, the derivatives 
formed have increased solubility in Water facilitating separa 
tion and puri?cation and/ or enhancing the scope of applica 
tions of the fullerenic species. Thus, the invention provides 
methods for derivatiZation of fullerenic species as Well as 
methods for solubiliZation of insoluble fullerenic species in a 
selected solvent or type of solvent through derivatiZation With 
exohedral functional groups Which enhance solubility in that 
solvent or solvent type. The invention further provides meth 
ods for puri?cation of normally insoluble fullerenic species 
from normally soluble fullerenic materials and more impor 
tantly from other normally insoluble fullerenic species. For 
example, derivatiZation and solubiliZation of normally 
insoluble fullerenic species facilitates the application of sepa 
ration and puri?cation methods that are knoWn in the art and 
have been applied to the separation and puri?cation of nor 
mally soluble fullerenic species, such as chromatographic 
separations and recrystallization methods. 

Derivatives of fullerenic species may remain insoluble or 
have loW solubility in common solvents. Therefore the 
method of this invention can also be applied to fullerenic 
species that carry one or more functional groups (i.e., deriva 
tiZed fullerenic species) made by any knoWn method and 
particularly to those derivatiZed fullerenic species Which 
remain insoluble or substantially insoluble in common sol 
vents. In particular the method is useful for further derivati 
Zation of derivatiZed fullerenic species Which are insoluble, 
substantially insoluble or slightly soluble in non-polar aprotic 
organic solvents and polar aprotic organic solvents. 

The invention also provides derivatiZed fullerenic species, 
particularly derivatives of normally insoluble fullerenes, par 
ticularly those of endohedral fullerenes, empty small-band 
gap and other insoluble empty fullerenes, and very high 
molecular Weight fullerenic species. The derivatiZed fulle 
renic species of the invention may carry one or more func 
tional groups. 

The invention further provides a method for puri?cation of 
one or more fullerenes from a fullerenic material containing 
the one or more fullerenes in addition to non-fullerenic car 

bonaceous material, particularly amorphous carbonaceous 
material. The method is particularly useful for application to 
one or more fullerenes that are insoluble in typical non-polar 
solvents. In this method the one or more fullerenes are deriva 
tiZed With a cyclopropanation reagent to at least add a su?i 
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8 
cient number of functional groups to the one or more 
fullerenes so that the derivatiZed fullerenes are substantially 
soluble in a selected solvent. Insoluble non-derivatiZed or 
partially derivatiZed fullerenes and insoluble non-fullerenic 
carbonaceous material in the starting fullerenic material can 
be separated from the one or more derivatiZed soluble 
fullerenes. After separation from insoluble materials, the one 
or more derivatiZed soluble fullerenes can then be treated if 
desired to remove cyclopropyl adducts and the functional 
groups that they contain to regenerate the one-or more 
fullerenes that Were initially derivatiZed in the puri?cation 
process. This process separates and puri?es the one or more 
fullerenes from other insoluble fullerenes and insoluble non 
fullerenic carbonaceous material that is typically present in 
fullerenic materials, including soot generated in combustion 
synthesis or arc synthesis. 

This invention further provides fullerenes or mixtures of 
fullerenes that are derivatiZed by the methods of this inven 
tion and/ or fullerenes or mixtures of fullerenes that are puri 
?ed by the methods of this invention. The invention is spe 
ci?cally directed to fullerenes, including endohedral 
fullerenes, that are derivatiZed to contain 5 or more, 5-10 or 10 
or more cyclopropyl or silacyclopropyl adducts (e.g., 
>ARlR2) generated by the methods of this invention. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a schematic of the Bingel reaction on C60. 
FIG. 2 shoWs a LD-TOS MS of a fullerene mixture highly 

enriched in the insoluble classes of Gd@C2n endohedral met 
allofullerenes. 

FIG. 3 shoWs a LD-TOF MS of derivatiZed Gd@C6O, 
Gd@C6O(C(COOCH2CH3)2)x. 

FIG. 4 shoWs a LD-TOF MS of solvent-Washed C74 and 
C2” insolubles. 

FIG. 5 shoWs a LD-TOF MS of C74 derivatiZation products 
C74(C(COOCH2CH3)2)X. 

FIG. 6 shoWs a LD-TOF MS of C74 derivatiZation products 
C74(C(c0Ph(Ph))2).. 

FIG. 7 shoWs a LD-TOF MS of solvent-Washed combus 
tion fullerene soot. 

FIG. 8 shoWs a LD-TOF MS of giant fullerenes that have 
been un-derivatiZed after solubiliZation and ?ltration. 

FIG. 9 shoWs a LD-TOF MS of empty C6O derivatiZation 
products C6O(C(COOCH2CH3)2),C 

DETAILED DESCRIPTION OF THE INVENTION 

The term “fullerene” is used generally herein to refer to any 
closed cage carbon compound containing both six-and ?ve 
member carbon rings independent of siZe and is intended to 
include the abundant loWer molecular Weight C60 and C70 
fullerenes, larger knoWn fullerenes including C76, C78, C84 
and higher molecular Weight fullerenes CZN Where N is 50 or 
more (giant fullerenes) Which may be nested and/or multi 
concentric fullerenes. The term is intended to include “sol 
vent extractable fullerenes” as that term is understood in the 
art (generally including the loWer molecular Weight 
fullerenes that are soluble in toluene or xylene) and to include 
higher molecular Weight fullerenes that cannot be extracted, 
including giant fullerenes Which can be at least as large as 
C400. Additional classes of fullerenes include, among others 
speci?cally noted herein, endohedral fullerenes containing 
one or more elements, particularly one or more metal ele 
ments, and heterofullerenes in Which one or more carbons of 
the fullerene cage are substituted With a non-carbon element, 
such as B or N. The term fullerenic material is used generally 
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to refer to a material that contains a mixture of fullerenes or a 

mixture of one or more fullerenes With non-fullerenes, e.g., 
amorphous carbonaceous materials that may for example be 
formed during fullerene synthesis by any knoWn method and 
includes raW or crude preparations of fullerenes, such as 
combustion soot as Well as raW or crude preparations of 
fullerenes that have been at least partially puri?ed, for 
example, by extraction and/ or sublimation. 

Fullerenes are members of a broader class of materials 
called “carbon nanomaterials” Which as used herein generally 
refers to any substantially carbon material containing six 
membered rings that exhibits curving of the graphite planes, 
generally by including ?ve-membered rings amongst the 
hexagons formed by the positions of the carbon atoms, and 
has at least one dimension on the order of nanometers. 
Examples of carbon nanomaterials include, but are not lim 
ited to, fullerenes, single-Walled carbon nanotubes (SWNTs), 
multiple-Walled carbon nanotubes (MWNTs), nanotubules, 
and nested carbon structures With dimensions on the order of 
nanometers. Carbon nanomaterials may be produced in soot 
and, in certain cases, carbon nanomaterials may be isolated 
from the soot or enriched in the soot. Soot produced during 
the synthesis of carbon nanomaterials, such as fullerenes, 
typically contains a mixture of carbon nanomaterials Which is 
a source for further puri?cation or enrichment of carbon 
nanomaterials or Which may itself exhibit desired properties 
of carbon nanomaterials and be useful as an addition to con 
vey those properties. The term “carbon nanomaterials,” When 
used Without limitation, is intended to include soot containing 
detectable amounts of carbon nanomaterials. For example, 
the term fullerenic soot is used in the art to refer to soot 
containing fullerenes. Fullerenic soot is encompassed by the 
term carbon nanomaterials. Non-fullerenic carbonaceous 
materials include, but are not limited to, non-fullerenic car 
bon nanomaterials as Well as amorphous carbonaceous mate 
rials. Carbon nanomaterials are not amorphous carbonaceous 
materials. 
As used herein, “derivatiZation” generally refers to the 

chemical modi?cation of a fullerene or the further chemical 
modi?cation of an already derivatiZed fullerene. DerivatiZa 
tion of a fullerene refers to the attachment of one or more 
chemical groups to the fullerene surface. Further derivatiZa 
tion of a derivatiZed fullerene refers to further attachment of 
groups to the fullerene surface. The derivatiZation method of 
this invention is based in one embodiment on the cyclopro 
panation reaction as applied to soluble fullerenes ?rst 
reported by Bingel et. al. and further expanded upon by Hir 
sch et. al. (Bingel, 1993; Hirsch, 1994(a); Bingel, 1998). In 
the “Bingel derivatiZation”, base-induced deprotonation of 
III-halo (halogen: F, Cl, Br, I) substituted bis-malonates and 
more generally alpha-halo-CH-acids (see U.S. Pat. No. 
5,739,376) examples of the “cyclopropanation reagent” as 
used herein produces an incipient carbanion. This nucleo 
philic carbanion adds to the fullerene surface, making a neW 
carbon-carbon bond, folloWed by elimination of the halide 
anion, completing the cyclopropanation and leaving a neutral 
derivative group positioned 1,2 across a carbon-carbon 
double bond of the fullerene. The cyclopropanation reagent 
of the method of this invention can also be generated in situ by 
treatment of mono- and bis-malonates and other acids and 
esters, for example, With halogen-releasing agents such as 
CBr4, I2, etc. (as described by Camps, 1997; Nierengarten, 
1997). This alloWs for derivatiZation With more elaborately 
substituted groups for Which the ot-halo precursor may be 
dif?cult to individually prepare and/or isolate as a reagent. 
The Camps and Nierengarten references are speci?cally 
incorporated by reference herein to provide details including 
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10 
useful halogen-releasing agents and esters and acids of in situ 
generation of cyclopropanation reagents. Other methods 
knoWn in the art for the generation of cyclopropanation 
reagents can be employed in the methods of this invention. 

It is unlikely that electron transfer from the carbanion to the 
fullerene, folloWed by radical combination, occurs. Nonethe 
less, the net result Would be indistinguishable and thus this 
mechanism cannot be ruled out in certain cases. Alternatively, 
a redox-based mechanism could also operate, With the base 
?rst donating an electron to produce a fulleride anion, Which 
may have greater solubility in the polar solvent than its pre 
cursor neutral fullerene. In the case of radical or open shell 
M@C2n precursors, such as is the case When trivalent metals 
are inside M@C6O and M@C82, the product of a one-electron 
reduction Would be diamagnetic (a molecule having no 
unpaired electrons) Which could act as a stable anionic inter 
mediate in the derivatiZation process. This fulleride anion 
may act as the base Which deprotonates the substrate, initiat 
ing nucleophilic reaction. Experiments have shoWn that C6O 
can be reduced to its 1- or 2-anions in THF by bases such as 
NaH. This generally requires a longer reaction time than 
employed for the cyclopropanation reaction, hoWever. C60” 
anions Were mixed With substrates such as diethylbromoma 
lonate and mass spectrometric analysis of the products indi 
cated multiple cyclopropanations took place, even in the 
absence of excess NaH (removed after C60” generation). The 
degree of participation of such a mechanism is dif?cult to 
ascertain in the disclosed reactions, but it is likely limited by 
to the loW solubility of the fullerenes and sloW kinetics of the 
formation of reduced species of these fullerenes. Its partici 
pation Would be mediated by the reducing poWer of the base 
in the solvent(s) used. 
The ?nal step in the derivatiZation is the elimination of the 

neighboring halogen group as a halide anion and closure of 
the 1,2 bis-addition cyclopropanation. This is the “mecha 
nism” by Which derivatiZation achieves passivation of the 
insoluble small HOMO-LUMO gap fullerene. The derivati 
Zation changes the electronic structure of the fullerene mol 
ecule, Widening its HOMO-LUMO gap and making it more 
stable as a free molecule. If the fullerene is intrinsically a 
radical, for example in the case of endohedral metallof 
ullerenes Where the metal donates an odd number of electrons 
to the cage, derivatiZation also diminishes the tendency for 
the molecule to dimeriZe/oligomeriZe by sterically shielding 
the radical, Whether it is localiZed or delocaliZed on the 
fullerene cage. 

In the present invention cyclopropanation is performed 
under signi?cantly different conditions from those already 
reported in the art. The reaction is carried out in a heterog 
enous mixture (i.e., not a homogeneous solution) in a polar 
aprotic solvent, preferably in an aprotic solvent that is at least 
moderately polar and more particularly in an ether solvent, 
such as tetrahydrofuran, 1,4-dioxane, dimethoxyethane or 
miscible mixtures thereof. A subset of solvents useful in this 
invention include non-halogenated polar solvents, including 
ethers. Additionally, the improved method is rapid, does not 
require heating of the reaction mixture and it does not require 
the use of strongly coordinating and reactive bases such as the 
amine DBU. 
As used herein, a “cyclopropanation reagent” is a reagent 

used to conduct a cyclopropanation or a silacyclopropanation 
reaction. The cyclopropanation reagent contains at least one 
cyclopropanation reactive group, i.e., a group Within the 
reagent that participates in and facilitates the formation of a 
cyclopropyl ring or a silacyclopropyl ring, as used herein 
particularly on the surface of a fullerene. The cyclopropana 
tion reactive group of the cyclopropanation reagent is a group 
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With a relatively easily removable proton, Which upon 
“removal”, leaves a relatively stabilized carbanion, silyl-cen 
tered anion or functionally equivalent intermediate nucleo 
phile Which can attack the fullerene cage to form the three 
member ring. The prototypical substrate is 
diethylbromomalonate. Other examples include: various halo 
mono- and bis-malonato compounds, halo-diaryl methanes, 
and so on (Bingel, 1998). NeW examples of substrates con 
tinue to develop (for example, phosphonates and phosphonic 
acids; see Cheng, 2000; Pellicciari, 2000; Nuretdinov, 2000), 
and this brief list is not meant to be all-inclusive (for a revieW 
of reactions of stabiliZed nucleophile substrates With electron 
de?cient alkenes and alkynes prior to the chemistry of 
fullerenes, see Jung (1991)). Speci?c cyclopropanation 
reagents that can be used in the method of this invention are 
listed in Us. Pat. No. 5,739,376., the description of these 
reagents is incorporated by reference herein. 

U.S. Pat. No. 5,739,376 at column 4 provides the folloWing 
description of cyclopropanation reagents having the formula 
therein of: 

Wherein E 1 and E2 are identical or different and are each 

COOH, COOR, CONRRl, CHO, COR, CN, P(O)(OR)2 
and SO2 R, Where R, R1 are each a straight-chain or 
branched aliphatic radical (C1 to C20) Which may be 
unsubstituted or monosubstituted or polysubstituted by 
identical or different substituents, in Which radical up to 
every third CH2 unit can be replaced by O or NR4’ Where 
R4 is (Cl-C2O)-alkyl or benZyl, or a benZyl radical or 
phenyl radical Which can be unsubstituted or substituted 
by from 1 to 5 substituents R, OH, OR, COOR, OCOR, 
SO3 H, SO2Cl, F, Cl, Br, NO2 and CN or together are 

COO 

CRRl 

COO 

or are different from one another and are each COR, R or H, 
or are different from one another and are each COR/R or 
F/Cl/ Br, or are different from one another and are each 
NO2, R3 or H, Where R3 can be an unsubstituted, mono 
substituted or polysubstituted aliphatic radical (C 1 to 
C20), and 

X is iCl, iBr, i1, ADSO2Ar, ADSOZCF3, ADSO2C4 
F9. 

At column 3, lines 51-57 of this patent it is stated that: 
The straight-chain or branched aliphatic radical (Cl-C20) 

R, R1 can be, for example, preferably monosubstituted 
or disubstituted by identical or different substituents 

OH, COOH, COOAr, CONR25 (sic, CONRSZ), CONR6, 
OCOR5, COOCHZAr, CONHCH2Ar, CONHAr, 
CONHRS, COORS, halogen, CONH2, COCH2Ar, 
COAr, CO (C l-C6)-alkyl or CHO, Where Ar, R5 and R6 
are as de?ned above. 

and Ar, R5 and R6 are de?ned (column 3, lines 9-32) as: 
Ar is a phenyl radical Which can likeWise be substituted by 

from 1 to 3 substituents OH, OMe, Me, CO2R1, OCORl, 
SO3H, SO2Cl, F, Cl, Br, NO2 and CN or can be substi 
tuted by a straight-chain or branched aliphatic radical 
(Cl-C20), preferably Cl-Clo, Which may be unsubsti 
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12 
tuted or monosubstituted or disubstituted by identical or 
different substituents COOR5, CONHR5, CONR25, 
CONH2, CONR6, COOH, OH or OCORS, COOAr, 
COOCHZAr, Where R5: 

iCl-C6-alkyl, hydroxy-(Cl-C6)-alkyl, carboxy (Cl-C6) 
alkyl or (Cl-C3)-alkylcarboxyl-(Cl-C6)-alkyl; and 

R6:Cl l-Cl7-alkylene in Which up to every 3rd CH2 unit 
can be replaced by O and Which together With the amide 
nitrogen forms a Cl2-Cl8 ring, and Ar is as de?ned 
above. 

El and E2 are substituents on the cyclopropane derivatiZed 
fullerene Which derive from the cyclopropanation reagent. 
Thus, the El and E2 de?nitions beginning at the top of column 
2 also relate to El and E2 groups on the cyclopropanation 
reagent. These de?nitions include: 

El and E2: are identical or different and are each COOR, 
COR, P(O)(OR)2, COOH, CN, Where R is a straight 
chain or branched, aliphatic radical (C1 to C20) Which 
may be unsubstituted or monosubstituted or polysubsti 
tuted by identical or different substituents, in Which 
radical up to every third CH2 unit can be replaced by O 
or NR4, Where R4:(Cl-C2O)-alkyl or benZyl, or a ben 
Zyl radical or phenyl radical Which can be unsubstituted 
or substituted by from 1 to 3 substituents R, OH, OR, 
COOR, OCOR, SO3H, SO2Cl, F, Cl, Br, NO2 and CN, or 
together are 

coo 

CRRl 

coo 

or are different from one another and are each COR, R or H, 
or are different from one another and are each COR/R or 
F/Cl/ Br Where R is as de?ned above, or are different 
from one another and are each NO2, R3 or H, Where R3 
is an unsubstituted, monosubstituted or polysubstituted 
aliphatic radical (C1 to C20)” 

Further, in column 3, lines 34-49, of this patent, El and E2 
groups Which are “very Particularly” preferred are described 
as: 

El/E2: CO2 Alkyll/ CO Alkyll; COzAlkyll/COAlkylz; 
COAr/Ar; COAr/Alkyll; COAr/H, WhereAlkyl1,Alkyl2 
are each a straight-chain or branched alkyl radical hav 
ing from 1 to 10 carbon atoms in Which up to every third 
CH2 unit can be replaced by O, andAr is a phenyl group 
Which can be substituted by a straight-chain or branched 
aliphatic radical (C 1 -C6) Which may be unsubstituted or 
monosubstituted or disubstituted by identical or differ 
ent substituents COORS, CONHRS, CONR25, CONR6, 
COOH, OH or OCOR5, Where R5 and R6 are as de?ned 
above. 

Cyclopropanation reagents can also be those Which can be 
used in a tether-directed addition strategy. For a Bingel-style 
multi-derivatiZation, a tether-directed addition strategy offers 
control over regiospeci?city of addition (location pattern of 
the cyclopropanations) and the number of addend groups in a 
pre-determined Way While increasing yields over traditional 



US 7,671,230 B2 
13 

derivatiZation strategies, as reviewed by Diederich et. al. 
(Diederich, F.; Kessinger, R. (1999). “Templated Regioselec 
tive and Stereoselective Synthesis in Fullerene Chemistry,” 
Acc. Chem. Res., 32, 537-545). The tether strategy uses multi 
functional cyclopropanation reaction groups cojoined in one 
molecule by covalent linker moieties of variable length sepa 
rating these functionalities, Which are themselves variable in 
number. The cyclopropanation reactions may be performed 
With different siZe tethered cyclopropanation reagents such as 
cyclo-[n] -octylmalonates With n>3 as Well as modi?ed cyclo 
species With different length and composition spacers in 
place of the octyl groups. This can also include tether motifs 
that link malonates or similar reactive substrate groups With a 
chemical backbone entirely different from that of a cyclo-[n] - 
alkyl motif. Linker moieties can include alkyl, alkenyl, or 
alkynyl groups, ether groups With one or more oxygens and 
variable carbon chain lengths, cyclic alkyl, alkenyl or alkynyl 
groups all of Which may be substituted, aryl groups (including 
phenyl, biphenyl, or naphthalene groups Which may be sub 
stituted), bicyclic or multicyclic organic groups, and porphy 
rin groups. In general any organic, or inorganic linker groups 
that provide the desired spacer length and do not interfere 
With reactivity of the reagent can be employed. This reaction 
has been demonstrated with C60 but is generally applicable to 
other fullerene classes including: the insoluble M@C6O class 
of M@C2n, soluble-as-ions Mx@C2n species, insoluble 
small-bandgap C2” fullerenes including C74, insoluble 
“giant” fullerenes C2” (Where n>50), soluble C2”, soluble 
Mx@C2n, and other endohedral fullerenes, metal-carbon 
nanoencapsulates and carbon nanotubes. 

In one embodiment, the cyclopropanation reagent of the 
method of this invention has the formula: 

Where A is a C or Si atom; 

LG is a leaving group; and 
R1 and R2 are independently selected from the group con 

sisting of optionally substituted alkyl, alkenyl, alkynyl, 
or aryl groups, iCOOR3 groups, iO4COiR3 
groups, iCOR3 groups, iCOiNR3R4 groups, 
4OiCOiNR3R4 groups, 4CN, iP(O)(OR3)(OR4) 
groups, and iSO2R3 groups Where R3 and R4 are inde 
pendently selected from hydrogen, or an alkyl group, 
alkenyl group, alkynyl group or aryl group any of Which 
may be optionally substituted, Wherein one or more 
non-neighboring CH, or CH2 moieties in R1, R2, R3 or 
R4, can be replaced With an O or S atom and Wherein one 
or both of R1 and R2 contain at least one electron With 
draWing or other moiety that stabiliZes a negative charge 
to render the H bonded to A acidic and R1 and R2 option 
ally contain one or more -AHLG-groups and Wherein 
tWo or three of R1, R2 or LG may be covalently linked to 
each other to form one or more rings; 

LG can for example be selected from the group iCl, iBr, 
i1, and 4OSO2R Where R is an optionally substituted alkyl 
or aryl group. R can for example be substituted With one or 
more halogens. R can speci?cally be a ?uoroalkyl group, e. g., 
a per?uoroalkyl group or a ?uoroaryl group, e.g., C6135, and 
more speci?cally R can be a ‘C133 group or a ‘C4139 group. 
A preferred LG is Br. 

In speci?c embodiments, R1 and R2 can be independently 
selected from the group consisting of 4COOR3 groups, 
iO4COiR3 groups, 4COR3 groups, iCOiNR3R4 
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14 
groups, 4OiCOiNR3R4 groups, iCN, iP(O)(OR3) 
(0R4) groups, and iSO2R3 groups Where R3 and R4 are as 
de?ned above. In more speci?c embodiments R1 and R2 are 
both 4COOR3 groups. 

In other speci?c embodiments, one or both of R1 and R2 
contain one or more cyclopropanation reaction groups, e.g., 
-A(H)(LG)- Where LG is a leaving group that facilitates the 
desired reaction and LG is more speci?cally selected from the 
group from the group iCl, iBr, i1, and 4OSO2R Where 
R is an optionally substituted alkyl or aryl group. R can for 
example be substituted With one or more halogens. R can 
speci?cally be a ?uoroalkyl group, e.g., a per?uoroalkyl 
group or a ?uoroaryl group, e.g., C6135, and more speci?cally 
R can be a-CF3 group or a-C4F9 group. A preferred LG is Br. 

In other speci?c embodiments, R1 and R2 are covalently 
linked together to form a ring. In a more speci?c embodiment, 
the covalently linked R1 and R2 groups also contain one or 
more cyclopropanation reaction groups. 

After cyclopropanation, the functional groups attached to 
the fullerene can be selected from the group consisting of: 

>CRlR2 and >SiRlR2 
Where R1 and R2 are as de?ned above. 
In the present invention, multiple groups can be attached to 

the fullerene during the derivatiZation process. In different 
embodiments, the number of groups attached during the 
derivatiZation process is more than 5, betWeen 5 and 10, more 
than 10, and betWeen 10 and 20. For fullerenes With larger 
cage siZes, greater numbers of groups may be attached to 
improve solubility. The theoretical limit to the number of 
groups Which can be attached depends upon the cage siZe of 
the fullerene. For example, for C2”, a maximum of n groups 
can be attached. In different embodiments, the number of 
groups attached is up to 0.20*n and betWeen about 0.20*n and 
0.75*n. 

Cyclopropanation can be employed to introduce functional 
groups that can be further reacted and converted to other 
functionalities. In this case R1 or R2 is a group that can be 
converted into a desired functional group. For example, ester 
groups introduced by cyclopropanation can be cleaved and 
converted to other functionalities, effecting side-chain modi 
?cation (such as in Lamparth, 1997 Which is speci?cally 
incorporated by reference herein to provide details of such 
side-chain modi?cations). For example, the ester groups can 
be converted to their respective carboxylic acids or carboxy 
late salts of alkali metals. 

Cyclopropanation reagents of particular interest for use in 
the methods of the present invention include those having the 
formula: 

x 

Where LG is a leaving group and n and x are integers that are 
2 or more. In particular embodiments, the methods herein 
employ the above reagent Where n is 2-20 and x is 1-10; or 
Wherein n is 6-10 or Wherein x is 1-5. Preferred LG for this 




























