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1. Introduction His research interests, documented in more than 480 publications, span
from medicinal chemistry, with a focus on molecular recognition studies,

The discovery of the fullerenes, the first molecular to dendritic mimics of globular proteins, and to advanced fullerene and

allotropes of carbon, in the gas phase in 98% the equally acetylene-based materials with novel optoelectronic properties.
remarkable discovery of their synthesis in macroscopic

amounts by arc vaporization of graphite in 199tave This is exactly the aim of the present review, which provides
profoundly influenced all aspects of contemporary chemistry. an overview of the different aspects of fullerene chirality
Functionalization of the carbon spheres led to a plethora of that have been identified and investigated during the past
unprecedented new molecular structures and shapes that aré5 years' It becomes immediately apparent to the reader
continuously investigated for their fundamental physico- that writing about fullerene chirality is very much equal to
chemical properties and their reactivity, as well as for undertaking a journey into fascinating three-dimensional
applications in advanced materials. After the isolation and molecular architecture.

structural characterization of the first chiral fullerenegsC The present review focuses on the chirality of soluble
D,, in 19913 it rapidly became clear that fullerene chemistry fullerenes and their derivatives and does not cover the
would also require writing a new chapter in stereochemistry. chirality of carbon nanotubes, which is associated with
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Figure 1. Flowchart for the identification of different types of fullerene chirality by a stepwise, formal substitution test.

special electronic properties of these insoluble polymeric fullerenes G, and Go. The first enantiomerically pure
allotropes>® It covers chiral carbon cages beyoneh@nd fullerene derivative was a glycoconjugate of,Gaving
Crothat have been isolated and characterized experimentallystereogenic elements (centers) located exclusively in the
or confidently identified. The major part describes derivatives addend (residue added to the fullerene c&§€)On the other

of Ceo and Go with a chiral functionalization pattern, that hand, a great deal of chiral fullerene derivatives are neither
is, having stereogenic elements located in their cores, whichderived from chiral carbon cages nor characterized by
are achiral in the pristine fullerenes. Specific investigations stereogenic elements in the added groups (addends); instead
on the chirality of fullerene derivatives with a chiral addition their chirality results from the geometric arrangement of
pattern are discussed in depth. To provide an overview of addends, substituting heteroatoms, or even missing carbon
the amazing structural diversity and the many aspects ofatoms (norfullerenes), on the surface of the spheroid. Such
fullerene chirality, the review also analyzes the numerous an arrangement is termecthiral addition patternor, more
chiral structures that have been reported without their generally, achiral functionalization pattern

chirality having been studied. It includes a number of achiral Depending on the origin of their chirality, chiral fullerene
derivatives that should also be discussed to complete theyqrivatives can be classified as follows (Figure?®L):

picture of the chemistry in question. As to the fullerene L . . .
derivatives that have their stereogenic elements, resulting 1. Derivatives of achiral parent fullerenes in which
the derivatization creates a chiral functionalization

either from newly generated stereogenic centers during the . .
functionalization of the fullerene or from attachment of chiral pattern on the fullerene skeleton, irrespective of the
residues to the latter, located exclusively in the addends, their ~ @ddends being identical or different; they have an
number is legion and their presentation would go beyond ~ inherently chiral functionalization patternThe de-
the scope of the present review. In many cases also, the rivatives of phlra] parent fullerenes have an inherently
chirality of these compounds was neither investigated nor ~ chiral functionalization pattern per se.
mentioned in the corresponding reports. 2. Derivatives of achiral parent fullerenes in which
Regarding the specification of the configuration of chiral a chiral functionalization pattern is due exclusively
fullerenes and fullerene derivatives, the present review uses  to nonidentities among addends; they haveoain-
exclusively the stereodescriptors and fullerene C-atom num-  herently chiral functionalization patterfThis situation

berings recommended by the IUPAC (International Union is related to that of a stereogenic center with tetrahe-

of Pure and Applied Chemistry), which are presented inthe  dral bonding geometry, in which case the nonidentity
next section. of all substituents is a prerequisite for chirality.

o _ _ _ 3. Derivatives of achiral parent fullerenes in which
2. Specification of the Configuration of Chiral the addition of chiral residues does not create a chiral
Fullerenes and of Fullerene Derivatives with a addition pattern on the fullerene surface; they have
Chiral Functionalization Pattern their chiral elements located exclusively in the ad-
dends.
2.1. Classification of Fullerene Chirality In case the addends of derivatives belonging to classes 1

Only 12 years after & and Go had become available  ©' 2 are chiral, their stereogenic elements are superposed to

in macroscopic amounts by arc vaporization of graphite, & chiral addition_ pattern. The latter is either inherently or
chromatographic workup of fullerene soot extract led to the noninherently chiral; both types mutually exclude each other
isolation and characterization of the first chiral carbon cages, N & given fullerene unit.

Do-symmetric Ge&7 and Dz-symmetric Gg.871° According The type of functionalization pattern (inherently chiral,
to the structural principles of fullerenes 212 the number noninherently chiral, or achiral) can easily be determined
of allowed constitutional isomers increases dramatically with by application of a formal substitution test to the fullerene
increasing cage size and so does the number of chiralunit under scrutiny (Figure 1). It consists of a three-step
representatives, which amounts, for example, to 1 out of 5 procedure including (a) the replacementadif addends by
Crgisomers, 2 out of 7 g isomers, 3 out of 9 & isomers, the same achiralest addend, (b) the replacementd#ntical

10 out of 24 G4 isomers, 14 out of 19 gisomers, and 21 nonidenticaloriginal addends bidenticalnonidentical achiral

out of 35 Gg isomers* Similarly, a considerable fraction test-addends, and (c) the consideration of the original
of the enormous amount of fullerene derivatives isolated and molecule. After each step, the resulting structure of increasing
characterized during the last 15 ydar¥® is chiral#2%23 even complexity is checked for chirality; as soon as it is found,
if the compounds have been prepared from the achiral parenthe type of chirality is identified.
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Ceso-h | Systematic Numbering | Trivial Numbering |

Figure 2. Three-dimensional and Schlegfefliagrams of G-I with enantiomeric (top and bottom) numbering schemes: left and center,
systematic numbering recommended by IUPRE: right, trivial numbering??3¢ Arrows indicate the direction of the numbering
commencement.

2.2. The Stereodescriptor System single stereogenic unit. The conceivable situation of addends
. R located on the inside of the cage could still be described by
Two main motivations led to the proposal of a new

; et .*using additional stereodescriptors suchraandout?®
stereodescriptor system for the specification of the config- i o o
uration of chiral fullerenes and fullerene derivatives with a 1€ Proposed descriptor sysatléﬁ“?, the use of which is
chiral functionalization patter#? (i) chiral parent fullerenes ~ NOW recommended by IUPAE*!is based on the fact that
do not include any stereogenic center or other obvious the numbering schemes (pathways following the sequence

stereogenic element to be specified by the CIP (Cahn, Ingold,0f numbered atoms) devised for fullereffes™* are helical,
Prelog) systerd”28(ii) the configuration of fullerene deriva- that is, chiral, and thus constitute a convenient reference for

tives with a chiral functionalization pattern could, in the differentiation between the enantiomers of chiral parent

principle, be described by indicating the absolute configu- fullerenes and of fullerene derivatives having a chiral
ration (R or S for each stereogenic center of the molecule functllonallzatlon. patteyn. A single d.escrlptor is sufficient t.o
according to the CIP system. For stereogenic centers thaSPecify the configuration of an entire chiral fullerene unit,
are part of a fullerene cage, however, this operation is usua”yregardless of the degree of functionalization or skeletal
lengthy and unintuitive due to the highly branched carbon réplacement.

framework and may require the development of complex Whereas two isometric, mirror-symmetric numbering
hierarchic digraphd® with differences in CIP priorites  schemes can be applied to an achiral parent fullerene, for
becoming apparent only at high generations of connectedexample, Gyl and Go-Dsh (Figures 2 and 3), only one such
atoms, if the addends are separated by many fullerene corescheme is associable with a given enantiomer of an inherently
atoms?® For multifunctionalized fullerenes, the operation chiral carbon cagé&?2%3%3334and, consequently, with all its
would have to be repeated for all stereogenic centers thatderivatives?®2°3034The mirror image numbering scheme
are not related by a symmetry operation and, thus, result inmust be applied to the other optical antipode (Figure 4).
a multitude of stereodescriptors. Furthermore, the configu- Similarly, for a specific enantiomer of a fullerene derivative
ration of individual cage atoms of common fullerene deriva- resulting from an inherently chiral functionalization pattern
tives can, in general, not be inverted independently of the generated on an achiral parent carbon cage, there is a unique
others, and therefore, it makes sense to consider them as aand preferred helical numbering path leading to the lowest
ensemble or, in other words, the chiral fullerene cage as aset of locant® for the addends (Figure 5). Because each of
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Figure 3. Three-dimensional and Schlegfaliagrams of Gy-Ds, with enantiomeric (top and bottom) numbering schemes: left and center,
systematic numbering recommended by IUPRE: right, trivial numbering®?3¢ Arrows indicate the direction of the numbering
commencement.

two mirror-symmetric numberings can be associated only to C(3) describes an anticlockwise direction, the descriptor
with a single enantiomer, a description of the handedness ofis (**A).
the used numbering scheme is sufficient to specify the In the case of a noninherently chiral functionalization
absolute configuration of a fullerene uffig®3°This principle pattern, CIP prioritie¥-?8 are attributed to the addends (in
is valid for any helical numbering pathway. the way they are to the ligands of a stereogenic center), and
Historically, different numbering schemes have been the handedness of the preferred numbering helix is chosen
proposed;?32-3436 and are in use for commonly accessible such that, at the first point of difference, the lowest cage
fullerenes. The system initially proposed by Tay®t¢based atom number is allocated to the addition site bearing the
on low atom numbers for bonds with a high reactivity, is addend of highest CIP priority. Finally, the configuration of
accepted as “trivial numbering” forggand Go (Figures 2 chiral elements that are located exclusively in the addend(s)
and 3, right@®34 A systematic procedure for numbering is described by the classical stereodescriptotéfor ex-
fullerenes and related structures using symmetry elementsample, R)/(S) or (M)/(P).
as references was recently recommended by the IUPAC. The nomenclature of isolated and characterized chiral
In any case, the correct interpretation of a stereodescriptorfullerene derivatives has proven the versatility of the present
based on vertex numbering requires a reference to the usedlescriptor systerhl626-22262934|t is easily applicable “by
system. hand”, even if simple computation further facilitates its
To assign a descriptor to a chiral fullerene unit, the viewer, handling®® The dependence of a numbering scheme to be
looking from the outside of the cage at the polygon in which specified may be considered as a disadvantage from a more
the numbering starf§,traces a path from atom C(1) to C(2) fundamental viewpoint, but the general use of these schemes
to C(3), which are never aligned in a fullerene structure. If by people working in the field makes them a rather
this path describes a clockwise direction, the configuration convenient tool. Nonetheless, alternative systems have been
is specified by the descriptof*C), where the superscript reported in the literature: a nomenclature system fgy C
“f” indicates that the descriptor refers to a fullerene and the derivatives that is based on edge labeling of the icosahedron
superscript £ is either “s” for the systematic numberitfg* was proposed also for the configurational description of chiral
(*sC) or “t” for the trivial numbering?3¢ (*'C) (formerly molecules, but it has not become widely accepiethother
denoted simply ad)?6:39.2934|f the path from C(1) to C(2)  method for the structural description of chiral fullerene
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C,6-D> ‘ Systematic Numbering |

Figure 4. Three-dimensional diagrams of£D, with enantiomeric
(top and bottom) systematic numbering sche/ié$.Arrows
indicate the direction of the numbering commencement. In all cases |L_ _
of inherently chiral fullerenes, the same numbering applies to a Figyre 5. Schlegel diagradf (top) of (<C)-1,23-bis[1,1,1,3,3,3-
given enantiomer of the parent cage and to all its derivatives. hexamethyl-2-(trimethylsilyltrisilan-2-yi]-1,23-dihydrog&l ) [5,6]-
fullerene; application of the anticlockwise numbering scheme of
derivatives using a bond-labeling algorithm eventually relies Ceoto the same enantiomer (bottom) would afford “1,28” as lowest
on the helicity of the fullerene numbering schemes as ffell. set of locants, which is higher than the above set “1,23" and,
Two fundamentally different approaches that do not depend therefore, in disaccord with IUPAC conventioftg:*
on vertex labeling of polyhedra were taken by Rassat, Fowler, ) o ) ]
and co-workerdi42they suggested an extension of the CIp tative out of two mirror-symmetric, isometric numbering
system to chiral parent fullerenes that invokes the develop- Schemes (Figure 4). Therefore, the descripta€)(or (“*A)
ment of rooted trees for each stereogenic center and leadsSPecifying the absolute configuration of such compounds
ultimately, to a multitude ofR)/(S) descriptoré! The second ~ depends only on the parent carbon cage, regardless of the
method is a graph-theoretical procedure consisting in the "umber and arrangement of addends.
diagonalization of the adjacency matrix of the molecule
followed by the use of the resulting “topological coordi-
nates”, together with the eigenvectors of the adjacency
matrix, in the calculation of formal rotational strengths of  The C-atom numbering of an achiral fullerene can, in
HOMO—-LUMO transitions within the framework of Hikel principle, be achieved with either of two mirror-symmetric
theory?? The signs of these quantities are uniquely related numbering schemes (cf. Figures 2 and 3). For a specific
to the identity of the constructed enantiomer and can, enantiomer of its derivatives with an inherently chiral
therefore, be used as stereodescriptors. Whereas this confunctionalization pattern, however, only one of the two
ceptually interesting approach conveniently leads to a singlenumbering schemes leads to the lowest set of locants for
descriptor per molecule, its application normally requires the the addends and is, therefore, preferred (Figure 5).
use of computational methods.

' 2.3.2. Achiral Parent Fullerenes with an Inherently Chiral
Functionalization Pattern

2.3.3. Achiral Parent Fullerenes with a Noninherently

2.3. Examples for the Configurational Description Chiral Functionalization Pattern
of Fu“eren.e Denvatlves with a Chiral In the case of a noninherently chiral functionalization
Functionalization Pattern pattern, the symmetric arrangement of addends on an achiral

fullerene spheroid allows no distinction between enantiomers

based on the above criteria: the same lowest set of locants
A given enantiomer of a chiral parent fullerene and all its is obtained with both mirror-symmetric numbering schemes.

adducts (derivatives) are associated with the same represento discriminate between the two cases, a ranking of addends

2.3.1. Inherently Chiral Fullerenes and Their Derivatives
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or substituting skeletal atoms is established on the basis of C-D.
structural differences among thé#iThis is achieved most 70"~5h
conveniently by application of the CIP system, which allows

a hierarchic ordering of residues differing in constitution or RO,C R= @

configuratior?”?8 For the fullerene derivatives considered

in this section, heteroatoms or isotopes that substitute skeletal
carbon atoms and addends are treated alike, starting the atom-
by-atom comparison of these substructures according to the
CIP rules at the functionalized cage atom and then progres-
sively moving away from the core until a priority difference 4
is identified#* Of the two mirror-symmetric numbering
schemes leading to the same lowest set of locants, the one 4
assigning a lower locant to an atom or group of higher CIP
ranking at the first point of difference is preferred and confers 89
its descriptor to the enantiomer in question (Figure 6).

Ceo-h

\70 65))
20
\ 58 69< 4 3
18 17 f\ 68 67
ey o
16
37

36
35 34

Figure 6. (*sA)-1-Chloro-7-chloromethyl-1,7-dihydrogg!,)[5,6]-
fullerene (left). This structure has a noninherently chiral addition
pattern, and the anticlockwise numbering allocates the lowest locant
(“1") to the addend of highest CIP priority (Cl). Application of the
clockwise numbering (left) leads to the same overall set of locants
(“1,7"), but it associates the lowest locant (“1”) to the addend of
lower CIP pgigrity (CHCI), which is in disaccord with IUPAC

i 34
conventiong: RO,C

2.3.4. Superposition of Stereogenic Elements in a Figure 7. Tetrakis[(15-1-phenylbutyl] {<C)-3'H,3"H-dicyclo-
Fullerene Derivative propa[8,25:33,34](6-Dsns)[5,6]fullerene-33,3",3"-tetracarboxy-
The addition of chiral residues to an achiral fullerene does 'até (top)$*° This structure combines an inherently chiral addition

. - .. pattern of Go with stereogenic centers in the ester residues, and
not necessarily lead to a chiral addition pattern. In such 2 the two types of stereogenic elements are specified independently

case, only the configuration of the stereogenic element(s) in of each other. Application of the anticlockwise numbering scheme
the addend(s) is specified by CIP stereodescrigfoitif, (bottom) of Goto the same enantiomer would afford “8,25:36,37”
on the other hand, a chiral functionalization pattern is as lowest set of locants, which is higher than the above set “8,25:
superposed to chiral addends, the configuration of both types33,34” and, therefore, in disaccord with IUPAC conventigh¥:

of stereogenic elements has to be indicated for a full

stereodescription of the structure (Figure 7). al. later determined the carbon atom connectivity by*&D

NMR INADEQUATE (incredible natural abundance double

quantum transfer experiment) analysis performed &iCa

enriched samplé®. They found that the observed chemical

; shifts correlate with the curvature of the spheroid, the more

3.1. The Higher Fullerenes strongly pyramidalized carbon atoms being shifted toward
The isolation and characterization of the first higher lower magnetic field.

fullerene beyond ¢,*>46 C;¢-D,, which was achieved by The structure of &-D, was further supported by X-ray

Diederich, Whetten, and co-workers only about a year after crystallography of the van der Waals compountt)fCre

fullerenes became available in isolable quantities, provided D;](Ss)e,>* but there was pronounced disorder in the measured

the first example of a chiral carbon cage, thereby initiating crystal containing both enantiomers ofsCand despite

3. Inherently Chiral Fullerenes

the study of the many aspects of fullerene chiralityits further efforts, resolution at the atomic level has not been
D,-symmetric structure (Figures 4 and 8) had been predictedachieved so fat?53

by Manolopoulo¥ to be the only closed-shell isomer of [76]- Among the five possible IPR-satisfying structures §,C
fullerene obeying the IPR (isolated pentagon rit€)!éthat a single one, D3 (common notation “78:1** or “Czg(1)-

is, including no edge-sharing pentagons. D3"), is chiral (Figure 8)t314This isomer was first isolated

The structure was confirmed by its 28C NMR spectrum,  and unambiguously assigrfeby its 1313C NMR lines of
which consists of 19 lines of equal intensit{’. Achiba et equal intensity 1%4°as minor component next to;§2)-C,,,
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most interesting higher fullerenes. EatfiC NMR studies
revealed the presence of two major isomer®gfandD -
symmetry in a~2:1 ratio®454649 In conjunction with
theoretical calculations, the structures @f(2€2)-D, ¢! (Figure
8) and G4(23)-D,q were confidently proposed for the major
isomers. A first unequivocal experimental assignment of the
observed @(23)-D,q to one out of the 24 IPR-conforming
isomers was accomplished when Balch et al. solved the X-ray
crystal structure of [Ir(CO)CI(PRJ(17?-Cg4(23)-D24)]-4CsHs,
obtained by selective crystallization from a solution contain-
ing both G4(22)-D, and G4(23)-D.4.52 Four years later,
Shinohara et al. were able to separate the two majgr C
isomers by multistage recycling HPLC and recorded'#e
NMR spectrum of each allotrofé%* Eleven carbon reso-
nances (one of intensity 4, 10 of intensity 8) allowed an
unambiguous assignment of the achiral isomer a$23)-
D2q, thus confirming the crystallographic results. As to the
D,-symmetric isomer, the 21 measured resonances are in
(F5A)-Cqa(3)-Co [CD(-)380]-("5C)-Cg4(22)-D, accord with all fourD,-symmetric IPR-conforming isomers
Figure 8. A selection of inherently chiral fullerenes for which and a secure assignment to the,(2) D, structure was
certain or confident structural assignments have been possible. AllPOSsible only through 2B°C NMR spectroscop$:
structures are viewed alongG axis, and the stereodescriptors of  Another purification technique, involving a separation of
tmhgrrfgﬁesrﬁgﬁd@”&fﬁ;"?ﬁf&%gf"'tr',g ;hencgfsg gtf_]gr‘gc?e”ram'ofunctionalized G derivatives and a reversion of the latter
| Vi , | -
istic exp)érimental CD bénd is in4dicated2. The nL?mbers in parenthesesto.the pare_nt fuIIere_nes, was presented shortly afterward. In
correspond to the isomer designations in ref 14. Fhls experiment, D|e(_jer|ch and cp—workers were able to
isolate another CD (circular dichroism)-silent and therefore

obtained by HPLC (high performance liquid chromatogra- achiral G4 isomer, bu_t due to the small available amounts,
phy) purification of the higher fullerene fraction of soot UV and electrochemical data only were recoréfedlore
extract. Depending on the conditions of soot production, theselMportantly, the applied strategy allowed the resolution of
two allotropes may be accompanied by another achiral the optical antipodes of g22)-D, (see section 3.2p.In a
isomer, Gg(3)-Cz, (Sometimes referred to agC,,').94954 related approaech, Saunders an.dl co-workers tqok advantage
Calculation of the3C NMR chemical shifts employing the ~ Of the knowri® reversible addition of 9,10-dimethylan-
GIAO (gauge-independent atomic orbital) method at the thracene (DMA) to fullerenes, in combination with the
B3LYP/6-31G* level of theory showed a good agreement facilitated chromatographic purification of the intermediate

with the experimental data measured fog @nd the various ~ 2dducts, to enrich certain allotropes, in particulag(£2)-
Cyg isOmerss D,, of a higher fullerene fraction labeled with incarcerated

Due to a very low abundance in fullerene soot, it took *He (for incarceranes of higher fullerenes, see section63:3).
several years for the next higher fullerengs, @ be isolated The dissociation constants _of the DMA addugts of the various
and characterized B§C NMR spectroscop§f The measured Con aIIot'ropes and.eve.n of isomeric cages dlﬁered consider-
resonances were consistent with 20 groups of four symmetry-aPly, with the derivatives of & and Gg appearing not to
equivalent carbon atoms, and in combination with theoretical dissociate at all, even in the presence of dimethyl acetylene-
calculations on structures and energies of the seven pR-dicarboxylate, which irreversibly reacts with 9,10-dimethyl-
conforming isomer&*5” a D,-symmetric structure was anthracene.
proposed for the isolated allotrope (Figure 8). This assign-  First indications for the presence of a number of minor
ment was confirmed by calculation of tF€ NMR chemical isomers in the g fraction had been obtained relatively early
shifts employing the GIAO methdd.The electronic circular by Taylor et al® This observation was confirmed by
dichroism spectrum was calculated and should allow the Saunders and co-workers who measured possibly up to nine
assignment of absolute configurations to the enantiofifers, 3He NMR resonances faPHeGg4 (Cgs With endohedrally
but no experimental data are available so far. A second, evenincarceratecPHe, also denoted &ble @G4)?° obtained from
less abundant, light green (€$lution) [80]fullerene isomer  high-pressure helium capture by a;Gample®® Further
was prepared and isolated by Shinohara and co-workers usingnvestigations showed that the carbon cages can encapsulate

[CD(+)282]-("*C)-C7¢-D; (*$A)-C7g-Ds

multistage HPLC. Based on its characteristt€ NMR even two3He atoms and the accordirigHe,Cy, fraction
spectrum, it was identified unambiguously as achirg C  increased with increasing cage size. A first attempt to
Dsg.5° structurally assign minor & isomers was made by Taylor
A chiral isomer ofC,-symmetry (41°C NMR resonances) and co-workers through®C NMR analysis of different
has been shown to be the major component in thdr&ction chromatographically purified fractiorf8 Shinohara, Achiba,

of fullerene soof:>° Because there are three structures with and co-workers finally succeeded in isolating a number of

this symmetry among the IPR-conforming [82]fullerene minor Gg, isomers from material accumulated during exten-

isomers, an assignment seemed difficult at first, but theoreti- sive HPLC purification of endohedral metallofullereriég

cal °C NMR spectra calculated by density functional theory, 3C NMR spectroscopic analysis showed the isolated isomers

in conjunction with stability considerations, have identified to haveCda)-, C«b)-, C>-, Da(Il)-, and Daq4(l)-symmetries

the isolated allotrope asgf3)-C, (Figure 8)° and a mixed fractioft"3to consist 0D34- andDe-Symmetric
Due to its relatively large abundance in fullerene soot as cages. An as yet unobservé&l-symmetric [84]fullerene

well as its structural (isomeric) diversity,g£s one of the isomer was obtained by multistage HPLC purification of soot
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produced by direct current arc discharge using.@y the central part represents a graphite lattice that is rolled up
graphite composite rod4.Modeling of the*C NMR shifts into a cylinder, a “process” that does not necessarily have
of all Cg4 isomers by the IGLOG-DFTB (individual gauge to occur parallel or perpendicular to opposite edges of the
for local orbitals-density functional tight bindindj or the constituting hexagons. Any intermediate orientation leads to
GIAO method at the B3LYP/6-31G* level of thedfy” an arrangement of the honeycomb lattice in which the tube
support the assignment of the maig,Somers and, in some  walls can be considered as interlocking helical strands of
cases, give good hints at the structures of isolated minoredge-sharing hexagons winding around the axis of the tube
isomers. (Figure 9)%6:106-104 The discovery of helical carbon nanotubes

Enriched samples of fullerenes with more than 84 C-atoms
were obtained as early as 19978 Purification efforts by
Achiba, Miyake, and co-workers resultedC NMR data
of fullerenes such as g Css, Con, Coz, and G4.507980
Comparison of the experimental spectra of f@woand three
Co-symmetric isomers of §& and Gg to those calculated
using the GIAO method, in combination with energetic
considerations, prompted Sun and Kertesz to identify the
following structures: Gg(16)-Cs,5 Cgs(17)-Cy, Cag(7)-Cs, Cog
(17)-Cs, and Gg(33)-C.8182By multistage recycling HPLC
purification of the extract of soot obtained by DC arc
discharge of dysprosium/graphite composite rods, Shinohara,
Prato, and co-workers obtained two [92]fullerene fractins.
Whereas one of them was a mixture of several isomers, the
other one consisted of a pu@-symmetric isomer (one out
of 16 C,-symmetric structures out of altogether 86 IPR-
conforming G, allotropes)* as revealed by*C NMR
spectroscopy. Interestingly, encapsulation of a Dy atom in
the G2-C; or Csx(9)-C,, cages leads to an enhancement of
the second hyperpolarizability whereas incorporation of a
second one results in a decreése.

Higher fullerenes can be transformed into smaller cages,
a process known since the early days of fullerene research
to occur under the conditions of mass spectrometry by _ X
progreSS|Ve ejectlon ofgragments from the Cagé%Cross Flgure 9. Chiral (9,6)'SWNT (Slngle'Wa”ed carbon nanotube).

and Saunders have investigated the transmutation of fuIIerene%rr]he pair of integers (9,6) defines the roll-up vector, which describes
e orientation of the furled graphite sheet in relation to the axis of

by subliming them into a stream of Ar passed through an e ¢pe. Except for the vectors,f) and ,0), which correspond
oven at~1000°C. They found that &, Czs, and Gs—but to the so-called “armchair” and “zig-zag” tubes, respectively, all
neither Go nor Gy (1110°C)—readily lose carbon atoms to  SWNTs are chira}:6:100.102The multiple-helical arrangement of zig-
form smaller fullerene& In the case of &, some isomer- zag chains of carbon atoms becomes nicely apparent in the
ization was also seen. About a decade earlier, Hawkins andPerspective view.

Meyer studied the possible racemization 6O, and G-

(22)D, (the enantiomers of the latter can, in principle, be by lijima et al. in the early 1990 '%®was later confirmed
interconverted by two StoréWNales pyracylene rearrange- by STM (scanning tunneling microscopy) images of single
ment§788via the achiral Gu(23)-Dq).8% But neither heating ~ nanotube surfaces resolved at the atomic 1€Vet? The
(600/700°C) nor irradiation { = 193 nm) led to a significant  helicity of nanotubes is of prime importance for potential
loss of optical activity in samples of enantiomerically technological applications, as it is closely related to electronic
enriched cages. This showed that the activation barrier for astructure and propertié&2*

Stone-Wales rearrangement amounts #&3 kcal mot™. ) )

On the other hand, the observation of spectrally broad 3.2. Resolution of Chiral Fullerenes and

transient spectra of higher fullerenes{@s4, Css, Coo) after Configurational Assignments

excitation at 388 S was considered as evidence for |, 1993 Hawkins and Meyer effected a kinetic resolution
photoisomerizatioft of Cz6-D, by asymmetric Sharpless osmylation of the racemic
Unlike the achiral carbon compoundsz& Ci21°* **and  fyllerene, using OsPcomplexes with an enantiomerically
Ci207>*°consisting of two Gr-caged interconnected by two,  pure ligand derived from a cinchona alkaloid (Figure ).
one, and zero carbon atoms, respectively, a chiral allotrope,incomplete osmylation ot)-Crs afforded enantiomerically
Cu1e Was isolated in the form of &C-enriched sample from  enriched unreacted [76]fullerene and a diastereoisomerically
the thermolysis of €¢0.%® Kratschmer and co-workers  enriched osmate complex. Removal of the addend from the
proposed &>-symmetric, peanut-shaped structure consisting |atter with SnC} yielded Ge enriched in the other enanti-

of twogfullerene-like Gs units bridged by three C(3p omer. When a pseudoenantiomeric ligand was used in the
atoms®a gtgréjcture supported by computation of# NMR osmylation of &)-Cre, the opposite optical antipodes of the
spectrunf? carbon cage were enriched in the starting material and the

At the end of this section on chiral carbon allotropes, it product (Figure 10). With enriched samples of botl C
should be mentioned that most carbon nanotubes, which inenantiomers in hands, Hawkins and Meyer recorded the first
their idealized single-walled form can be considered as CD spectra of the chiral carbon allotrof@ Application of
extremely large and oblong fullerenes, are chiral. In fact, the same kinetic resolution procedure tgs@nd to Ga
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(£)-Cre

0sO,

|(_)'076 + [(+)'C7G(OSO4L1)]|

‘ snCl, SnCl, ‘

|[(_)'C76(OSO4L2)] + (+)-C7g

\j

0s0y

(+)-C7e

Figure 10. Kinetic resolution of &)-C7ze-D, by reaction of the
fullerene with enantiomerically pure, pseudoenantiomeric 0sO
complexes and regeneration of the pristine carbon cages by
reduction of the adducts with SnGf2

—400 1 1 1 1 1 1 1 1 1 1
300 400 500 600 700
afforded the respective data for the optical antipodes;gf C A/nm —=
D3 and G4(22)-D,.8° Figure 11. Last step of a resolution procedure fosD; (top),

The Cotton effects in the CD spectra reported by Hawkins electrochemical retro-Bingel reaction with two separated diastereo-
isomeric adducts having enantiomeric carbon cages, and CD spectra

12 i ifi
an_d Me_ye% for Gz were significantly smallerAe =< 32 (CH.CI,) and configurational assignment (bottom) of the enanti-
M~*cm™) than those measured by Diederich and co-workers gmers of [76]fullerenél4

for a number of optically pure, covalent derivatives of this

fullerene Ae < 250 Mt cm™!) (see sections 3.4.1 and agreement with those measured for optically purg C
3.4.2)11% To reinvestigate the chiroptical properties of derivatived'® and with calculated valugg®122
enantiomerically pure [76]fullerene, a resolution using the  Taking into account the roundish shape of pristine carbon
so-called Bingel/retro-Bingel approach was carried'&tut. cages and the lack of functional groups, the direct chro-
This separation procedure consists of three steps, startingnatographic resolution of fullerene enantiomers on a chiral
with the cyclopropanation of a fullerene mixture with stationary phase (CSP) appears as a difficult enterprise. It
2-halomalonates (Bingel reactioff.The fullerene-derived  was finally achieved, though, for-£by Okamoto and co-
esters are generally easier to separate than the unfunctionworkers through recycling HPLC on amylose tris[(3,5-
alized carbon cages, and once this is achieved, the Bingeldimethylphenyl)carbamate] with hexane/CH®80:20 as an
addends are removed by exhaustive constant potentialeluent!??

electrolysis (CPE) at a potential situated, in general, slightly  Bingel cyclopropanation of the & fraction of fullerene
below the second reduction potential of the adduct (electro- soot (main constituents: ¢£22)-D, and G4(23)-D,g) with
chemical retro-Bingel reactidtf), under regeneration of the  optically pure bis[§)-1-phenylbutyl] 2-bromomalonate af-
pristine fullerené!411*1191n summary, the method involves  forded a series of mono- and bis-adducts, among which was
a reversible functionalization of fullerenes including a a pair of C,-symmetric bis-adducts $SSS*A)-2a and
facilitated separation of the intermediate covalent derivatives. (5SS S,S"SC)-2b, Figure 12)?* featuring mirror-image CD
Pure Gs enantiomers were thus obtained by electrochemical spectra with relatively large Cotton effeétsSuch spectra
retro-Bingel reactioH® with each of §SfA)-1a and are characteristic of diastereoisomers with enantiomeric
(SS7*C)-1b (Figure 11), two diastereoisomeric mono-adducts carbon cores, for which the chiroptical contributions of the
of C;6-D2 with enantiomeric carbon cores, prepared by Bingel inherently chiral fullerene chromophores dominate those of
reaction of {)-C;6-D, with bis((S-1-phenylbutyl) 2-bro- the chiral addends by fdrBesides, the UV/vis spectra
momalonaté!® The CD spectra of the separately generated differed considerably from those 0423)-D,q4 derivatives,
optical antipodes of &-D, (Figure 11) displayed the which pointed at the presence ofg22)-D, adducts.
expected mirror image shapes with band positions in full Electrolysis of the separated diastereocisom&S$S<A)-
agreement with those of Hawkins and Meyébut with 2a and §SSSsC)-2b under retro-Bingel conditioA¥
Cotton effects that are about an order of magnitude larger afforded the enantiomers of pristing422)-D,. Their mirror

(Ae = 320 Mt cm™). The latter figures are in good image CD spectra (Figure 12) correspond nicely to those
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ment$§589 by roughly an order of magnitude, a discrepancy
that still needs to be resolved.

3.3. Endohedral Derivatives of Higher Fullerenes

3.3.1. Nonmetal Incarceranes

As a consequence of their cage structurg,and higher
(S,8,5,5,5A)-2a ($A)-Dy-Cagy fullerenes can incarcerate metal atoms (section 3.3.2), noble
gases; 68128138 gnd other nonmetal atoms such as nitrogen
or phosphoru&3®-14 Compounds with incarceratéde have
been used, in particular, to investigate the composftiéht3
separatiort! and transmutaticfi of higher fullerene samples
(see also section 3.1) and to probe the magnetic?fiettf
inside anions of the largéf'4° and the two smaller (&

and Go)'5°-153 carbon cages.

3.3.2. Metal Incarceranes
The first fullerenes with entrapped metals (endohedral

T 20p (54)-D,-C metallofullerenes) were identifiett and isolatetf® very
Ay T 2784 shortly after the discovery of the empty carbon cag8mce
T 10f A/ —— ("°C) -Dy-Cqg4 then, the field has developed explosively, driven by the
5 . e structural novelty and the interesting electronic properties
Y | S A" that hold great promise for materials and biomedical
= Lol \//" applications®>-165 But despite the plethora of species
b A L generated, complete structural elucidation of single species
10} i has remained relatively rare due to problems such as low
L solubility/extractability, low stability under ambient condi-
- : : . : ‘ tions (oxygen, moisture), or tedious separation from other
350 450 550 650 750 cage homologues and isomers. In addition, the paramagnet-
A nm — ism of many endohedral metallofullerenes hampers NMR
Figure 12. Last step of a resolution procedure fau22)-D; (top), spectroscopic analysis and, even if this is not the case, the

electrochemical retro-Bingel reaction with two separated diastereo- obtained symmetry information alone is relatively unmean-
isomeric bis-adducts having enantiomeric carbon cages, and CDingful because the metal-filled cages observe the IPR “rule”
spectra (CHCIp) and configurational assignment (bottom) of the |oqg strictly than the empty counterparts.
enantiomers of §x(22)-D,.%° . .
A non-IPR structure is found, for example, i(GgN)-
i0R9

reported by Hawkins et al. for samples obtained by kinetic ?ﬁg%ﬂfﬁfan?ﬁﬁf offoaéhni;%?irgglnéyngzii?g@rgﬁélIof-
resolutlon'wa asymmgtnc osmylation (vide suptd). ullerenes,i(REMSGa.oN)Ces (Where REM = rare-earth

Theoretical calculation of the CD spectra t_)fg(Dz 1_201121 metal anck = 0—2), prepared by the Ktachmer-Huffmann
by thesr-electron SCFCI—DV MO (self-consistent fiele- arc method from graphite rods doped with a mixture of
configuration interactiorrdipole velocity molecular orbital)  scandium and rare-earth metal (REM) oxide in a dynamic
method?:125126 and comparison with the experimental atmosphere of He and N®167The incarcerangSeN)Ces
datd!?!4allowed the assignment of absolute configurations ¢gonsists of a planaDz-symmetric SeN unit encased in a
to the i_solated enantiomers of [76]fullerene, which can be Ds-symmetric G cage for which the spiral algorithtfinds
denominated as [CD{)282]-(°A)-Cre-Dz and [CD()282]- 6332 distinct isomers made up of pentagons and hexagons.
(**C)-Cre-D2 (Figures 8 and 11" The absolute configuration  Of these, only 11 isomers with 3-fold symmetry are
of [76]fullerene was also determined ag)s-("*C)-Crs by consistent with the single symmetric line and the 12 singlets
comparison of the experimental and predicted optical rotatory (11 of intensity 3, one of intensity 1) in the measufé8c
dispersion (ORD) patterri8’ The experimental ORD pattern  and13C NMR spectra, respectively. On the basis of density-
was derived from the experimental electronic circular dichro- fynctional calculations, which nicely reflect the finding that
ism (ECD) spectrum using the Kramerkronig (KK) each pentalene unit (pair of fused pentagons) in a neutral
transform. fullerene accounts for an energy penalty of ca—%0 kJ

The CD spectrum of §(22)-D, has been simulated by mol~%% one (isomer no. 6140) out of two structures with a
Furche and Ahlrichs using TDDFT (time-dependent density minimum of three such units was proposed if@aN)Cesg-
functional theory}?2a technique that allows large-scale and D3 (Figure 13)!%6 This prediction was confirmed by X-ray
often quantitative simulation of absorption and CD spectra crystallography ofi(SaN)Ceg[Ni' (OEP)}2CsHs (OEP =
and, as opposed to semiempirical meth&dss accurate 2,3,7,8,12,13,17,18-octaethylporphyrinate)g. which showed
enough to determine the absolute configuration of fullerenes. also that the principal scandium sites are the bulges (locations
The theoreticians found a surprisingly good qualitative of maximum curvature) created by the pentalene ufiita.
agreement between the experimental @atad the calcula-  computational study on relative energies of isomers, geo-
tions!?? and the enantiomers ofg@22)-D, can now be metric data, and thEC NMR pattern provided further insight
addressed as [CBY{(380]-("*A)-Cgs-D, and [CD()380]- into structural detail$®°
("sC)-Cgs-D, (Figures 8 and 12%%* As to the calculated A confident structural assignment was possible f@Cr,
intensities, they differ from the experimental measure- a “filled” counterpart of the “missing” empty cage;$£7°
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Figure 13. Cage structures afSaN)Ces-D3 (isomer no. 6140,
viewed along theC; axis), andiLa,C7,-D, (isomer no. 10611,
viewed along &C, axis). The structures do not obey the isolated
pentagon rule (IPR) and contain thregdf@nd two (G,) pentalene
units (lying in the “plane of the paper”), which lead to bulges in
the spheroid4%é

Thilgen and Diederich

(Caor1n),12i(SGC,) (Caorln)*°* (scandium carbide incarcerane;
this structure was previously interpreted &8(Cgx(7)-
C31,)195), iY(Csz-Czy),l% iLa(Cez'Czu),”S’lw iPr(ng-Czy),lga
iDY(CsCy,),1%%iTM(Cs2-Cy,), 1 2 iCa(G2-C2,), 2% iLa(CsxA(6)-

CS) ,201 i EI’2(C32(6)-CS) ,202 i Erz(C32(8) -ng) ,203 in(ng(S)-ng),
i(Y2C2)(CsCy,),2%% (Y 2C2)(Cex(8)-Cs,),2%* iS(Cga(23)-
D2g),2%52%andi(SC,)(Csq(23)-D2g).2%7 A major advance in
the purification of the trimetallic nitride incarceranes has
recently been reported by Dorn, Gibson, and co-workers: it
makes these compounds available in multimilligram quanti-
ties and takes advantage of their extraordinary kinetic sta-
bility as compared with other fullerenes in Dielalder
reactions with a cyclopentadiene-functionalized ré%ifhe
thermodynamic stability of the known incarceranes of this
type is related to the six electrons transferred to the carbon
cage, which is described by the ionic mot#letsN")Cyn~
(Met = metal). In fact, the empty cages of all known
trimetallic nitride endohedral fullerene complexegg(6140)-

Nuclear magnetic resonance analysis revealed a single broagh;, Cg(5)-Dan, Cso(6)-Dsn, and Go(7)-1) have a (LUMO+

139_a resonance at575.6 ppm, indicating two geometrically
equivalent lanthanum atoms, and & NMR signals of

3)—(LUMO + 4) gap larger than 1 eV, which corresponds
to a large HOMG-LUMO gap in the incarcerar®® The

equal intensity in a diamagnetic chemical shift range betweenonly notable exception to this correlation is buckminster-

130 and 160 ppm. The latter are in contradiction with the
only IPR-conformingDes-Symmetric structure of £,*4 and

fullerene itself, which is too small to accommodate a
trimetallic nitride cluster, although it meets the electronic

this is further corroborated by a low-field resonance at 158.1 criterion.

ppm, which is typical for pentagerpentagon fusion sites.
Of a total of 11 189 non-IPR isomers of{with pentagonal
and hexagonal facés! 24 D,-symmetric structures satisfy

the observed NMR spectra, and two of these include a

minimum of only two pentalene units. Based on a compari-

3.3.3. Derivatives of Metal Incarceranes

After some exploratory work on the chemistry of endohe-
dral metallofullerenes had been carried out around the mid-

son between UV/vis/NIR absorption onset and calculated 1990s:°*%"?*activity in this field seems to have rekindled
HOMO—-LUMO gaps as well as isomer stabilities, structure Or the last two years. In most cases, however, complete

no. 10 611 (Figure 13) was finally assigned to the isolated
iLa2C72.17°

Multistage HPLC was used by Kodama et al. to iso-
late three isomers ofTmGCs,17? Although these divalent
metallofullerenes iTm?*Cg,?~) are paramagnetic, no un-
paired electron resides on the cages, &@ NMR spec-
troscopy allowed the determination of the molecular sym-
metries a<C, C;, andC,,. Whereas the cages of the former
two could not be unambiguously assigned to specific IPR-
conforming [82]fullerene structures, that of the last isomer
corresponds to the singlg,,-symmetric isomet/? which
was also identifiet® in the long-knowniLaCg,.'%® The
latter incarcerane is a trivalent metallofullereiea*Cg,®")
with an unpaired electron on the carbon shell, which im-
pedes™C NMR measurements, a problem that was ele-
gantly circumvented by Akasaka et al. by recording the

resonances of the electrochemically generated mono-

anion!”® C,-Symmetry was also found for an isomer of
iCaG, by 13C NMR and ultraviolet photoelectron spectros-

copy, but again no specific cage assignment was pos-

sible174175
Despite the difficulties in the isolation, purification, and
structural elucidation of endohedral metallofullerenes, a

structural elucidation was not possible, even if single products
were isolated.

Photoinduced addition of 1,1,2,2-tetramesityl-1,2-disilirane
or a related digermirad®& to endohedral metallofullerenes
such aQLaC;az, IGdC{;z, iLa2C3o, iSC2C84, andi(SQgN)(Cgo-

In) yielded isomeric mixtures of mono-adduéts:?*® In
contrast to the empty cages, most of the endohedral metal-
lofullerenes (but noit(SeN)(Cge-1n))?%6 also react thermally
with the disilirane reagent. This reactivity seems to be related
to the stronger electron acceptor as well as the stronger
electron donor properties of the metal incarceranes when
compared with the empty cag®$. Very recently, full
structural elucidation was possible for the mono-adduct
obtained by heatingCe(Cgo-11y) with 1,1,2,2-tetrakis(2,4,6-
trimethylphenyl)-1,2-disilirane at 80C in tolueneé?'’” The
Co-symmetric product£)-3 (Figure 14), easily isolated by
HPLC, was analyzed by means of MS dhtland*C NMR
spectroscopy (ROESY [rotating frame overhauser enhance-
ment spectroscopy] and HMBC [heteronuclear multiple bond
correlation]), as well as by X-ray crystallography. The
silanomethanosilano addend is bridging the diametrically
opposed positions C(1) and C§7bf a six-membered ring

of the fullerene, both bridgeheads being #8%toms. This

remarkable number of structures have recently been identifiedresults in an inherently chiral functionalization pattern on
with certainty or great confidence. Among these incarceranes,the highly symmetric carbon cage. Interestingly, the free

most of which are achiral, should be mention&d;(Css-
Cy,) (non-IPR cage}’®77iCa(G4Dap),t"8iLay(Crg(5)-Dan), 1 7®
i(S@N)(Crg(5)-Dan), 1 titanium carbide incarceran€i,Cy)-
(C7¢-D3n)*® (previously assigned agi,(Cgo-11)*8?), iTio(Ceor
D5h),182 i(S(‘sN)(Cso—D5h),183'184i (DygN)(Cgo-D5h),185 i (ngN)-
(C80'D5h),186 iLaZ(CBCrl h)’187,188i (SQ;N)(C30-| h)’184,189i (EI’SQN)-
(Cgo—|h),190 i(GCbN)(Cgo—M),lgl i(Tng)(C80-|h) and i(HOgN)-
(Cgo—|h),192 i(DygN)(Cgo-|h),185 i(ngN)(Cgo-|h),186 i(LUgN)-

random motion of the two Ce atoms, which occurs in pristine
iCe(Cgo-ly), is frozen in specific positions by the exohedral
functionalization.

The first structurally characterized derivative of an en-
dohedral metallofullerene was obtained by Dieidder
addition of 4,5-dimethoxy-quinodimethane to{SaN)(Cso-

In). X-ray crystallography revealed that addition had occurred
across a 65 bond of the Gy-In cage and that the g unit
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AR L AR tures. Reaction of a metallofullerene sample of enriched
Ar=Si Si~pr iYCs, (paramagnetic) with GEO,Ag at 10°° Torr and 400

' 7 °C yielded two stable isomers of diamagnattCg,(CFs)s

as main products displaying fivé’F NMR resonances
each?®? Based on a combination of 2BF NMR spectros-
copy, stability considerations as obtained from DFT calcula-
tions using GC,, as parent fullerene model, and the
knowledge of the course of the corresponding reaction with
Ceo (cf. section 4.11.2), Kareev, Boltalina, and co-workers
proposed an addition pattern with 1,4-relationships between
nearest trifluoromethyl neighbors across four contiguous six-
membered rings of the fullerene. A diamagnetiC;-
symmetric adduct with one singly bonded addend was
obtained as the main product from the reactionlafCs,
with diethyl bromomalonate in the presence of DBU (1,8-
diazabicyclo[5.4.0Jundec-7-en&). Aside from the 813C
NMR resonances in the C@Espectral region, the structure
of (£)-4 (Figure 14) was unequivocally unveiled by X-ray
crystallography, showing the CBr(GEX), addend to be
attached to the core C-atom that adjoins to theQCunit
bisected by the two mirror planes dfa(Cs-Cy,). In fact,
(+)-4 this is the atom with the highest Mulliken charge density

Figure 14. Chiral metallofullerene derivatives resulting from the ~@nd the second-largest local strain as indicated-oybital

reaction ofiCe(Cscrln) With 1,1,2,2-tetrakis(2,4,6-trimethylphenyl)-  axis vector (POAV*? analysis®' The La ion, on the other
1,2-disilirane (f)-3; view along aC, axis of the parent fullerene  hand, occupies a localized site remote from the addend.

for which the plane of the paper represents a mirror ptarste Differential pulse voltammetry (DPV) and UV/vis/NIR
that the addend is Iylng in front” of this plane), dfa(CBZ'CZz;) Spectroscopy show the closed-shell addt‘ﬁ_4 to have a

with diethyl bromomalonate in the presence of DBW){4; the . )
plane of the paper represents one mirror plane of the parentCongder""bly larger HOMOLUMO gap than the open-shell

fullerene, and the “bottom” bond is bisected by the other), and of |-8(CezCz).?**
iLa(Cr4-Dan) with 1,2,4-trichlorobenzene at reflux temperatuee)f( Another chiral metallofullerene derivative with a single
g?la‘;]'g"(‘;f"’;'hoe”%;Seef:?eg’r"esseogéhg rgﬁ;g?tpggggr;ﬁaftotrhé"gggetg‘; functionalized C-atom was obtained by surprise during the
is lying “in front” of this plane). The structures have been elucidated e?(tracuon of sogg contammg La-m_carceran_es with 1,2,4-
by X-ray crystallography7.231233Double bonds are omitted for trichlorobenzené?®? The fraction attributed taLaCs, was
clarity. EPR (electron paramagnetic resonance)-silent, although
La-monometallofullerenes are known as open-shell struc-
of the Ce-symmetric molecule was located away from the tures due to the transfer of three electrons from the
addition site?19220 A bis-adduct of i(GdsN)(Cge-lr) was endohedral atom to the cagéd and*C NMR, 2D NMR
isolated from its reaction with an excess of the above digne. (HMQC [heteronuclear multiple quantum coherence] and
Incarcerane$(SeN)(Cso-ln) andi(ErsN)(Cso-ln) underwent HMBC), and UV/vis spectroscopies pointed at the pres-
also [3+ 2] cycloaddition withC,,-symmetric azomethine  ence of thre€€;-symmetric structures with the same fullerene
ylides to afford achiral mono-adducts by addition across the cage and three isomeric dichlorophenyl groups. X-ray
5—-6 bond?22223Conversely, addition of-ethylazomethine  crystallography of one isomer unambiguously revealed a
ylide toi(Y3N)(Cso-ln) gave exclusively the-66 regioisomer  derivative ofiLa(Cr4-Dan) ((£)-5, Figure 14) in which a
(Cs-symmetric), showing a strong dependence of the exo- Single cage carbon atom is attached to a 2,4-dichlorophenyl
hedral functionalization mode on the encaged metal clé&ter. ring. The latter must originate from the solvent by loss of
Cylopropanation with diethyl bromomalonate occurred in the a chlorine atom, and a radical addition mode is supported

same manner, whereas it completely failed wigBgN)- by calculations showing that ca. 50% of the spin density
(Cgorln).??* Both the Cy,-symmetric 6-6 and theCssym- of iLa(Cr4-Dan) is confined to three cage positions in-
metric 6-5 adducts were obtained by reactionibéy(Cso- cluding the actually functionalized C-atom. This leads to an

In) with the azomethine ylide generated by thermal,CO unseen functionalization pattern in the lanthano[74]fuller-
extrusion fromN-trityl-1,3-oxazolidin-5-one. As shown by ene derivative £)-5, which has a closed-shell electronic
X-ray crystallography, the two La atoms are fixed in thed structure?33

adduct, unlike the random circulation of the metalsLia,-

(Ceorln).?*> Mono-, bis-, and even higher dihydropyrrolo- 3.4, Covalent Derivatives of Higher Fullerenes

fullerenes were obtained fronGdGs, 2?6 and iLaCg.??’

Cycloaddition between the latter and cyclopentadiene yielded Due to the low abundance of the larger carbon cages in
a single mono-adduct regioisomer, which underwent the fullerene soot, as well as the tediousness of their chromato-
retro-reaction much more easily than the corresponding graphic isolation, they have been derivatized much less in
derivative of G.2%8 A regioselective reaction was observed comparison to buckminsterfullereAé?29.21But the lower
upon irradiation of solutions at.a(Cs>C5,)?%° or i(SGCy)- symmetry of most of the accessible higher homologues of
(Cgorln)™®*in the presence of spirof8diazirine-adamantane]. Cso and Go and, a fortiori, the inherent chirality of

In both cases, the intermediately formed adamantylidene representatives such aseD,, Crs-D3, and G4(22)-D; is at
carbene adds to a® bond of the fullerene cage, and X-ray the origin of a large fraction of chiral compounds among
crystallographic analysis points at-6 open adduct struc-  the isolated and characterized derivatives.
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(i)_g X - EtOZC COzEt

BrHC(COZEt)Z,
DBU

(x)-10
X = CH2(COzEt)2

EtO,C” "COEt
(x)-11 (x)-12

Figure 16. Structures proposed for a tris-adduct g§@)-C,, (the

“top” addend is lying on th&, symmetry axis) and its bis-adduct

precursor (toFf® and two constitutionally isomeric arrangements
(bottom) proposed as possible structures for a tris-adductgf C
235

[CD(-)281]-(S,S,f5A)-8a  [CD(+)281]-(S,S,"C)-8b

Figure 15. Confidently assigned mono-adducts ofsO,: two
constitutionally isomeric DielsAlder adducts (§)-6 and @)-7)%34
and a diastereoisomeric pair of Bingel adduc§({=A)-8a and
(§S7sC)-8h).113 The absolute configuration of the latter was
assigned by comparison of the CD spectra to those of the optical ¥
antipodes of the parent fullerene (cf. Figure 11). others, three isomeric tris-adducts that displayed a higher
o symmetry tharC; and could, therefore, be unambiguously
3.4.1. 0-Quinodimethane Adducts of Cz assigned to their respective parent [78]fullerene isor#frs.
The addition of 3,4-dimethoxg-quinodimethane to ra-  BY comparison of the UV/vis anéC NMR spectra of a
cemic GeD; yielded at least six constitutionally isomeric CzSymmetric tris-adduct of £(2)-Cz, to those of the
6—6 adducts (these result from addition across the fusion OPt@ined bis-adducts, three possible structue} Figure
site of two six-membered ring&}* The major product was 16) were proposed for @-symmetric bis-adduct, which was

isolated in pure form and assigned thesymmetric C(25) identified as a precursor to tris-adduet)¢10. Both (£)-9
C(26)-adduct structure{)-6 (Figure 15, for the IUPAC and &)-10 have an mh_erently chlral_ functionalization
numbering of Gs, see Figure 4) based on a combination of pattern, but they are derived from achirale2)-C,. For

1H NMR spectroscopic analysis and the assumption of a high SYMMetry reasons, a common addend position in the two
reactivity of bonds located in regions of strong spheroid 2dducts must be the bond C(#3}(78) (Figure 16; for the

curvature. In addition, &-symmetric mono-adduct, isolated ~10M numbering see ref 34) bisected by the 2-fold symmetry
in a mixture with two otherC,-symmetric isomers, was XIS of the parent fullerene. Based s¥bond order consid-

assigned the structure of the apical C2Z)Y50)-adduct£)- eration$? and steric effects, the secondtf9) and sym-
7.234gThe addition patterns of:E)—G anSZ%:X)_; involveitcrze metry-related third ¢£)-10) addends are most likely located

most pyramidalized C-atoms of,€D, and correspond to at one out of three positions within the six-membered ring

o I -

the regioisomers proposed by Hawkins et al. for the main indicated in Figure 162 .

produgts of the ospmyﬁ)ation regctiéﬁ. A pure, Cs-symmetric Bingel-type tris-adduct of;&£D3
was proposed to have either of two constitutionally isomeric

3.4.2. Nucleophilic Cyclopropanation of Czs-D;, Czg-Ds, structures, £)-11 or (£)-12 (Figure 16), each of which is
and Cg, distinguished by three homotopic addends showing the same
) ) . o pairwise local arrangement that corresponds te@thetorial
Bingel cyclopropanatiof® of racemic Ge-D, with bis- relationship in G (cf. section 4.1 and Figure 19%

[(9-1-phenylbutyl] 2-bromomalonate yielded mainly six According toz-bond order consideratiod(+)-12 should
mono-adducts, which were isolated by HPLC to afford the be formed preferentially.
first optically pure adducts of an inherently chiral fullerene.  As part of our program on the isolation and characteriza-
UV/vis, CD, and**C NMR spectra showed distinct similari-  tjon of constitutional and configurational isomers of higher
ties pairwise, thus allowing facile identification of the three fyllerenes by use of the Bingel/retro-Bingel strategy, thge C
constitutionally isomeric pairs of diastereoisomers, namely, fraction of fullerene soot was subjected to the cyclopropa-
two of Ci- and one §a/8b, Figure 15) ofC,-symmetry*'3 nation with optically pureC,-symmetric bis[§)-1-phenyl-
The CD spectra®displayed pronounced Cotton effects with  putyl] malonate (cf. section 3.25.Two chiral mono-adducts
Ae values up to 250 M' cm™, which is comparable to those  and four chiral bis-adducts could be isolated in a pure state
of the pure enantiomers of the parentD, *** (see Figure  and characterized. The combined information fréhand
11). Pronounced similarity, with regard to band positions 13C NMR, CD, and UV/vis spectroscopy allowed the
and shape, of the CD spectra of diastereoisor@ai@nd8b structural assignment of &,-symmetric mono- §9-13,
on one hand and those of the pure optical antipodes of [76]- Scheme 1) and B,-symmetric bis-adduct §5S9-14) of
fullerene on the other allows a configurational assignment Cg,(23)-D,y. Both derivatives display weak Cotton effects
of these mono-adducts as [CB281]-SS'*C)-8aand [CD-  (Ae < 3 M~1cm™Y), which is typical for an achiral fullerene
(—)-281]-(SS'*A)-8b (Figure 15). with stereogenic centers in the addend(s). In addition,
Bingel reaction of a 3:1 isomeric mixture of;42)-C,, scrutiny of the structures resulting from addition ofCa
and Gg D3 with diethyl 2-bromomalonate yielded, among symmetric residue to one of the 10 most curved bonds of
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Scheme 1. Transformation of a Monoadduct of G4(23)-Dyqy
((S,9)-13) into Bis-Adduct (S,S,S,S)-14 and Release of the
Parent Fullerene from the Latter by Electrochemical
Retro-Bingel Reactiorf®

(5,5,5,5)-14

i) Bis[(S)-1-phenylbutyl]
2-bromomalonate, DBU,
o-dichlorobenzene

i) Controlled potential
electrolysis, CH,Cl,

Cg4(23)-Dog

Css-Dyg left (S9-13 as the only possible structure for the
C,-symmetric mono-adduct. This regioisomer corresponds
to that of the previously reported complex [Ir(CO)CI(BpRh
{1*(CgsD2g)}]-4 CsHe and results from addition across the
bond C(36)-C(37) (Scheme 1, for the atom numbering of
Cs4(23)D2g, see also ref 34% As to theD,-symmetric bis-
adduct, which afforded £&Dyq in the electrochemical retro-
Bingel reactiornt!4 it had to be a derivative of that fullerene
with an achiral functionalization pattern (weak Cotton effects,
vide supra). In combination with the NMR data, this
unambiguously supports the assignment as C{8§B7):
C(48)—-C(49) (Scheme 1) bis-addu§ S 9-14, which must
be formed by further functionalization 0§)-13.5°

Two C,-symmetric bis-adducts, obtained by Bingel reac-
tion with an isomeric [84]fullerene mixture, were identified
as diastereoisomers with enantiomerigs(22)-D, cages
((SSSSfsA)-2aand §SSSC)-2b [six possible constitu-
tions], Figure 12§° Each one was subjected to the electro-
chemical retro-Bingel reactidt-1'6to separately afford the
enantiomers of ¢x(22)-D, (see section 3.2). In addition,
constant potential electrolysis with two other product§;a
symmetric mono-adduct and @&;-symmetric bis-adduct,
yielded a novel, CD-silent & isomer®

3.4.3. Fluorination of Higher Fullerenes

One of the more intensely studied reactions on higher
fullerenes is their fluorinatiof®->*’starting either from pure
fullerenes or from mixtureéd®23°and using various fluorinat-
ing agents such as;RtFks, MnFs, or CeR.24%"242 As can be
imagined, mixtures of fluorofullerenes exhibiting various
degrees of fluorination, £F2m, are generally formed. Among
the (partially) purified compounds, 7632, CreF3s, CreFas
(main isomer ofC;-symmetry), GeFao (five isomers, one of
Co-symmetry), GeFaz, CraFas, CraFas, CraFaz,2*° CaoFFas, CaaFao
(two isomers), and &F44 24 may be mentioned. Regarding
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Figure 17. Schlegel-like diagram of {GFss, a Dz-symmetric
derivative of G4Dgz, (viewed along theC; axis)?43 The benzenoid
substructures of the residualchromophore are highlighted in bold.
Nonbenzenoid double bonds are omitted for clarity. The interrupted
lines represent bonds on the backside of the flattened diagram.

the chirality of incompletely separated or purified derivatives
of higher fullerenes, not much experimental information is
available, but it goes without saying that all derivatives of
the inherently chiral fullerenes are chiral. In some cases,
symmetries could be determined by NMR spectroscopy even
if full structural elucidation was impossible. For a consider-
able number of species, however, only the chemical com-
position is known.

The first structurally characterized fluorinated higher
fullerene, Dz-symmetric GaFss (()-15, Figure 17) was
isolated by Boltalina, Strauss, and co-workers from the high-
temperature fluorination of a &zenriched soot sublimate
with K,PtRs.?# It represents also the first structurally
characterized exohedral derivative of a small band gap
fullerene, thus providing direct experimental support for the
single IPR-conforming &-Ds, structure, pure samples of
which were first reported in 19984 The structural elucida-
tion of air-stable octatriacontafluoro[74]fullerenet{¢15)
was mainly based on a combination of 1D and2BDNMR
spectroscopy and energetic considerations. The inherently
chiral functionalization pattern of GFsg is distinguished by
six isolated, stabilizing benzenoid rings as well as by a
contiguous pattern of adjacent fluorine-bearing atoms, fea-
tures that it shares to various extents, for example, wWjth:&
and GoFss (see section 4.11.1).

A 1:1 mixture of two fluorinated cages g4 and G4Fas
((%)-16 and &)-17, Figure 18), was isolated from fluorina-
tion of [84]fullerene with Mnk or CoF; at 500°C. The
information from 1D and 2D'F NMR spectroscopy in
conjunction with the large available body of knowledge on
fluorofullerenes (see sections 4.11.1 and 4.11.3) indicated
both ()-16 and &)-17 to be derived from g(22)-D, and
to have aC,-symmetric cuboid shape with benzenoid rings
on four of the six sides. The two remaining faces include
naphthalene substructures igfE,0 and two offset benzene-
type rings in G4F44.2*® The isolated aromatic patches of
CsaF40 are the largest, in terms of number and size, found in
any fullerene derivative so faf®

In this context of halogenated higher fullerenes, the
recently reported preparation and crystal structure of achiral
C;gBrigis worth mentioning*’ The high molecular symmetry
(Dsn) observed in the crystals resulted from a statistical
ordering of octadecabromo derivatives g§@)-C,, and Gg
(3)-C,,.2472*8The presence of a possible bromination product
of C7s-D3 was excluded by the authors.
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Hydrogenation of a mixture of higher fullerenes with Zn/
concentrated HCI in toluene yielded hydrofullerene mixtures
ConHom with Cr6H46-50, C7eH36-48, and G4Hag-—52 @S the most
prominent specie¥* A notable feature of this reaction is a
substantial cage breakdown of the higher fullerenes, mainly
to CsoH3s and GoHox (X = 18—20)

Photochemically generated phosphoryl radicalB(Q)OP)
were added to -D, to give seven out of the nineteen
possible chiral mono-adduct regioisomers. On removing the
irradiation source, one radical dimerized whereas six per-
sisted in solutior>®

4. Cgo Derivatives with an Inherently Chiral
Functionalization Pattern

4.1. Common Patterns of Twofold Addition to C ¢

As a result of their construction principlé,** IPR-
conforming fullerené's*”*8have two types of bonds, that is,
6—6 bonds and 65 bonds (common edge between two
hexagons and between a pentagon and a hexagon, respec-
tively). The most common monofunctionalization pattern of
Cooln results from 1,2-addition of divalent addends across
the 6-6 bond C(1}-C(9) (cf. Figure 2), which has the
highest double bond charactéf81925 Certain primary
adducts, such as fullerene-fused pyrazolines and triazolines,
can rearrange to homofullered®with structurally modified
cores resulting from insertion of an extra €group or a
heteroatom into a-65 junction (between cage atoms C(1)

_ ) _ _ and C(2), cf. Figure 2), affording a so-called-“6 open”
Figure 18. Schlegel diagrams of tw@,-symmetric fluorinated structure (cf. section 4.9:1819258yjith Cy,- or Ce-symmetric

derivatives of G4(22)-Ds, CaaFao ((£)-16) and GuFas ((£)-17), both : : .
viewed along theCy-axis?*®> The aromatic substructures of the divalent addends (and also, as observed in practice-fér 6

residualzz-chromophores are highlighted in bold. adducts, with two achirél” monovalent addends), both
functionalization patterns translate into achiral molecules
3.4.4. Silylation of Higher Fullerenes because the-65 bond is bisected by a mirror plane of the

Silylation of higher fullerenes was carried out by photo- Cso COre, as is the-66 bond, which, in addition, is lying on
chemical reaction of 1,1,2,2-tetramesityldisilirane with,C another mirror plane. Other reactions, such as chlorination,

Crg (mixture of Gg-Ca, and Gg-D3), and Ga-D; to afford bromination, trifluoromethylation, and a number of nucleo-
isomeric mixtures of mono-adduc¥20 A remarkable  Philic additions that are followed by quenching with an
selectivity was observed for [78]fullerene, in which case only €lectrophile, occur mostly as intrahexagonal 1,4-additions
the C,,-symmetric isomer reacte®® Among the multitude to positions C(1) and C(7) (cf. Figure 2) to avoid steric
of mono-adducts, which are assumed to be fullerene-fusedS°"9estion ZgﬁenNeen eclipsed, wcmals monovalent ad-
1,3-disilolanes, several could be isolated by HPLC and dends:'®192% For nonidentical group¥® the resulting
further analyzed. Whereas most &esymmetric and precise functionalization pattern is noninherently chiral (cf. section

structural proposals are impossiblé€C:asymmetric derivative ~ 6)- Very bulky groups, finally, can lead to a 1,6-addition
of Car-D, may be the result of addition across the C(36) mode across two hexagons with attachment of the addends

C(37) bond (cf. Scheme #? to C(1) and C(23) of the cage (cf. Figure 2), an arrangement
B s that corresponds to an inherently chiral functionalization
3.4.5. Further Reactions with Higher Fullerenes pattern.

Adducts of osmium tetroxide have been prepared by Forreasons of clarity, the general discussion of bis-adducts
Hawkins and co-workers as intermediates in the kinetic will be limited to the addition ofC,,-symmetric divalent
resolution of Ge-D2,8%112C7¢-D3, and G4-D, & (see section  residues to 66 bonds, all 30 of which are identical in
3.2). icosahedral . Functionalization of one of them lowers the

A pure C-symmetric derivative @Me,O was isolated  symmetry of the derivatized carbon cage @g, thereby
from the reaction of & with Al/Ni in the presence of NaOH,  eliminating the equivalence of the remaining@&bonds. As
followed by quenching of the intermediate anions with a result, addition of a second, identical group can, in
Mel.?5t The compound was proposed to be an oxahomo[76]- principle, lead to eight different bis-adduct regioisomers.
fullerene derivative with an oxygen atom inserted between They can be designated in an intuitive way by indication of
the two methylated positions C(25) and C(26) (for the the relative arrangement of addends, as proposed by Hirsch
IUPAC numbering of G see Figure 4). In addition, the and co-workers (Figure 19}? the two groups can be located

reaction afforded &,-symmetric dioxide, &Me4O,, as well in the same hemisphereig) or in opposite hemispheres
as methylated and methylenat&products?>* Oxygenation (trang) of the carbon cage and, in addition, there is a
of higher fullerenes can also be effected by ozona¥idmhe borderline case, which is termesjuatorial or simply e.
methylation of [84]fullerene afforded varioussfMe, ad- There are three possible arrangements for two addends within

ducts?5! a hemispherecfs-1, cis-2, andcis-3) and four of them
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4.2.1. Methanofullerene Derivatives

Seven out of the eight possible dicyclopropa[60]fullerene
tetracarboxylates were isolated by Hirsch and co-workers
from stepwise double Bingel addition t@¢2>° This reaction,
which is one of the most versatile in fullerene chemistry,
consists of the addition of 2-halomalonate anions across a
6—6 bond of the spheroid under formation of methano-
fullerene derivative$!®263 The structures of the isolated
bismethanofullerenes were assigned basetHddMR data
in combination with the HPLC elution order; they included
(£)-20 (cis-3), (£)-21 (trans-3), and ()-22 (trans2) as
derivatives with an inherently chiral functionalization pattern
(Figure 20). In 2003, the enantiomers af)¢21 and &)-22
were separated by Nishimura and co-workers, using chiral
stationary phases based on cellulose or amylose carbé&thate.
Absolute configurations could be assigned through compari-
son of the CD spectra to those of previously separated
enantiomers oftrans-3 and trans2 methano[60]fullerene
: . : derivatives?®> the CD spectra of which had been calcu-
trans-4) (Figure 19). If two differentC,,-symmetric addends  |ated?6¢ Such assignments are admissible for fullerene
are considered, the structural degeneracy afrangements  derivatives with an inherently chirat-system because the
vanishes due to the heterotopicity of the concerned bonds,main contributions to the Cotton effects originate from the
and the second addend can occupy two diffeeesites in  fullerene chromophore, that is, the functionalization pattern,
relation to the first. In fact, considering the frequent case of and only to a minor extent from the addends, as first noted
rings fused to the fullerene core and looking from one of by Diederich and co-workers in reports on stereoisomerically
them at the other, either the edge or the face of the distalpure G, derivativesi®267 As to pure enantiomers afis-3
cycle is seen, and accordingly, the position of the viewer is bismethano[60]fullerene derivatives, they were obtained

Figure 19. The possible [60]fullerene bis-adduct isomers and the
stereodescriptors for the highlighted inherently chiral addition
patterns. If both addends are identical a@g-symmetric, the
addition patternsis-1, cis-2, e, andtrans-4 areCs-symmetric Cis-

3, trans-3, andtrans2 are Cp-symmetric, andtrans1 is Dy-
symmetric.

involving both hemispheredrans-1, trans-2, trans-3, and

described ase.qge OF €ace (Figure 19)2%° The resulting
possibility of two different achirag functionalization patterns
leads to a total of nine potential constitutional bis-adduct
isomers.

The number of bis-adducts further increases if stereoiso-
mers are taken into account. In fact, ttie-3, trans-3, and
trans-2 addition patterns are inherently chfr&?126 and
represent stereogenic units, the configuration of which can
be specified by the descriptdis€ and<A (see section 2£2°
Other addition patternscis-1, cis-2, andtrans4) become
chiral only with two different addends: they are terme
noninherently chiral. As to the remaining pattertrans-1
bis-adducts are always achiral unless the addends includ
appropriate stereogenic elements. In the casbf-adducts
with two Cssymmetric methano type addends, that is,
carrying two different substituents at the bridging atom, the
methano C-atom imx,ce position is a stereogenic center but
the addition pattern remains achiral. In other casesloé-
adducts with identical or different-symmetric addends,
the addition pattern becomes noninherently chiral without
new stereogenic centers appearing in the addends.

d

4.2. Bis-Adducts Resulting from Addition of
Untethered Reagents

The first systematic study of the regiochemistry of double
addition to Go was carried out in 1992 by Hawkins et al.,
who reacted the fullerene with Og@nd isolatede and
trans-3 bisosmate%$! Asymmetric double osmylation using
ligands derived from dihydroquinine or dihydroquinidine
afforded nonracemitrans-3 andtrans-2 bis-adducts. Sub-
sequent exchange of the ligands for achiral pyridine and
purification enabled them to record the first CD spectra of
[60]fullerene bis-adductd8 and 19 (Figure 20) with an
inherently chiral functionalization pattern, that is, with a
chiral fullerene-derivedr-chromophore®?

either stereoselectively via tether-directed remote function-
alizatior®8270 (cf. section 4.4.1) or through chromatographic
resolution (Go[C(p-CsH4OCHs),]2),2"* and their configuration

was also assigned by comparison between experimental and
theoretical CD spectrg!

The most abundantly formed products in the above
reaction were the andtrans3 (()-21) isomers, and the
regioselectivity of the kinetically controlled nucleophilic
cyclopropanation was accounted for by enhanced coefficients
of low-lying unoccupied orbitals, in the mono-adduct, at the
positions of preferred second additif#¥’2 The absence of
thecis-1 adduct (cf. Figure 19) in the product mixture, despite
being favored electronically, was ascribed to steric hindrance

Setween addends in such close proximity. This conclusion

was supported by the preferential formation of ttis-1
isomer of Go[C(CO,Et),](NCO,EL), the epimino addend of
which has a reduced steric requirement in comparison to the
Bingel addendd’® Similarly, double nitrene addition by
reaction of Go with ethyl azidoformate, under thermal
conditions, yielded eight regioisomeric bisepimino[60]-
fullerened™ including the C-symmetric cis-3 ((%£)-23),
trans-3 (()-24), andtrans2 ((£)-25) adducts as fullerene
derivatives with an inherently chiral addition pattern (Figure
20). Due to the lesser steric requirement of ethoxycarbon-
ylimino- in comparison to bis(ethoxycarbonyl)methano ad-
dends, the correspondirgis-1 isomer Ce-symmetric) was
obtained as a major product in this reaction. It was the first
fullerene derivative with open-66 junctions, resulting from
valence isomerization in the doubly functionalized six-
membered ring7*

Puretrans-3 ((+)-21) ande Bingel-type bis-adducts were
used to study the chemical retro-Bingel reaction with
amalgamated Mg in THF, affording a mixture of the mono-
adduct and .?”®> Pure Go was obtained by reductive
electrolysis of spiromethanofullerenes)(26—(+)-28, iso-
lated next to the achiraiis-2 andeisomers from the thermal
reaction of 2-diazoindane-2,3-dione witgs&'¢ Interestingly,
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Figure 20. Bis-adducts of g with an inherently chiral addition
pattern. A single enantiomer only is shown for each regioisomer.
Osmatesl18 and 19 are nonracemic, but the configuration is
unassigned.

constant potential electrolysis of the corresponding mono-

adduct in THF with discharge of 1.8 electrons per molecule,
followed by reoxidation, afforded a sizable amount of bis-

Thilgen and Diederich

significantly from that of the direct chemical synthesis. An
unexpected electrochemically induced regioisomerization, the
so-called walk-on-the-sphere rearrangement of different
Coo[C(CO,EL),]2 bis-adducts by migration of the methano
addends on the ggsurface was observed by Echegoyen,
Diederich, and co-workers in the course of nonexhaustive
constant potential electrolysis of the tetraestéfBis-adduct
regioisomers have been studied¥%ie NMR spectroscopy

of the correspondingHe-incarceraned?*revealing strong
and specific shieldings for each compound, and computation
of the correspondingHe chemical shifts can serve as a tool
in isomer identificatior?®* Photophysical properties such as
the quantum yield of singlet oxygen production of tetraesters
(£)-20—(%)-22, as well as of the corresponding carboxylic
acids (()-29—(+)-31), showed a clear dependence on the
addition patterri®? Tetra-acids £)-30 and &)-31 also
proved to be effective in the inhibition of glutathione
reductasé® Ground- and excited-state electron transfers
from the dimethylaniline moiety to the fullerene were
observed for a series of mono- to tris-adducts, including
trans-2 dicyclopropafullerenef)-32.284

Bismethano[60]fullerene-derived tetraphosphonates have
been synthesized in a Bingel-type reaction witky, @nd
tetraethyl bromomethylenediphosphonate. Five regioisomers
could be isolated and characterized by MALDI-TOF MS
(matrix-assisted laser-desorption time-of-flight mass spec-
trometry) ancd®'P{*H} and'3C NMR spectroscopy asans
1, trans2 ((£)-33), trans-3 ((+)-34), trans4, ande bis-
adducts (Figure 20F° Cleavage of the ester groups af)¢
33 and (&)-34 and of thee bis-adduct by treatment with
trimethylsilyl iodide and water afforded the corresponding
tetraphosphonic acids, promising compounds for the selective
targeting of mineralized bone tissue. A tetraphosphonate of
the above type (unidentified regioisomer) and a mixed
dicarboxylate-diphosphonate (unidentified regioisomer) were
obtained in a modified Bingel reacti$i§ from Cs and
tetraethyl methylenediphosphonate or ethyl 2-(diethoxyphos-
phoryl)acetate, respectively” The tetraphosphonate, in
particular, showed photoinduced cytotoxicity toward HelLa
cells with an 1G, value of 1.34M. Dumbbell-type G-linked
difullerenes HGy—C[PO(OELt}],—CeoH and [PO(OEW].-
CCso— C[PO(OEt}],—CsoC[PO(OELt}], were prepared in
high yield by reaction of g and [bis(diethoxyphosphoryl)]-
methano[60]fullerene, respectively, with various tetraethyl
[(cycloalkyl)amino]methylenediphosphonate aniéfsStud-
ies on the addition of diisopropoxyphosphoryl radicals to
fullerene derivative’8°29such as4)-33 and @)-34 showed
that the number of stable fullerene-derived radicals is
dependent on the starting regioisor®rThe behavior of
various diethoxyphosphoryl-substituted methanofullerenes
under the conditions of the electrochemical retro-Bingel
reaction was studied by Diederich, Echegoyen, and co-
workers!8

Very recently, Saigo and co-workers reported the first
systematic investigation of the regio- and stereochemistry
of bis-adducts witltC-symmetric methano addends, that is,
carrying two different substituents (e.g)35a—c, Figure
21)292They were obtained from the reaction of [60]fullerene
with 2.5 equiv of the sulfonium ylide prepared from treatment
of 2-bromodecanal with dimethyl sulfide and subsequent
deprotonation. Fourteen pure products were isolated out of
22 possible isomers (enantiomeric pairs being counted as

adducts, which must be generated by addend transfer betweeone) resulting from the combination of eight different

fullerenes’’” The resulting regioisomer distribution deviates

addition patterns (see Figure 19) and the diastereoisomerism
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(x)-35a
(in,in trans-3) (in,out trans-3) (outout trans-3)

(x)-35b (x)-35¢

Figure 21. Juxtaposition of thein,in-, in,out, and outout
stereoisomers dfans-3 regioisomer £)-35a—c.292 The descriptors
in andout refer to the relative orientation of nonidentical substit-
uents at the methano-C-atom#,in” meaning that given substit-
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4.2.3. Bis-Adducts from [3 + 2] Cycloaddition

4.2.3.1. Addition of Azomethine YlidesSince the early
days of fullerene chemistry, the 1,3-dipolar cycloaddition of
azomethine ylides to & has been one of the most widely
used reactions for its derivatizatié?f. 2% Yet, it was only
in 1996 that the distribution of bis-adduct regioisomers of
1-methyl-H-dihydropyrrolo-fused [60]fullerenes (e.gt)-
39—(4)-41, Figure 20) was systematically investigatéd,
and some of the six isolated compounds could only be
definitively assigned by transient excited triplet state EPR
spectroscopy?® Saunders, Schuster, and co-workers studied
the identification of regioisomers resulting from 2-fold
addition of azomethine ylides or malonates tg By *He
NMR spectroscopy of the corresponding noble gas incar-
ceraneg’® Although the absolute chemical shifts differ in

uents (the formyl groups, in the present case) point toward eachboth adduct seriesHe NMR spectroscopy revealed a

other, ‘outout’ that they point away from each other, arid,but’

significant yet not perfect correlation between relative shifts

describes the remaining arrangement. This constitutes an extensiomnd addition patterns. Thusansregioisomers tend to have

of the usage ofn andout to describe relative configurations at
bridgeheads of macrobicyclic systems.

related to the relative orientation of the aldehyde functions
at the two methano bridges: two diastereocisomers exist for

each of thetrans-1 ande regioisomers, and three of them
(in,in; in,out outouf) for the remaining six addition patterns.

their ®He resonances downfield from those @$ adducts.

All eight bis-adducts, including theis-1 isomer and the
chiral derivatives+£)-39—(+)-41 were recently prepared and
isolated by Nishimura and co-workef8as well as by Prato
and co-worker§? so that all their N-CH; *H NMR
resonances are now known. The Nishimura group was also
able to separate the enantiomers ofdise3 ((£)-39), trans-3

Figure 21 shows the diastereoisomers identified for the ((4)-40), and trans2 ((+)-41) isomers on an amylose

inherently chiratrans-3 dialdehyde£)-35a—c. Interestingly,

carbamate-derived chiral stationary phase. Absolute con-

neithercis-1 norcis-3 isomers were detected in the reaction figurations were easily assigned by comparison of the CD

for steric reasons, that of the latter is rather surprising,
particularly if one considers that a mintnans-1 isomer,
which is the least likely to form on statistical and electronic

having the same residual fulleremechromophoré?® The
resolved enantiomers were then treated with an excess of
methyl iodide to afford the corresponding quaternary am-

grounds?®?¥927227{yas isolated. \Whereas regioisomers were monium salts 42—44 (Figure 20) with "sA- and sC-
assigned by comparison of the UV/vis spectra to those of configuration. They were tested for their potential as

the corresponding Bingel addué8the assignment ah,out
isomers was based dH NMR spectroscopy (i.e., symmetry

noncovalent macromolecular helicity-inducers for poly-
(phenylacetylene) substituted with a sodium ethyl phospho-

considerations), a correlation between chromatographic elu-nate group at every aromatic nucleus. Only tite®s-3 bis-

tion order and calculated dipole moments, and the (dis-)-

ability of forming a macrocyclic diimine by reaction with

butane-1,4-diamine or heptane-1,7-diamine. Molecular mod-

adducts'sC- andsA-43 led to a characteristic induced CD
in the UV/vis region due to predominant one-handed helix
induction in the polymer backbori&”

eling predicted this reaction, which can be considered as the Eight regioisomeric bis-adducts, including the chiral
reverse of removing a spacer after a template-directedderivatives #)-45—(+)-47 (Figure 20), were isolated and
macrocyclization (cf. sections 4.3 and 4.4), to be possible characterized by Prato and co-workers as N-substituted

only for certain combinations of addition pattern and formyl
group orientatiorf??

4.2.2. Bis-Adducts from [2 + 2] Cycloaddition
[2 + 2] Cycloaddition between 4 and 4,5-dimethoxy-

derivatives bearing residues derived from triethylene glycol
(TEG) monomethyl ether, which leads to an increased
solubility in comparison to th&-methyl relative$?® Simi-

larly to other cases, the isomers were identified by a
combination of HPLC elution order and various spec-
troscopies, including HMQC and HMBC NMR techniques.

benzyne, generated from 4,5-dimethoxyanthranilic acid and ynlike other reaction&’42% the [3 + 2] cycloaddition of

isoamyl nitrite in refluxing toluene, afforded all eight bis-
adducts, including theis-1 regioisomer. They were separated
chromatographically and assigned on the basis of M,
and®3C NMR, and UV/vis spectroscopy, in conjunction with
the chromatographic elution ord®?. The formation of ca.
20% ofcis-1 regioisomer strongly contrasts the reaction of
Ceo With 2-halomalonates8®273(cf. section 4.2.1) or azome-
thine ylide$°+2%5(cf. section 4.2.3.1) and was ascribed to a
reduced steric requirement of tleephenylene addend in
comparison to the other mentioned ca¥8dnterestingly,
the resolution of theC,-symmetriccis-3 ((£)-36), trans-3
((£)-37), andtrans2 ((£)-38) isomers (Figure 20) on a
CHIRALPAK AD column was used as a tool in the structural
assignments (identification of chiral vs achiral regioisomers).

TEG-derived azomethine ylides afforded only minor amounts
of cis-1 bis-adduct® Looking at the entire regioisomer
distribution, which matches that of tHé-methyl serie¥°
(vide supra) pretty well, it can be said that the bis-addition
of azomethine ylides is much less selective than the double
Bingel addition, which may be related to the high reactivity
of the 1,3-dipoles when compared with the nucleophilic
malonate anions (Bingel reaction).

A cyclovoltammetric study of the TEG-derived series and
the corresponding dications obtained by quaternization of
the pyrrolidine nitrogen atoms with methyl iodide revealed
a strong dependence of the electrochemical properties, in
particular of the potential separation between second and
third reduction, on the addition patteif?.Also, the diam-
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monium ions exhibit a strong enhancement of the electron-

attracting properties, in such a way that ttrens-1 and
trans2 regioisomers belong to the strongest reversible
electron acceptors among oligoadducts @f. The strong
electron-accepting properties of the related\js¢dimeth-
ylpyrrolidinium) salts (e.g.,42—44) were confirmed in
radical- and light-induced reduction studies in aqueous
solution3%3 Further chemical modifications of this versatile
class of Gg-derived pyrrolidines has led to some of the most
water-soluble fullerene compoun#$.A variety of regioi-
somers of the neutral and cationic members of the family
has been studied by techniques such as pulse radiolysis, las
flash photolysis?3%and EPR spectroscopy. 3% Electro-
static interactions between fulleropyrrolidinium ions and
CdTe nanoparticles, carrying different carboxylic acids as

surface stabilizers, were taken advantage of in the construc

Thilgen and Diederich

trans2 ((£)-50) isomers, and the respective CD spectra were
recorded.

A family of triads including a [60]fullerene unit attached
to two addends derived from TTF (tetrathiafulvalene) were
prepareéf? by heating the fullerene in chlorobenzene with
a TTF-fused 2,5-dihydrothiophene-1,1-dioxide as diene
precursoi?3324 A number of bis-adducts were isolated and
identified by HMBC NMR g, trans-2 ((+)-51, Figure 20)j2
or reliably assignedcf{s-3 ((£)-52), trans-3 ((£)-53)) using,
in particular, the information from computed heats of
formation, dipole moments, and chromatographic elution

rderd It was also found that the structured EPR signals

arising from the coupling of the unpaired electron of
reductively generated “TTH+Cgo~ —TTF” with the hydrogen
atoms of the methylene linkers show a strong dependence

tion of nanocomposites that hold promise for photovoltaic on the addition pattern of the measured bis-adduct.
applications10311 They are also a key component of a  Five regioisomeric bis-adducts were obtained from Diels
biosensor for the amperometric detection of glutathione by Alder addition of a second anthracene moiety to the
acting as a redox mediator between the electrode and thecorresponding mono-adduct ofel>* Structures, for ex-
enzyme glutathione reducta¥@. Finally, this class of  ample,C,-symmetric )-54—(+)-56, were determined by
compounds was used to study anti-HIV (human immuno- spectroscopic or crystallographic means or both. The regio-
deficiency virus) activity and the inhibition of RNA-  selectivity of this reaction differs from that of others in that
dependent RNA polymerase of the hepatitis C vitds!4 no cis isomers were formed at all. The bis-adducts decom-
4.2.3.2. Addition of Nitrile Oxides. When the symmetry ~ Pose only slowly in solution at room temperature, with loss
of the addend in a [3+ 2] cycloaddition is reduced from of one and eventually two anthracene units. They feature
Cy, to C, the number of possible bis-adduct regioisomers both concave and convex surface areas and pack with
increases from eight to 22. Such a case occurs in the 1,3-(partial) recognition of the shape-complementary subunits
dipolar cycloaddition of 2,4,6-trimethoxybenzonitrile oxide in the crystalline staté&>32° Equilibria of the reversible
to Cso, leading to bisisoxazolo[60]fullerené$.Counting not ~ Diels—Alder addition of 9,10-dimethylanthracene (DMA) to
only regioisomers but also stereoisomers, a total of 36 Ceo and Go have been studied by Wang, Saunders, and
products may be formed, and among these, 28 have aCross**The*He NMR resonances of the correspondikig
functionalization pattern that is either inherently or nonin- incarceranes measured in the reaction mixtures allowed the
herently chiralH and'3C NMR spectroscopy of different ~ determination of the number of addends for each species and
HPLC fractions isolated by Irngartinger and Fettel from the conclusions on the number of isomers formed: one mono-
above reaction revealed the presence of 16 constitutionaladduct, six bis-adducts, eleven tris-adducts, and ten tetrakis-
isomers. Similarly, two bisisoxazoline fractions were ob- adducts were observed in the case g &d one mono-
tained as isomeric mixtures from addition of (diisopropoxy- adduct and three bis-adducts in the case #f @ addition,
phosphoryl)methanenitrile oxide tos(3'® Based on the  equilibrium constants as well asG-, AH-, and AS-values
calculation of relative stabilities by semiempirical methods were determined for these reactions. It should also be
and estimation of dipoles according to the vector-additive mentioned that the reversible addition of DMA was first used
scheme, in combination with HPLC retention times, the two by Hirsch and co-workers in the synthetic chemistry gf C
possiblee structures (two constitutional isomers with a as a template method to activate double bonds for
noninherently chiral functionalization pattern, cf. section 6.2) subsequent additions, thereby leading eventually to the

as well agrans-3 andtrans-4 bis-adducts were proposed to  regioselective formation of a pseudo-octahedral arrangement
be formed preferentiall§t’ of six addend$§8-33!

4233 Addltlon OfE_lThioca!'bonyl Ylide.RegiOisomeriC Comp|ete absence afis isomers, possib]y due to steric
mixtures of bis(2,5-dihydrothieno)[60]fullerenes were ob- effects, was also observed in the Bingel addition of diethyl
tained by [3+ 2] cycloaddition between the fullerene and  2_promomalonate with the interesting fullerene dimesoC
the thiocarbonyl ylide generated from bis[(trimethylsilyl)- easijly prepared by solid-state reaction of, &2 in the

methyl] sulfoxide by sila-Pummerer rearrangem&hOxi- presence of various promoters, using a high-speed vibration
dation with MCPBA (netachloroperbenzoic acid) afforded milling technique?>96333The ratio of the remaining adducts,

the corre_spondir}g bissulfoxides, which were used for phar- {4 iS, Brace Eedge IraNs4, trans-3 ((£)-57, Figure 22), and
macological testing. trans2 regioisomers (traces of theans1 isomer were
4.2.4, Bis-Adducts from [4 + 2] Cycloaddition detected but not isolated), pretty much resembled the product

distribution of the double Bingel reaction with,¢3%*When
The Diels-Alder reaction betweendgand 4,5-dimethoxy-  the reaction was carried out with;4 having a®He atom
o-quinodimethan®932°was investigated systematically by ~encapsulated in one of the two cages, a paifH# NMR
Nishimura and co-worker@! All bis-adducts (e.qg.,%£)-48— resonances was observed for each addition pattern: one
(£)-50, Figure 20) except for theis-1 regioisomer could resonance of each pair corresponded to a doubly function-
be isolated and characterized by FAB (fast atom bombard- alized *He-containing cage, the other to a molecule with a
ment)-MS,*H and3C NMR, or UV/vis spectroscopy or a  doubly functionalized empty cage. Equal signal intensities
combination of these. In addition, partial optical resolution for each pair pointed at identical reactivities for filled and
was achieved for th&€,-symmetrictrans-3 ((&)-49) and empty cageé3*
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(x)-57
(trans-3)

Figure 22. One ((&)-57) out of several regioisomers obtained by
Bingel cyclopropanation of fullerene dimen£533* two fullerene
trimers (Ggg) in which the central gg-unit has a noninherently chiral
addition patterr#3®> and regioisomeric mixture of diiridium com-
plexes of Go ([()-159)343 bonded in au-n2;? mode344

The use of 4-aminopyridine as catalyst in the high-speed
vibration milling treatment of hexacontacarbond&fforded
not only the fullerene dimer (G) but also a series of
isomeric trimers (Ggg), which were identified, ultimately,
by scanning tunneling microscopy (STM). They included the
chiraltrans-3 andtrans-2 (Figure 22), as well as the achiral
e andtrans4, adducts as acyclic trimers, in addition to the
cyclic cis-2,cis-2,cis-2 (Cgp)3.3%°

4.2.5. Various Bis-Adducts and Investigations

The chromatographic resolution wéns-3 andtrans-2 bis-
adducts resulting from double BingeH{)-21 and &)-22,
Figure 20), benzyne £)-37 and &)-38), azomethine ylide
((£)-40 and &)-41), and Diels-Alder addition (&)-49 and
(+)-50) to Cso Was systematically investigated by Nishimura
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stronger perturbation of the fulleremesystem by the strain
associated with the three-membered rings or by Walsh-type
o—m interactions in cyclopropafullerené¥:*¢The absolute
configuration of all isolated enantiomers could be assigned
by simple comparison of their CD spectra to those of
previously assigned g derivatives with the same addition
patterns.

A variety of mixed trans-3 [60]fullerene bis-adducts
carrying one bis(ethoxycarbonyl)methano group next to an
addend resulting from benzyne, azomethine ylide, or Biels
Alder addition were prepared in two-step reactions. Exhaus-
tive electrolysis at the potential of the second fullerene-
centered reduction resulted in the selective removal of the
Bingel addend, thereby opening up the possibility of using
the latter as a temporary protecting and directing gréup.

The addition of diamines todgwith concomitant oxidation
(dehydrogenation) affords cyclic 1,4-diamines with the
fullerene being fused to the bond C{Z}(3) of the hetero-
cycle33” Kampe and Egger conducted the first systematic
investigations on the reaction of piperazined\gN'-dimeth-
ylethylene-1,2-diamine with £ and made a number of
structural proposals for the obtained bis-adduct regioiso-
mers338:339\When reinvestigating the addition of piperazine
to Cso, Balch et al. isolated the mono-adduct and six bis-
adducts*9341 X-ray crystal structures were determined for
the former as well as the bis-adduct regioisonass2, e,
andtrans2 ((+)-58, Figure 20).

The recently discovered oxahomo[60]fullerene-@open
oxidoannulene structure), generated by photolysis of the
ozonide G¢O3, was found to undergo facile dimerization to
C12002.342 IC NMR spectroscopic analysis, in combination
with ab initio quantum computations and HPLC retention
behavior, prompted the authors to proposg,symmetric
structure consisting of a formal [2 2] fullerene dimer in
which each @ cage retains the oxahomo substructure next
to the cyclobuta-fusion site. This dimer of homochiral
moieties, which display an inherently chiral functionalization
pattern, undergoes photodissociation from the triplet state
to regenerate the oxahomo[60]fullerene monomers.

A complex mixture of regio- and stereoisomers can arise
from bimetallic complexes such ast{}-]59*3 (Figure 22),
even if one assumes that the metal binds exclusively in an
n>-fashion to the 66 bonds of the fullerene and that the
hydrido and carbonyl ligands adoptrans arrangement at
the iridium centef* Analysis of 15 well-definedH{ 3P}
NMR resonances by a combinatorial approach points at the
presence of at least five regioisomers of the type){[59.

4.3. Nondiastereoselective Tether-Directed
Multifunctionalization of C ¢

Due to the intrinsic reactivity of fullerene derivatives,
many multiaddition patterns are not available by simple
consecutive additior’§:?>¢In the quest for a rational approach
to the regioselective and, possibly, stereoselective multi-
functionalization of G, and other fullerenes, Diederich and

and co-workers using chiral stationary phases based onco-workers successfully applied the concept of tether-directed

amylose or cellulose carbamafésThe CD spectra of all

[n + 2] cycloadducts if = 2—4) with the same residual
fullerenes-chromophore were very similar, irrespective of
the particular addent®/ thus confirming previous observa-
tions (cf. sections 4.2.1 and 5.%®)%65267 Small deviations
from this near-superimposability were observed, however,
between the spectra af f- 2] cycloadductsr{ = 2—4) and

remote functionalizatio?® to the chemistry of the carbon
molecules in 1994% |t consists of the attachment to the
spheroids of an anchor carrying a reactive group at the end
of a tether; conformational preferences of the latter and steric
constraints then allow the reactive group to attack, in the
ideal case, a single specific position within the molecular
conjugate, thereby affording a well-defined bis-add#i4? 350

those of bismethano[60]fullerenes: they were ascribed to theln a simplified version, the fullerene is treated with a
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multifunctional reagent in which two or several reactive the complexation of K ions by the ionophore, thereby
groups are interconnected by a spacer; in such one-potreducing its conformational flexibility®® Although the
multistage additions, each addend already in place on thetrans-1 addition pattern of£)-60is D,-symmetric and the
fullerene acts as an anchor for the remaining reactive groupscrown ether-derived bismalonate reagent is achiral, the
(Scheme 2). product of the double Bingel addition to;gds a racemate.
_ The chirality of theC,-symmetric bis-adduct results from
Scheme 2. General Scheme for the Tether-Directed Double  the restricted conformational mobility of the crown ether
“Bﬂ'gg%CRel"?‘Ct'tQ” of Go with Bismalonates (Bingel fixed in close proximity to the fullerene sphere to which it
yclization) can expose only a single face and, in conjunction with the

O\_OEt substitution pattern of the dibenzo-fused heterocycle, con-
OJ 0 0 stitutes an element of “planar” chirality. TH&-symmetric
o 0 out,out trans2 adducts, on the other hand, have an inherently
O Ceo . chiral addition pattern. In combination with the “planar”
: EtO OEt chirality resulting from the bridgednti-disubstituted crown
[O Dogg[aecﬁc';]ge' ether moiety, this can lead to the appearance of two

diastereoisomeric pairs of enantiomers){1lab, Figure
23). At 393 K, the rotation of the crown ether around its
“arms” becomes fast (in thieans-2 bis-adducts, the distance
to the fullerene surface is larger than thattians1 ((£)-
4.3.1. Tether-Directed Double Bingel Additions 60), which leads to fast interconversion of diastereoisomers

, within each of the pairsR,P,"sC)-61a(M,M,"sC)-61b, and

Dibenzo crown ethers have been employed as extended v fsa)-61a(P,P,"*A)-61b). Reaction of an isomeric tether

templates to accesgansbis-adducts of €. Addition of & gerived fromsyndisubstituted dibenzo[18]crown-6 (substitu-
bismalonate with amnti-disubstituted dibenzo[18]crown-6 jon at positions 2 and 14 of the dibenzo-fused heterocycle,
spacer (substitution at positions 2 and 13 of the dibenzo- rigyre 23) regioselectively affordetans3 bis-adduct £)-
fused heterocycle, Figure 23, cf. also Scheme 22) affordedgp According to variable-temperature NMR measurements,
this bis-adduct represents dn,out-bridged dicyclopro-
pafullerene in which theyndisubstituted crown ether moiety
does not represent an element of “planar” chirality.

Molecular dyads combining the strongly electron-accepting
Csoand a variety of porphyrin derivatives as electron donors
O (4)-60 R =Et have been pre.pa_red and investigated in recent years as model
(;)_1 57 R = Bu systems mimicking natural_ pho.tosynthetlc reaction cen-
(trans-3) ters3%4-358 Use of the porphyrin unit as a spacer in the tether-
directed remote functionalization leads to bridged structures,
thus allowing for a precise control of the relative orientation
of the components, which has a crucial influence on the
photophysical and electron-transfer properties of such dyads.
Following this concept, thérans-1 bis-adduct63 (Figure
24) was obtained regioselectively by Bingel reaction with a
porphyrin—bismalonate conjugaf&?3°interestingly, double
Bingel reaction with a similar bismalonate comprising an
elongated tether afforded exclusivétsins 2 bis-adduct£)-
64 with a shorter distance between the addefitisvhen
the two malonate-bearing residues were attached to the
alternative pair ofmesepositions of the porphyrine bis-
adduct {)-65was obtained regioselectivel§? Although its
functionalization pattern is achiral, the racemate originates
from the methano C-atom i@ace position, which represents
a stereogenic center generated in the course of the addition.
Photophysical properties, in particular the photoinduced
electron transfer in metal-free and metal-containirans
1,360.363,364rgns-2 3637369 ande370371dyads of the above types,
were extensively studied by different groups.

Good regioselectivities in tether-directed multifunction-
Figure 23. Fullerene-ionophore conjugates with an inherently alizations are generally achieved with rigid tethers. Hirsch

chiral addition pattern ¢)-61a/b and ()-62) and/or a “planar- and co-workers suggested an interesting alternative concept

chiral” crown ether (#)-60, (+)-157, and ¢)-61a/k).352.363 using flexible cyclo-oligomalonate$23"3an approach that
was successfully employed for the regioselective one-pot

outout®®! trans-1 bismethanofullereneH)-60 (Figure 23) synthesis of bis- to tetrakis-adducts ofoCThe regioselec-

o’ OFEt T = tether

(x)-61a/(x)-61b O
(trans-2)

together with a minor amount @futout trans2 isomer {&)- tivity of these reactions is governed by the even distribution
61.352 Addition of KPF; to the reaction mixture led to an  of strain within the macrocycle, and the specific addition
enhanced yield (50%) and regioselectivity (oritans1) pattern of the products depends on the length of the spacers.

through an additional template effect that originates from Cyclobis- and -oligomalonates containing identical alkane-
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v (D ey

Figure 25. Dicyclopropa[60]fullerenes with an inherently chiral
addition pattern formed by addition of macrocyclic bismalonétes.

cyclization. Thus, a bismalonate featuring a plain ethane-
Figure 24. Fullerene-porphyrin conjugates with an achiral addi- ~ 1,2-diyl tether affordeais-3 bis-adduct £)-72 (Figure 26)

tion pattern 63),359360an inherently chiral addition patternd}- along with a similar amount of the corresponding mono-
64),351 or a stereogenic center at tieg.. methano-C-atom £)- adduct’® Double Bingel reaction of a bismalonate tethered
65).32 by the 1,10-phenanthroline-2,9-dimethylene moiety yielded

bismethanofullerene derivativetf-73 with an e addition
a,w-diyl spacers selectively form bis- and oligoadducts (see pattern, together with the corresponditigns-4 isomer26®
also sections 4.7 and 4.8) ogwith rotational symmetry.  Furthere regioisomers were obtained with bismalornfe§°37>
Thus, reaction of buckminsterfullerene with a cyclobisma- or bis{3-ketoester¥® including, as spacers, @xylylene, a
lonate containing two dodecamethylene chains affol@ed 9 9-spirobifluorene-2,2dimethylene ({)-74),2%° or a rather
symmetrictrans-3 bis-adduct £)-66 (Figure 25), and the flexible o-phenylenediamine-derived unit{f-75).3”7 On the
larger hexadecamethylene-based cyclobismalonate gave a 5%ther handp- andm-xylylene spacers afforded exclusively
45 mixture of Cy-symmetric trans-3 ((£)-67) and Day- achiralcis-2 bis-adducts of .269378Macrocyclization with
symmetrictrans-1 bis-adduct$/? On the other hand, when  a rather large tether derived from 2,9-diphenyl-1,10-phenan-
cyclo-oligomalonates with unequal spacers are usge, throline gave two diastereoisomeric bis-adducty; 76 and
symmetric addition patterns are preferred, for example, in a (4)-77 in 20% and 5% yield, respectively. The absorption
cis-2 bis-adduct including a tetra- and an octamethylene spectra of both compounds are nearly identical and consistent
residue or ine bis-adduct £)-68 with an octa- and a  with thetrans-3 addition pattern. The NMR spectra, however,
tetradecamethylene chain. It should be noted that the latterare very different and reve@; symmetry for &)-76, while
tetraester combines an achiral functionalization pattern with (4)-77 is C,-symmetric. Based on these consideratioss; (
a newly formed stereogenic centemige position®’2 Similar 76 and @)-77 were identified asn,out andin,in diastereo-
results were obtained by Wilson and co-workers upon jsomers®! respectivel\?®® The samen,out isomerism was
switching from oligo(methylene glycol)- to oligo(ethylene also observed fo€;-symmetrictrans-3 bis-adduct £)-78
glycol)-type cyclo-oligomalonates, although selectivities may including a (diethylene glycol)-derived biscarbazole unit as
change due to different conformational preferences of the tether and generated next to the correspondiispmer3’®
two kinds of tether$’* These authors reported the formation A rather unselective Bingel macrocyclization occurred with
of cis-3 bis-adducts ()-69 and &)-70) from both 3,6- the anthracene-derived tether &f)(79. Careful examination
dioxaoctane-1,8-diyl- and 3,6,9-trioxaundecane-1,11-diyl- of spectroscopic data and calculations led to the assignment
based cyclobismalonates, the latter affording alscethis- of the chiralcis-3 ((&)-79), trans-3, ande isomers, formed
adduct &)-71. in addition to the corresponding mono-adduct and a bis-

In some cases, very simple structural units were quite fullerene derivativé®® Various macrocyclic dyads, compris-

efficient in the regioselective tether-directed Bingel macro- ing a [60]fullerene and ar-extended tetrathiafulvalene
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(x)-79 (+)-80
(+ e + trans-3 isomers) (+ trans-4 isomer)

(x)-76 (in,out) (x)-77 (in,in) (x)-78 (x)-81
(+ e isomer) (+ trans-4 isomer)

Figure 26. Chiral bis-adducts obtained in various tether-directed Bingel macrocyclizations.

(exTTF) unit®8! were prepared and subjected to electro- fullerenes with NaBRHCN/BFR-Et,O provides a convenient
chemical and photophysical studi®s. Complex NMR access to fullerenyl-substituted glycinaté%385.386

spectra did not allow unambiguous structural assignments , N

for these compounds, but in one case, semiempirical calcula-4.3.2. Tether-Directed [3 + 2] Cycloaddition

tions showed theis-3 or trans3 isomers to be lowest in In a systematic study, Prato and co-workers examined the
energy. regioselectivity of the intramolecular attack of azomethine
An interesting course is taken by the addition Mgf ylides tethered through oligomethylene chains gzHh =
(diphenylmethylene)glycine esters @@r=NCH,CO,R) to 3—5) to a Gofused isoxazoline anchor (Scheme38)388
Cso under Bingel conditions. As found recently by INAD-  Structure elucidations for th€;-symmetric products were
EQUATE NMR studies on**C-enriched material, the complicated by the fact that thessymmetry of the isox-
products of this reaction arék2-pyrrolo[3,4":1,9](Cso-11)- azoline ring leads to a doubling of the number of conceivable
[5,6]fullerene derivative$® and not dicyclopropafullerenes  regioisomericcis-type bis-adducts. As often done in such
as originally84-38 assumed. Use of bifunctional reagents cases, assignments were based on spectroscopic methods in
tethered withm- andp-xylylene spacers affordeds-3 ((£)- combination with a computational study on the relative
80)/trans4 andtrans3 ((£)-81)/trans-4 bis-adduct mixtures,  stabilities of the various isomers. Tri- and tetramethylene
respectivel\?®3-386 Reductive ring opening of the pyrrolo- tethers affordedtis-1 bis-adducts£)-82 and @)-83 (pyr-
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Scheme 3. Regioselective Intramolecular [3 2]
Cycloaddition of an Azomethine Ylide Generated at the End
of a Tether, Which Is Attached to a [60]Fullerene-Fused
Isoxazoline Anchop87.388a

FaCCO;
(CHy),NH,CH,COLH

HCHO
PhMe, A
n = 3: (+)-82 (cis-1, C=N-sided)
n = 4: (+)-83 (cis-1, C=N-sided)
n=>5: (+)-84 (cis-1, N-O-sided)
n=>5: (+)-85 (cis-3, C=N-sided)

n=>5: (+)-86 (cis-2, C=N-sided)

aIn addition to the relative position of the addends, their relative
orientation is specified by indication of the dihydroisoxazole portion that
is closest to the pyrrolidine ring.

rolidine ring adjacent to isoxazoline-C), respectively, as sole
isolated products (Scheme 3). The longer pentamethylene
spacer, on the other hand, afforded a mixture of three
regioisomeric bis-adducts assigned #3-84 (cis-1 isomer
with pyrrolidine ring adjacent to isoxazoline-O);:)-85
(cis-3 isomer with pyrrolidine ring adjacent to isoxazoline-
C), and (£)-86 (minor, tentatively assigneds-2 isomer with
pyrrolidine ring near isoxazoline-C). From a synthetic i ) ) N
viewpoint, it is interesting to mention that the fullerene-fused Figure 27. Products of regioselective double Dielslder additions

: : .1 of singly or doubly tetherea-quinodimethane moieties tog&
isoxazoline heterocycles can be removed by treatment WlthWhereas theis-3 adducts have an inherently chiral functionalization

Mo(COj, thus affordingN-cyanoalkyl-substituted pyrrolo-  pattern, that of the adducts is noninherently chiral.
[60Q]fullerenes. The N,O-heterocycles may, therefore, be used

as directing and protecting groups in fullerene chemistry. successfully resolvé&3%3by HPLC on silica gel coated with

N ” cellulose tris(3,5-dimethylphenyl carbamat¥)When the
4.3.3. Tether-Directed [4 + 2] Cycloadulition pentane-1,5-diyl tether in the precursor t&){91 was

Nishimura and co-workers investigated the regioselectivity exchanged for a 3-oxapentane-1,5-diyl analogue, éhe
of the Diels-Alder addition to G, of two o-quinodimethane  regioisomer £)-92 was accompanied by a minor amount
entities generated in situ from bis(bromomethyl)arene pre- of cis-2 bis-adducg®

cursors, attached via ether linkages to f.Hethers § = To enhance the regioselectivity of the addition and also
2-5) %0 Even if thecis-1 as well as allrans, bis-adducts o confer ionophoric properties to the fullerene adducts, the
were excluded for steric reasons, the macrocyclization could o-quinodimethane precursors were interconnected by an
lead to eight constitutional isomers due to the addends beingsqditional chain in the form of tetrakis(bromomethyl)-
Cs-symmetric**®**Assignments were based on a combina- gibenzocrown ethe@53%Fullerene-crown ether conjugates
tion of NMR spectroscopy (symmetries), MM2 calculations (4)-93 and @)-94 (Figure 27) were the only chiral minor
(steric energies), UV/vis spectroscopy (comparison of typical regioisomers formed in this reaction next to Gesymmetric

fingerprints to those of known bis-adducts with the same ¢js.2 andtrans-4 bis-adducts (for further details, see section
residual fullerenez-chromophore), and chromatographic

separability on a chiral stationary phase (proof of chirality).

Figure 27 shows the regioisomers obtained as a function of4 4. Nonracemic Bis-Adducts Resulting from

the numberf) of methylene groups in the teth&:*The  niaq1aranselective Tether-Directed Multiple
shorter spacersi= 2, 3) afforded a mixture oE-symmetric Functionalization

cis-2 (87, 88) and C,-symmetric cis-3 ((£)-89, (£)-90)
isomers with the ether oxygen atoms pointing toward each 4.4.1. Diastereoselective Generation of cis-3 Bis-Adducts

other. In the case af = 5, the only isolated bis-adduct was

the e regioisomer #)-91, the chirality of which is not The stereoselective generation of fullerene derivatives by
associated with stereogenic centers outside of the fullereneuse of chiral, enantiopure tethers is a topic of high interest.
sphere (cfe-bis-adducts of Figure 26) but with a noninher- The first attempts in this direction were based on spacers
ently chiral addition pattern related to the asymmetric derived from easily available enantiopure threff§i®a
substitution of thesgeeaddend (for details, see section 6%).  tether that, in the meantime, has proven to be a versatile
The chiralcis-3 ((£)-89 and &)-90) and e ((£)-91) bis- chiral auxiliary in fullerene chemistry?>

adducts, as well as the bisphenols resulting from removal of ~ Bingel reaction betweenggand either RR)-95 or (S9)-

the tethers by cleavage of the ether linkagféswere 95 afforded the enantiomericis-3 bis-adducts R,R,"*C)-

n=2:e((x)-93)
+C2 + t4)
n=3: e ((x)-94)
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Scheme 4. Diastereoselective Biscyclopropanation o4
Using Enantiomerically Pure Bismalonates Derived from
Threitol

OEt

"

o 0
RO ‘ Ceo, 2, DBU
Rojﬁ PhMe, r.t.
0.0
o)
OEt

(R,R,'$C)-96 (cis-3) +
(R,R)-97 (cis-2)

RR =?§ (R,R)-95

_ ) _ . (S,S/%A)-96 (cis-3) +
AR K (5,5)-95 (8,9)-97 (cis-2)
Ceo lo» .
82 (S5.8,50)-99a (cis-3) +
R =Me (S,5)-98 (S,S,75A)-99b (cis-3) +

Me (S,5)-100 (cis-2)

96*7 and §S3A)-96 (Scheme 4), respectively, with de
96%, as minor products besides the correspondi&g bis-
adducts RR)-97 and §9-97, the addition pattern of which

is achiral?%826Removal of the chiral tethers frorRR,"*C)-

96 and §S5A)-96 by transesterification with ethanol yielded
tetraethyl esters"{C)-20 and (A)-20 (Figure 20), respec-
tively, as pure enantiomers exhibiting strong CD bands
between 250 and 750 nm withe values approaching 150
M~! cm % Such strong Cotton effects are typical for the
chiral z-chromophores of fullerene derivatives with an
inherently chiral addition patter?®-22 Comparison with CD
spectra calculated by theelectron SCFCI-DV MO (self-
consistent field-configuration interactiorrdipole velocity
molecular orbital) methdd>1263%llowed an assignment of
their absolute configurations as [CD)488]-("*C)-20 and
[CD(+)488]-(+*A)-20.121 Bis-adducts derived fron§(SsA)-

96, having the diol moiety in the tether deprotected and

Thilgen and Diederich

(R,R,A)-101
(S,8,/50)-101

Figure 28. Bis-adduct R,R,C)-101, diastereoselectively synthe-
sized by Bingel macrocyclization ofggwith (RR)-butane-2,3-
diyl bismalonate (left) and Newman projection of the preferred
tether conformation (right). TheS(S-configured bismalonate
similarly afforded bis-adductgS<A)-10127°

(OMe) unit of (§9-95,"t is in agreement with the above
assignmentg! for 20 and 96.

The importance of the conformational homogeneity of
chiral tethers for achieving a high diastereoselectivity in
multifunctionalizations of fullerenes is also nicely illustrated
by a systematic study on Bingel additions, tgoCof
enantiopure bismalonates derived from 1,2-disubstituted
ethylene glycoP’ Excellent regio- and diastereoselectivity
was achieved with diethylRiR)- and §9)-butane-2,3-diyl
bismalonates, affordingis-3 bis-adductsR,R,"*A)-101 (Fig-
ure 28) and $S/°C)-101, respectively, with de> 97%.
According to semiempirical calculations, the substituents of
the ethylene tether fragment oRR"°A)-101 adopt a
staggered conformation with gauche relationships between
the two methyl as well as between the two ester groups and
an antiperiplanargp) arrangement of the H-atoms (Figure
28, Newman projection). Fixation of the ethylene unit of the
tether in this favorable conformation by incorporation in a
bismalonate derived frortrans-cyclohexane-1,2-diol even
led to an increased yield of the exclusively and diastereo-
selectively generatedis-3 regioisomer upon reaction with
Ceo. Conversely, when the ethane-1,2-diyl bismalonate
moiety is locked in an unproductive conformation, for
example, in tethers derived frotrans-cyclopentane-1,2-diol,
or exqcis- and exatrans-norbornane-2,3-diol, Bingel mac-
rocyclization with G failed. As to the unobserve®R,"C)-

101 diastereoisomer, the computations anticipated gauche

bearing long aliphatic chains in the outer ester groups, haverelationships between the ester groups, as well as between

been shown to form stable Langmuir films at the-airater
interface3994%0|t should also be mentioned that chiral exciton

the H-atoms, and aap arrangement for the methyl residues.
The coupling constaritJ(H,H) = 7.9 Hz measured for the

coupling between two fullerene chromophores was observedvicinal protons of the glycolic fragment clearly indicates an

for the first time in the CD spectrum of a Bingel-type adduct
in which two methano[60]fullerenes are interconnected by
the tether unit of R R)-95.27°

The open-chain-threitol-derived tether of bis-malonate
(§9-98 afforded the diastereoisomerais-3 bis-adducts
(SS*A)-99aand §S*C)-99b (Scheme 4), as minor prod-
ucts next tocis-2 bis-adduct $9-100, in a 5:2 ratio which
reflects a relatively poor diastereoselectivity The higher
conformational flexibility of §9-98, associated with the lack
of cyclic acetal function in comparison t&§)-95, seems

ap relationship, which corresponds to the most stable
conformer of R,R,*°A)-10127° This result is in accord with
the near-identity of the CD spectra oRRA)-101 and
(SSfsA)-20, which reflects their matching chirat-chro-
mophores?! It was further corroborated by the work of
Harada and co-workers who determined the X-ray crystal
structure of [CD¢)280]-(RR"*A)-101, using the known
configuration of the tether as an internal referefféaVith

this ultimate experimental proof for the structure Rf,"A)-

101, its CD data can serve as reference for further configu-

to be responsible for the lower diastereoselectivity observedrational assignments afis-3 bis-adducts of 6.

in the formation of cis-3 bis-adducts $S"°A)-99a and
(SS5C)-99h. A configurational assignment as [CB)281]-
(SSfsC)-99a and [CD{)281]-(SSA)-99b, based on a
conformational analysis relying on the determination of
3J(H,H) coupling constants for the central CH(OM&}H-

Knol and Hummelen reported the first controlled intramo-
lecular photodimerization of two methanofullerene moieties
held in close proximity by then-phenylene spacer ih02
(Scheme 532 When the C,,-symmetric molecule was
irradiated with a 150-W sodium flood lamp, a clean steady-
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Scheme 5. Photochemical Equilibrium between a very large optical rotation ¢p = —1665, ¢ = 0.01,
Bis(methanofullerene) 102 andnese103, Which Results CHCls, 28 °C) %8 The configurational assignment took into
from Intramolecular [2 + 2] Cycloaddition between the Two account a molecular mechanics analysis, which showed the
Fullerene Moieties!® (*sC)-structure to be more stable by 0.41 kcal niathan

the (sA)-diastereoisomer. In addition, the CD spectrum of
(RR,RR/*C)-105 displays a strong positive Cotton effect
in the region between 210 and 230 nm, which was also
observed for a simpler anal®gand forcis-3 dicyclopropa-
[60]fullerene derivatives with previously assigne@Q)-
configuration?%.270

Tetra-ammonium ion £)-106, prepared in a four-step
transformation from +£)-104, proved to be a potent gene
transfection vector. Together with a related, enantiopure
fullerene-based vectd?® it has an efficiency that is com-
parable to commercial lipofection ageft&41° It binds
reversibly to duplex DNA, leading to its condensation,
delivery of the complex into mammalian cells through
phagocytosis, and the transient expression of the released
DNA in the target cell. The aggregation process between
(£)-106 and DNA, studied by static and dynamic light
scattering, showed a fractal behavid.

Shinkai and co-workers studied the regio-and diastereo-
selective Diels-Alder addition to G of saccharide-derived
arylboronates carrying bromomethyl groups esjuin-
odimethane precursors on the aromatic nucfétig! The
most thoroughly investigated tethers; and p-threitol,
meso-103 afforded ca. 72:28 and 28:72 mixtures, respectivelygisB
(cis-3,cis-3) bis(boronic acid)s'¢C)-107 and (A)-107 (Scheme 6) after
removal of the templates and regeneration of the boronic
acid functions'2414 Regioisomer assignments are based
mainly on symmetry considerationd4and**C NMR) and
UV/vis fingerprints of the 5,5-dimethyl-1,3,2-dioxaborinanes
(Scheme 6) prepared after removal of the sugar tempittes.
Also, oxidation of the dioxaborinanes with,8, afforded
addition patterns of the interconnected fullerenes, thus Ieadingtcr;ilgoggsdpi?; cci:;gc ck))ll,ns gg?: c? I\?\}itﬁ\h(tehgggcgfalthiag sgfh(\a/\;\k:)lrsh

diastereoselectively to thtae;oform 10_3 . . prepared in a different way by Nishimura and co-workers
An early step toward regio- and diastereoselective bis- (¢ " section 4.3.3§8° The absolute configuration of the
functionalization of buckminsterfullerene was taken by onantiomers o107was assigned by comparison of their CD

Nakamura and co—workgrs, t_esting thef2] cycloadditipn spectra to those of [CB()488]-(-<C)-20 and [CD(-)488]-
with thethered nucleophilic vinylcarben®4:%The reactive

groups were generated under thermal conditions from cy-
clopropenone acetals with which they are in equilibrium. The
observed product distribution as a function of the length of
the oligomethylene tether was the following: (gt cis-1
andcis-2, (CH,), — cis-1, and (CH)s — cis-3 ((£)-104,
Figure 29). Due to the low symmetnZy) of the addends,
the number of theoretically possible bis-adduct isomers
increases from eight (fo€,,-symmetric addends) to 36¢
Nevertheless, a single constitutional isomer was formed for
each addition pattern, the double bonds of the two fullerene-
fused pentagons being oriented toward each other. Reduction
of the enantiomeric diones obtained from){104 by acetal
cleavage and subsequent esterification of the diols @th (

state mixture ofL02 (ca. 40%) andC-symmetric103 with

a cyclobutabis(cyclopropafullerene) structure resulted, each
fullerene cage displaying @s-3 addition pattern. Interest-
ingly, the steric requirements for the photodimerization
enforce opposite configurations of the inherently chiigl3

2-methoxy-2-phenylacetic acid allowed the separation of the (+)-104
diastereoisomeric esters, that is,oi$-3 bis-adducts of € R=R'=H
with enantiomeric addition patterd%.Subsequent regenera-
tion of the alcohol functions was achieved by reduction of (R,R,R,R,*SC)-105
the esters with DIBAL-H (diisobutylaluminum hydride). ><

The use of nonracemic tethers, made up of seckaain RR= 0" 0, R'=0OMe
including an acetal of a nonracemic vicinal diol unit, resulted L4

in the formation of diastereoisomerically p.um'sr3 bis- Figure 29. Racemic (f)-104, (&)-106)0440549%nd enantiomeri-
adducts'?4405497 For example, a tether derived from: cally pure (R RRR<C)-105%09410¢is-3 bis-adducts resulting from

mannitol induced the'{C)-configuration of theeis-3 addition 3 + 2] cycloaddition of appropriately tethered vinylcarbenes to
pattern inC,-symmetric ()-105 which is characterized by  Cso.
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Scheme 6. Regio- and Diastereoselective Double Dieklder
Addition to C g Using anL-Threitol Derivative as Imprinting
Templatet12:414

Csos K,
[18]crown-6,

PhMe,
reflux

Br~dBr
/B—O
0]
H H
O
O-B

(S.5)

o

(sC)-107

("sA)-20 (Figure 20)*?* Competitive complexation studies
indicated that -threitol-imprinted boronic acid<C)-107and
p-threitol-imprinted {SA)-107 preferentially rebind their
original templates with up to 48% de, and the entire process

can be considered as a molecular imprinting technique using

Cso as a soluble nanosize matfi.

When Nishimura and co-workers used &8f-configured
tether prepared stereospecifically from enantiopure com-
mercial R} R)-butane-2,3-diol (cf. supra), DietsAlder ad-
dition to Gy affordedcis-3 bis-adductl08 (Figure 30) as a
minor product next to the correspondinig-2 isomers® A
tentative configurational assignment based '6h NMR
spectroscopic analysis and computer modeifdgyas later
revised as $S°A)-108350:402

The exploration of other regio- and diastereoselective
double Diels-Alder additions to & of bis(c-quinodimethane)-
type esters derived from a number of cholates or from

Thilgen and Diederich

(S,S,/5A)-108
(cis-3)

Figure 30. Bis-adduct §S5A)-108, diastereoselectively synthe-
sized by double DielsAlder addition using an enantiomerically
pure tethep93:402

(2R,3R)-butane-2,3-diol (cf. supra) showed various regio- and
diastereoselectivitieS?

4.4.2. Diastereoselective Generation of e Bis-Adducts

Reports on the diastereoselective tether-directed generation
of e bis-adducts having either a noninherently chiral func-
tionalization pattern or a newly generated stereogenic center
at the bridge inece position are still rare. In the former
category, a certain diastereoselectivity in the 4 2]
cycloaddition ofo-quinodimethane groups appended to a
hyodeoxycholate should be mentiorf@dlAs to the latter, a
nonracemic 9,9spirobifluorene-2,2diyl tether enforces a
specific configuration of74 (Figure 26) when the corre-
sponding bismalonate is added tqe&° A comparison
between the CD spectra of the enantiomerg4énd those
of the starting spirobifluorenebismalonate conjugate indi-
cates a strong electronic coupling between the fullerene and
spirobifluorene chromophores.

4.4.3. Diastereoselective Generation of trans Bis-Adducts

The regio- and stereoselective targeting of the inherently
chiraltrans-2 andtrans-3 addition patterns, which span both
hemispheres of §, posed a great challenge since it requires
large and conformationally constrained chiral tethers. Deriva-
tives of theC,-symmetric Trger base were envisaged as
suitable spacers: they are distinguished by rigidity and a
folded geometry with nearly orthogonal aromatic rings as
prominent structural features.

Thus, in the double Bingel cyclopropanation of,@ith
enantiomerically pure bismalonate3g)-109and R} R)-109
(Scheme 7), bis-adduct§§°A)-110 and RR,"*C)-110,
respectively, were obtained with complete diastereoselec-
tivity, next to minor amounts o€ isomers §9-111 and
(RR)-111416417Addition patterns were determined by means
of UV/vis and NMR spectroscopy. In the region between
400 and 800 nm, the electronic absorption spectra of
dicyclopropa[60]fullerenes are mainly determined by the
structure of the fullereng-chromophore and can, therefore,
be used as fingerprints for the corresponding addition
patterng%¢ The absolute configurations d8,G"A)-110and
(RR/*C)-110, as well as of the enantiomers discussed below,
were established by comparison of their CD spectra with
those of previously assigned enantiomerically pure deriva-
tives of Gy with the same functionalization pattei4:266
Under the assumption that the thermodynamic stability of
such bis-adducts is reflected in the transition state of the
second cyclopropanation, the calculated differeficeH =
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Scheme 7. Regio- and Diastereoselective Bingel Macrocyclizations between [60]Fullerene and Enantiomerically Pure
Bismalonates Derived from Different Trdger Base416:417

OEt
o)
oo
Nm) Ceo, |2, DBU *
Hij&N PhMe
0O
o )
(trans-2)
OEt (S,9)-109 (S,S,15A)-110 (S,9)-111
(R,R)-109 (R,R'C)-110 (R.R)-111
Ve o) OEt
N\ O O Ceo, |, DBU
O O N PhMe
M
EO 0 ©
(2)-112

‘ O
EtO.__O O N\ O O)j\ Ceo. I, DBU
\E(o \ 07 OEt PhMe
F I

(x)-114
O\n/\"/OEt
SR
O Cso, |o, DBU
NN
PhMe,
O 0°C,1h
O (frans-3) (frans-3)
o o (5,5)-116 (S,S,5A)-117a (S,85C)-117b
. o (R.R)-116 (R,R5C)-117a (R,R,"SA)-117b

29.4 kcal mot! (PM3) in favor of the actually formed astereoisomer rationalizes the experimental observation very
(SS7A)-110 over the hypotheticalg S *C)-configured di- well.
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Variation of the geometry of the tether by attachment of (MesSi)sSiLi, followed by quenching with EtOH, gave the
the malonate residues to a different position of thégéro 1,6-adduct £)-118 (Figure 31) as sole product and ©-
base core ()-112) afforded exclusivelyrans-4 regioisomer symmetric structure was confirmed by X-ray crystallogra-
(£)-113 upon reaction with #6417 phy#20421 Some of the silyllithium reagents yielded 1,4-

On the other hand, the switching from an aniline- to a adducts next to the 1,6-adducts. The latter were also obtained
naphthyl-2-amine-derived Tger base (bismalonate-J-114) by photochemical addition of disilanes tgCa reaction
led to the completely regioselective and high-yielding proceeding probably via silyl radicai&“?3Irradiation of a
formation oftrans1 bis-adduct £)-115417 X-ray analysis 1:1 solution of Go and the disilane'BuPhSi), in benzene
of (£)-115showed the used crystal to contain only tRaR)- with a low-pressure mercury arc lamp thus gave high yields
configured enantiomer: this seems to be the first case of of the 1,6-adduct=)-119, a reaction that is suppressed if
spontaneous resolution of a racemic fullerene derivative. the radiation energy is insufficient (> 300 nm) to cleave

In an attempt to achieve also the inherently chirahs-3 the Si—Si bond or in the presence of radical scavengers such
functionalization pattern, bismalonaté$S)-116and R R)- as cumene or C@?* The C(1),C(23) positional relationship
116 with an extended Tiger base core were added tg.C between pairs of addends appears also in three structures
The reaction was completely regioselective, affording only proposed by Akasaka and co-workers for tetrakis-adducts
the targetedrans3 addition pattern but in the form of a isolated as main products under similar conditions, but using
pair of Ci-symmetricin,ou®® diastereoisomers, namely, a 2:3 ratio of Gy and disilang?®
(§SfsA)-117a and G§SsC)-117b from (59-116, and When buckminsterfullerene was treated with diethyl bro-
(RRC)-117aand RR[A)-117bfrom (RR)-116%" Whereas ~ momalonate and manganese(lll) acetate dihydrate in reflux-
the CD spectra of enantiomers, prepared in separate synthesdag chlorobenzene, the isolated product did not include a
as described, are exact mirror images, those of diastereocyclopropafullerene but consisted of a mixture ©f-
isomers show some deviation from this relationship due to symmetric 1,4-adduct)-120andC,-symmetric 1,6-adduct
the superposition of the Cotton effects originating from the (+)-121 (Figure 31)*2¢ This reaction is also thought to
fullerene and the Trger base chromophores and a possible proceed via radical intermediates generated from the active

coupling between t'hem. _ methylene compounds under the action of Mn(QATH,O.
~ These asymmetric syntheses allowed the first stereoselecinterestingly, when unbrominated malonates were used as
tive targeting of the inherently chirdtans-2 andtrans-3 starting materials, mono- and dimeric 1,4-adducts (see section

addition patterns of buckminsterfullerene. gev type bases  6.1) were the only products.

with different angles between the planes of the arene rings A preference for the C(1),C(23)-addition pattern in certain
as well as representatives derived from thiophene andradical reactions is further illustrated by the thermal decom-
benzothiophene were successfully used by Saigo and coposition of dimethyl azo(bisisobutyrate) in ai&ontaining
workers in a further study on the regio- and stereocontrolled solution%?” 2D INADEQUATE *C NMR spectroscopy

addition of accordingly tethered bismalonates . allowed the identification of one product as)122 (Figure
31), formed next to the achiral 1,4-adduct. The related
4.5. C(1),C(23)-Adducts reaction of azobis(isobutyronitrile) (AIBN) with [60]fullerene

Two hydrogen atoms prefer addition across-eé@louble  &fforded also the C(1),C(9)-isomer (1,2-adduct) in addition
bond of Go over other addition moded? However, as  (© the C(l),C(?);2(81,4-adduct) and C(1),C(23)-isomers (1,6-
addends become bulkier and eclipsing vicinal interactions adduct )-123).
stronger, C(1),C(7)-addition (the corresponding products are . . .
also called 1,4-adducts because the addends are separatétf- Tris-Adducts Resulting from Addition of
by three bonds) is increasingly favored. The rather rare Untethered Reagents

inherently chiral C(1),C(23)-functionalization pattern of 1,6- Further cyclopropanation @ andtrans3 ((+)-21, Figure

adducts (see Figure 31) was observed for the first time by 54y pis[pis(ethoxycarbonyl)methano][60]fullerenes leads to
Ando and co-workers upon addition of very bulky silyl- 4 tris-adducts#)-124 and ()-125, respectively (Figure

lithium or germyllithium reagents: treatment ofdQwith 32)40.259\Whereas all pairs of addends@-symmetric {)-
124 and in the correspondinie incarceraré@® are distin-
(+)-118 R = Si(SiMeg), guished by ane-relationship éee addition pattern), the
(£)-119 R = Si'BuPh, arrangement ifans-3 trans-3,trans-3 in Dz-symmetric ¢)-
(#)-121 R = CBr(CO,Et), 125 The enantiomers of both tris-adductﬂi,)_(124and &)-
(+)-122 R = CMe,CO,Me 125 have been resollved by HPLC on a chifd)R)-Whelk-
(2)-123 R = CMe,CN O1 phase, and their CD spectra have been recdrded.

Resolution of theérans-3 trans-3,trans-3 adduct £)-125was
achieved on the chiral stationary pha&y-(—)-TAPA (2-
(2,4,5,7-tetranitro-9-fluorenylidenaminoxy)propionic aci).
CO,Et Treatment of 4)-124with NaH, followed by acidic workup
yielded the hexa-acid)-126 as a water-soluble fullerene
derivative®3® Both the eee ((£)-126) and trans-3 trans
(x)-120 3trans3 ((%£)-127) hexa-acids, combining the radical-
scavenging ability of fullerenes with the water solubility of
oligo(carboxylic acid)s, were proven to have potent antioxi-

\ABL,432 ; i i i
Figure 31. Variety of C(1),C(23)-adducts (1,6-adducts) with an dar_lt,_ F‘e‘jgg’fazmec“."@' . .and other interesting biological

inherently chiral functionalization pattern, and C(1),C(7)-adduct activities?*>***Semiempirical calculations suggest that the
(1,4-adduct) £)-120, formed together with£)-121and havinga  attack of a hydroxy radical at the first-encountered double
noninherently chiral functionalization pattern. bond of the hexa-acids is followed by its migration to the
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two-electron CPE mainly resulted in isomerizatiéhPM3

and AM1 computational studies suggest that the experimental
finding of different regioselectivities taking effect in malonate
additions to the neutral (uncharged) precursors and in
rearrangements of electrochemically generated dianions is
related to a switching from kinetic to thermodynamic
control#4° On the other hand, systematic application of the
electrochemical retro-Bingel reaction to tetrakis-, pentakis-,
and hexakis-adducts ofs6Xall bis(ethoxycarbonyl)methano
addends were believed to occupy positions belonging to a
X = pseudo-octahedrall,-symmetric subset of formal double
bonds of buckminsterfullerene, cf. section 6.8 and Figures
66 and 67) at potentials 100 mV more negative than the

(e,e,€) (trans-3,trans-3,trans-3)

C(COzEt),  (¥)-124 (x)-125 second reduction potential produced tris-adducts in ca. 30%
yield. The major products had the addition pattegrid,t2

C(COzH), (+)-126 (x)-127 and et4,t3, whereaseee and t3t3t3 were generated in
relatively small amount&'t

S/\N—Me (+)-135 Making use of a strategy similar to that applied by

~ Diederich and co-workers to chiral derivatives af 3ection
5.6)20:267 Djojo and Hirsch reported facile access to enan-

tiomerically pure bis- and tris-adducts ofsfCwith an

(R,R,R,R,R,R,SC)-131a/
(R,R,R,R,R,R,SA)-131b

P8
OJ>(\\O
N o

(R,R,R,R,R,R,"SC)-130a/

inherently chiral functionalization patte?f? By stepwise
modified Bingel reactior?§®331-442ysing optically pure me-
thylenebis(oxazoline)s derived, for example, from)-(
phenylalanine, they obtained, among other regioisomers,
bis-adducts R,RRR/*C)-1284d(R,R,RR°A)-128h and

(RRRRf*C)-129d(R R R,R*A)-129b (Figure 20) as well

as tris-adducts RRRR,RR,*C)-130d(R,RRRRR#A)-
130b and RRRRRR/f*C)-131d(RRRRRRA)-131b
(Figure 32), as diastereoisomeric pairs in which tRgR-
configured heterocycles are combined with inherently chiral
addition patterns of eithéfC- or "sA-configuration?®® For
each diastereoisomeric pail28d128b, 1294129h and
130d130b), the CD spectra are nearly mirror-image shaped,
which clearly proves the opposite configuration of the
addition patterns and also the predominant chiroptical
contribution of the residual fullerene-chromophores in
comparison to that of the addentg85267

position with the highest Coulson free valence iné@x. The generation of am,e,e tris-adduct from an achira
Changes of photophysical and electron-transfer propertiesbis-adduct can occur by functionalization of either of two
as a function of the number and arrangement of addendsenantiotopic double bonds and, consequently, the two result-
have been studied, among others, with a variety of com- ing addition patterns are enantiomeric. Taking advantage of
pounds including several of the above adducts as well asthis fact, Djojo and Hirsch subjected each of the two
with trans-3trans-3,trans3 tris{ bis[4-(dimethylamino)-  constitutional isomersR,R)-132and R R)-133(Scheme 8),
phenyllmethanp60]fullerene?82284:436437A “Teflon pony- which differ in having their malonate and methylenebis-
tail” fullerene derivative, the hexakis[(GH(CF,),CF;] ester (isoxazoline) addends swapped between the heterogggic
of (£)-126, shows excellent solubility in perfluorinated anderce positions, to diethyl bromomalonate addition. The
solvents while maintaining its sensitizing ability for singlet combination of theR,R)-configured addend already in place
oxygen generation in fluorous phases, thereby manifestingand the newly generated, inherently chiege addition
potential with regard to biphasic systems and photobiol- pattern afforded a pair of diasterecisomeRR("*C)-134a
ogy 438439 and R R/**A)-134b, which could be purified by chromatog-
Of the remaining 44 regioisomeric tris-adducts gf,dive raphy on an achiral stationary phase. Similarly, starting from
diethyl malonate-derived Bingel-type adducts with the fol- the according $S)-configured bis-adductsS(§)-132 and
lowing, mostly inherently chiral, addition patterns have been (S9-133, the diastereoisomerige,e tris-adducts $S°A)-
isolated and characterize@;-symmetrice,t4 t3 (“t” stands 134aand §S/sC)-134bcould be isolated. As evidenced by
for “trans” in this short notation)C;-symmetrice,t4 t2; C;- their stereodescriptors, the four stereoisomeric tris-adducts
symmetric t3t2; Cy-symmetric t4t4,t2; Cs-symmetric include two diastereoisomeric pairs of enantiomeRR(C)-
t4,t4 13.266 Electrochemical studies in GBI, showed that  134d(SSfA)-134aand RR/5A)-134k/(SS7<C)-134h). Com-
two-electron constant potential electrolysis (CPE) with each parisons among the CD spectra of stereoisomers belonging
of the seven tris[bis(ethoxycarbonyl)methano][60]fullerene to the seried28a/b—131a/b(Figures 20 and 32) aritB4a/b
isomers (including=)-124and &)-125) leads to a competi-  (Scheme 8) show that compounds having addition patterns
tion between retro-Bingel reaction and isomerization reac- of matching constitution and configuration give rise to
tions with preferential loss of-12 addend$#° These results  (nearly) identical Cotton effects, irrespective of the constitu-
contrast those obtained with a series of bis-adducts, wheretion or configuration of the addends. The absolute config-

(R,R,R,R,R,R,"A)-130b

(x)-137
(cis-1,cis-1,cis-3)

Figure 32. Tris-adducts of @ with the inherently chirakeeg;
trans-3trans-3,trans3; andcis-1,cis-1,cis-3 addition patterns.
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Scheme 8. Access to Diastereoisomeric Tris-Adducts ofs& of eight [60]fullerene-fused bispyrrolidines (e.g4)¢39—

with Mirror-Image e,ee Addition Patterns, Starting from (£)-41, Figure 20)3°! Preparation of the tris-adducts by
e-Bis-Adducts with an Achiral Addition Pattern and introduction of the third addend on each previously isolated
Enantiomerically Pure Addends of Identical Configuration? bis-adduct facilitated assignments, which were made for the

following nine tris-adducts:c2,et2 (“c” and “t” stand for
“cis” and “trans”, respectively, in this short notation);
C2t412; c2t312; etd t3; etd t2; et3t2; t4t412; t4 13 t3; and
t3,t3,t3 ((£)-135 Figure 32). It should be mentioned that a
related Ds-symmetric hexakis-adduct combining twBjt3,t3
patterns ({)-136, Figure 35) had previously been reported
by Rubin, Garcia-Garibay, and co-workers (cf. section #38).
In comparison to the 3-fold Bingel addition, the 1,3-dipolar
cycloaddition of azomethine ylides presents a remarkably
lower regioselectivity, and the three above functionalization
patterns that include a&is relationship had never been
observed beforé*

Epoxidation of buckminsterfullerene can be brought about
by a variety of oxidizing agents such as oxygen under
irradiation#4444> m-chloroperbenzoic acitf¢*4® or 1,1-
dimethyldioxirane**® In the resulting mono-adductC,,-
symmetric oxireno[23:1,9](Cso-In)[5,6]fullerene, an O atom
bridges a closed 66 bond. GO was also obtained by
oxidation of Go with PhlO in the presence of a chemical

o cytochrome P450 model system, in addition to tGe
symmetriccis-1 bis-adduct and a triepoxy fraction containing
two component$>° Both tris-adducts can also be obtained
by epoxidation ofcis-1 Cs0,, and in combination with a
13C NMR spectroscopic analysis, they were assigne@.as
symmetric cis-1,cis-1cis2 adduct (not shown) an€,-
symmetriccis-1,cis-1,cis-3 adduct £)-137 (Figure 32)%°
The above bhis- and tris-adduct isomers were also found upon

(S,5,/5A)-134a (S,5,/5C)-134b oxidation of Go with methyl(trifluoromethyl)dioxirane, a

mild and high-conversion method for the epoxidation of
N ) fullerenes®®' The Cs,-symmetric cis-1cis-1cis-1 adduct
structure (not shown) was finally proposed for a third

regioisomer, isolated beside the other two from the reaction
of Cgo with m-chloroperbenzoic acith?

4.7. Tris-Adducts Resulting from Tether-Directed
Remote Functionalization

Similar to the selective targeting of specific fullerene bis-
adducts, the tether-directed multifunctionalization constitutes
an effective means of controlling the regio- and stereochem-
istry in tris-addition reactiong347-34% In the early applica-

tions of this methodolod¥® to fullerene chemistry, Diederich
Ph Ph and co-workers used a sequence of a Bingel and a double
0 O/ﬁ EtO, Diels—Alder reaction to attach a total of three addends to
=N =N @) the fullerene spheroitf. All these adducts were based on an
R= N §= N X= eetrans-1 addition pattern and, therefore, achiral. The first
O:) - O chiral tris-adduct was obtained in a so-called clipping reaction
"Ph O_*~Ph EtO by double intramolecular Bingel reaction of mono-adduct

as . . . N 138 (Scheme 9%%° Assuming that botim-xylylene tethers

eparation of the diastereoisomers and repetition of the procedure with - . L

enantiomerically pure bis-adducts of opposite configuration affords, in total, enfo_rce the expectedls-z functionalization pattern (Cf-

four pure stereoisomers consisting of two pairs of enantiom&R,(¢C)- section 4.8 and Scheme 12), tllg-symmetry of &)-139

134d(SS"*A)-134aand RR*A)-1340(SS/*C)-134h)).266 strongly suggested the presence of an inherently cbisal

2cis-2trans-3 adduct.

uration of the addition patterns of isoxazolinyl-persubstituted  The first direct 3-fold Bingel macrocyclization was realized

trans2 andtrans3 dicyclopropa[60]fullerenes, as well as by addition to Gy of tripodal trismalonate=)-140in which

of an e e tricyclopropa[60]fullerene could be assigned by three propanedioate moieties are attached to a chiral CTV

calculation of the CD spectra of the corresponding unsub- (cyclotriveratrylene) core (Scheme 16j.The two racemic

stituted methanofullerene isome#s. tris-adducts isolated from this reaction were assigneziegs
After reacting buckminsterfullerene with an excess of andtrans3trans3trans3 regioisomersL)-141and &)-

N-methyl azomethine ylide, Prato and co-workers were able 142, respectively. Both structures present an interesting

to isolate a number of tris-adducts next to the entire seriessuperposition of inherently chiral fullerene addition pattern
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Scheme 9. Synthesis of ais-2,cis-2 trans-3 Tris-Adduct of
Ceso by One-Pot Double Bingel Macrocyclizatiord®®

(+)-139
(cis-2,cis-2,trans-3)

Scheme 10. Products of the First One-Pot Direct Addition of
a Trismalonate to Cso, Combining an Inherently Chiral
Fullerene Addition Pattern with a Chiral Conformer of an
Appropriately Substituted Cyclotriveratrylene (CTV) 453:455

(x)-142
(trans-3,trans-3,trans-3)

(possible configurationsC and"sA) and a conformationally
chiral CTV unit (possible configuratior2 andM),*>* which
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Scheme 11. One-Pot Direct Addition of Tripodal Malonates
to Cso and Selective Deprotection of the Tris-Adducts by
Removal of the Terminal Groups (()-143— (4)-144) or the
Polar Cap ((£)-145— (4)-146)'¢

(x)-143 R=Bu
HCOH E(i)_144 R=H

(e,e,€)

(x)-146 (e,e,€)

whereas each of the theoretically possible four “classical”
eee stereocisomers R("°A)-141, (M,"C)-141, (M,"sA)-141,

and P,"sC)-141) corresponds to a unique topological stere-
oisomer, the stereoisomers of tihens-3,trans-3 trans-3 tris-
adduct are interconvertible pairwis®((°A)-142< (M, sA)-

142 and (M,*C)-142 = (P,sC)-142 by a continuous
deformation of the structure making thgsGphere formally
pass through the nine-membered ring of the CTV unit. This
is a consequence of the fact that the median plane including
the addends cuts the carbon sphere into unequal fractions in
the former (&£)-141) but into equal halves in the latte}-

142) structure.

Easily accessible and tunabls,-symmetric tripodal
trismalonates have been used by Hirsch and co-workers for
the synthesis ofCs-symmetric eee tris-adducts of &
displaying distinct polar and equatorial addend zones that
may be selectively deprotecté® Addition of a trismalonate
with a phloroglucinol-derived focal point to ¢& under
modified Bingel condition®® affordede,e,e tris-adduct £)-
143(Scheme 11) with complete regioselectivity. Subsequent
elimination of thetert-butyl ester groups with formic acid

can lead to a total of four stereoisomers (two pairs of gave triacid {)-144 An extended tether core derived from
enantiomers) for each regioisomer. Intriguingly, a detailed 1,3,5-tris(hydroxymethyl)benzene again induced eme
mathematical analysis revealed that the corresponding to-addition pattern in{)-145but with a lower regioselectivity.
pological stereoisomers, besides being topologically chiral, On the other hand, the polar “cap” of this addend could be

amount to four in the case of thee,e tris-adduct but only
to two in that of therans 3 trans-3 trans-3 isomer*® In fact,

conveniently removed by treatment with BBmder forma-
tion of triol (£)-146.4%
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(i)'147 X = (CH2)8
(R,R,R,R,R,R,5C)-150a
(R,R,R,R,R,R,"SA)-150b

148 X = (CH2)8
(R,R,R,R,R,R)-151

Figure 33. Tris-adducts with 3-fold symmetry, obtained by regio-
((4)-147, 148 (+)-149%2(RR,RRRR)-151)*>7 and diastereose-
lective (RRRRRRf5C)-1503 (RR R RRRA)-1500)457 addition

of cyclotrimalonates to £.

The cyclo-oligomalonate methodology (cf. section 4.3.1
and Figure 25), consisting of a one-pot multiple cyclopro-
panation with macrocyclic oligo(alkargw-diyl) oligoma-
lonates, was also successfully applied by Hirsch and co-
workers to the synthesis of tris-adducts af @ith 3-fold
symmetry3’> When the reaction was carried out with tris-
(octamethylene) cyclotrimalonat&;-symmetrice,e,e isomer
(£)-147 (Figure 33) was formed in 94% relative yield next
to 6% 148 with a hitherto unknown achiraftans-4 trans
4 trans4 addition pattern. In combination with subsequent
saponification of £)-147, this regioselective synthesis

Thilgen and Diederich

pattern of which was tentatively assignecc&s3 cis-3 trans
4374 Extension of the alcohol part of the cyclotrimalonate
to a tetradecane-1,14-diyl moiety led to the isolatiorDef
symmetrictrans-3 trans-3,trans-3 adduct {)-149 as sole
isomer in 30% yield’?

By switching from achiral to enantiopure cyclo-oligoma-
lonates derived from 3,8-isopropylidenes-mannitol,
Chronakis and Hirsch turned the above approach into a
tether-directed regio- and diastereoselective tris-functional-
ization method734%” Reaction of the corresponding cyclo-
trimalonate with G in the presence of iodine and DBU
afforded three tris-adductsRR RRR,R,**C)-150a (74%),
(RRRRRR*A)-150b(21%), and R R,R R R R)-151; ratio
~ 28.7:1; Figure 33), which could be isolated by chroma-
tography on Si@Q H and 3C NMR as well as UV/vis
spectroscopy proved the cherry-r&®flR R R,R R,**C)-150a
and RRRRRR/SA)-150b to be diastereoisomers with
opposite configurations of their inherently chieg,e func-
tionalization pattern. This steric relationship is also reflected
by the mirror-image appearance of the CD spectra, and the
comparison with those of previously assigned pure enanti-
omers with the same residual fullereng-chromo-
phore®5266.271 gctually allowed configurational assign-
ments as RRRRRR*C)-150a ([a]p = —1389) and
(RRRRRRfA)-150b([a]p = +1275).45 As to the olive-
green, minor isome,RR R R R)-151, it was identified as
Cs-symmetric structure with th&;,-symmetrictrans-4 trans
4 trans-4 addition pattern.

4.8. Cg Derivatives with More than Three
Divalent Addends

The use of tetrakis(octamethylene) cyclotetramalonate in
the tether-directed multifunctionalization offannot afford
an addition pattern with 4-fold symmetry due to incompat-
ibility with the structure of Gg-lh. Instead, Hirsch and co-
workers isolated two tetrakis-adducts, a major product with
C; symmetry and a minor product witB,-symmetry372
Comparison of the UV/vis data of the former with those of
simple diethyl malonate adduétsled to its assignment as
eeeeetransl (C(1),C(9):C(16),C(17):C(21),C(40):C(30),C-
(31))-tetrakis-adductff)-152 (Figure 34; for the numbering
of Ceo, See Figure 2). This addition pattern was also obtained
by Diederich and co-workers for a different achiral tetrakis-
adduct in early applications of the tether-directed function-
alization methodology to fullerene chemistA£*6-458n fact,
the functionalization pattern @&;-symmetric &)-152is Cs
symmetric and the chirality is related to the different
orientations of the ester groups at the addend positioned
doubly erace and singly eqqge in relation to its neighbors
(“front” position in structure £)-152 Figure 34), together
with the resulting twist in the connected octamethylene
chains. As to theC,-symmetric regioisomer, a detailed
analysis of all possibilities, excluding the presencecisf

provides a valuable access to the water-soluble hexa-acidinterrelationships between addends, which would lead to a

(£)-126 (Figure 32) used in many studies on biological and
pharmacological properties of fullerene derivatiggs'32:434
Wilson and co-workers reproduced the triple addition of tris-
(octamethylene) cyclotrimalonate usiiiieCso instead of
pristine Go as a starting materidl* The e,ee functional-
ization pattern of the noble gas incarcerane-bf-(47was
confirmed by a singleeHe NMR resonance at12.085
ppm?27® Replacement of the octane-1,8-diyl residues of the
reagent by oligo(ethylene glycol)-type 3,6-dioxaoctane-1,8-
diyl fragments afforded a single tris-adduct, the addition

rather uneven distribution of strain in the octane-1,8-diyl
chains, suggested a C(1),C(9):C(16),C(17):C(41),C(42):
C(49),C(59)-tetrakis-adduct structure)¢153 (for the num-
bering of Go, see Figure 2372 A C,-symmetric tetrakis-
adduct was also obtained from the Bingel addition of two
didodecyl cyclobismalonate macrocycles. Taking into ac-
count the preference of a single such cycle for tilags 3
addition pattern, the only reasonable structure with the
observed symmetry appears to B854 Interestingly, its
addition pattern is a substructure of that of a hexakis-adduct
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Scheme 12. One-Pot Fourfold Bingel Transformation of
trans-1 Bis-Adduct 158 into D,-Symmetric Hexakis-Adduct
(%£)-155 with a Double-Helical, Inherently Chiral Addition
Pattern459.460

o) [\ Q
: 158 :
R (trans-1) R

Crown ether-fullerene conjugatef)-157 (Figure 23) was
used as a key intermediate on the way to the corresponding
trans 1 dicyclopropafullerenetetracarboxylic acid by cleav-
age of thetert-butyl ester groups and the crown ether
template under acidic conditio®.46% Further chemical
transformation over several steps affordeohs 1 bis-adduct
158(Scheme 12) with four pendant malonate groups, which
were subsequently reacted with the fullerene core in two
double tether-directed remote Bingel macrocyclizations that
had previously been described as “clipping reactiétisind
given access to tris- and tetrakis-adducts ef €.9., &)-

139, Scheme 9). The only product of this highly regiose-
Figure 34. Chiral tetrakis-adducts of & resulting from addition lective, 4-fold addition was the shiny re@),-symmetric
to hexacontacarbon of a tetrakismalonate (+)-152 and )- hexakis-adduct£)-155(C(1),C(9):C(3),C(15):C(22),C(23):
153 or of two bismalonates— (+)-154), and achiral hexakis-  (C(34),C(35):C(43),C(57):C(49),C(59)-adduct; for the num-
adduct resulting from addition of two trismalonates (156).%"2 bering of Go, see Figure 2), in which the four newly
510;(:3;?: Eg;rgs(_)f addends, the positional relationship is Indlcatedintroduced homotopic addends occupy the same positions
as in C-symmetric tetrakis-adductH)-154 (Figure 34).
prepared by the Diederich groupH)-155 Scheme 12359460 X-ray crystallography of£)-155 confirmed the two homo-
Reaction ok,eetris-adduct {)-147 (Figure 33) with another  topic groups of three tethered cyclopropane rings to be
molecule of tris(octamethylene) cyclotrimalonate, afforded arranged in a double-helical fashion with the axis of the helix
an achiral hexakis-adduct56, in which all six positions passing through the unfunctionalized poles of the carbon
within a pseudo-octahedral set of-6 bonds of G, are sphere. The two 66 bonds bisected by this axis are the
occupied (combination of two enantiomorpleie,e subpat- most accessible ones in the remaining fullerengystem,
terns372 However, as a consequence of the embedding of and they readily undergo further Bingel addition under
the 12 ester groups in two trismalonate macrocyclesTthe  formation of orange-yellow heptakis- and octakis-adducts
symmetry of the addition pattern is reduced to ovefll  with C, and Do-symmetry, respectivel§p?46°
molecular symmetry (see also below, Figure 35, and section A rarely observed, inherently chiral functionalization
6.8). pattern was identified by Rubin, Garcia-Garibay, and co-
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Scheme 13. Chiral Mono- (f)-160) and Trihomofullerene
((£)-162), Produced by Thermal Extrusion of Dinitrogen
from the Appropriate Pyrazolofullerene Precursors*63.464

CCly,
reflux

Figure 35. Two constitutional isomerd);-symmetric &)-136and
Tr-symmetric159) resulting from 6-fold [3+ 2] cycloaddition of
tetramethylazomethine ylide tog§**2 For reasons of clarity, the
addends are simply represented by the functionalized bonds (in
bold); some symmetry elements are indicated.

workers in hexakis-(2,2,5,5-tetramethy-dihydropyrrolo)-
fused [60]fullerene£)-136(Figure 35), resulting from 6-fold

[3 + 2] cycloaddition between 4 and the corresponding
sterically congested azomethine ylittféWhereas the Bingel
reaction, through an increasing selectivity .. double
bonds in every step of a multiaddition, preferentially yields

a Tp-symmetric hexakis-adduct with a pseudo-octahedral
arrangement of addends on the carbon cage, the large steric
bias of the tetramethylazomethine ylide appears to be

original 3H-pyrazolo-
fusion site \V/ H H

responsible for the formation dd;-symmetric (£)-136 as 8;2:‘2)
the major hexakis-adduct besid&ssymmetric159. Both CHCIq. 0
structures were substantiated by X-ray crystallography, and 3
the compounds exhibit a strong fluorescence, which is -2N,

unusual for fullereng§® and most of their derivatives.
Photophysical properties of hexakis-adducts of these types
as well as of a possiblé&s-symmetric congener were
investigated in a theoretical study, which confirmed the
experimental observations and showed a clear dependence
of the § — S transition on the addition patteff? When

the addition patterns of hexakis-adductis){136 and 159

are compared, it strikes that both are made up of two sets ofpresumably for steric reasons. No cyclopropane substructures
eee substructures (cf. alst56, Figure 34). But whereas  were produced in this rearrangement in the absence of
Ds-symmetric {+)-136 combines two homochiral patterns, |ight.463464A C,-symmetric addition pattern analogue af)¢
those of Tr-symmetric 159 are heterochiral. As to the  160with an azahomofullerene substructure was obtained by
resulting molecules, they are constitutional isomers, not Hirsch and co-workers as a side product of the nitrogen
diastereoisomers, because the relative arrangement of botkxtrusion from a G derivative bearing five Bingel-type

ege subsets is not the same in both structures. In fact, the agddends and a fused triazoline in a pseudo-octahedral
relationship between nearest neighbors of diffese sets arrangemerft®

is ein Ty-symmetricl59 whereas it i€is-3 in Dz-symmetric
(+)-136 . - 4.9. Cage-Opened Derivatives of C ¢

A Ci-symmetric homofullerene derivativet-)-160 (Scheme N ) ) ) o
13), was obtained by thermal extrusion of dinitrogen from  Addition of azides or nitrenes to fullerenes, in combination
pyrazolofullerenel61, product of the [3+ 2] cycloaddition with various follow-up reactions, has led to a diversity of
between the according pentakis-adduct precursor and diazocore-modified structures and ultimately to the synthesis of
methang®3464 Thermolysis was proposed to occur as an azafullerened®’“%3A large fraction of the molecules with

eight-electron orbital-symmetry-controlled2+ 275 + 205 modified cages are chiral and although the relation between
+ 20,] process'63-465 |t leads to an intermediate norcaradiene their structure and that of the parent fullerenes is not always

substructure that cycloreverts to the cycloheptatriene unit of directly apparent, many of them can be considered in a

homofullerene derivative+f)-160. Further addition of di- broader sense as fullerene derivatives with an inherently
azomethane provided di- and trihomofullere@e-¢ymmetric ~ chiral functionalization pattern.
(£)-162) derivatives in which all inserted GHyroups are Hirsch and co-workers found that the reaction of ethyl

connected to the same central double bond. However,azidoacetate with azahomofulleret63 afforded a single
complete isolation of the latter from the residual fullerene bis-adduct regioisomerC;-symmetric ¢)-164 (Scheme
s-system by introduction of a fourth methylene group failed, 14)26° It results from formal nitrogen insertion into a6
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Scheme 14. Regioselective Addition of Ethyl Azidoacetate to
Azahomo[60]fullerene Derivative 163 and Subsequent
Extrusion of Dinitrogen from the Adduct ( £)-164 under
Formation of Diazadihomofullerene 163%°

E——
chloronaph-
thalene,
r.t.

toluene,
reflux,

.N2

bond and fusion of a triazoline heterocycle to an adjacent
enamine-type 66 bond. Even at room temperature;){
164 slowly rearranges, under loss of dinitrogen, @
symmetric165 as the main producg?®

In a series of pioneering investigatiot$,Wudl, Hum-
melen, and co-workers found evidence for M&MEM (N-
methoxymethyl)-protected azahomo[60]fullerdii® (Scheme
15) to undergo autosensitized photo-oxygenation in the form
of a [2 + 2] cycloaddition of singlet oxygen to one of its
electron-rich enamine bonds (cf. transformat@3— (+)-
164, Scheme 14). This reaction is followed by cleavage of

the 1,2-dioxetane intermediate (not shown), which generates

the two carbonyl groups of ketolactant)-167, the first
cage-opened fullererfé? Under wet-chemical conditions
promoting processes observed in the gas pfasecid-
induced loss of 2-methoxyethanol froat)-167triggered a
sequence that ultimately affordecl-symmetric 9,9bi-1-
aza(Go-ln)[5,6]fullerenel68471472The conjectured reaction
mechanism involves a rearrangement of the carbenium ion
generated from=)-167 and subsequent extrusion of form-
aldehyde and carbon monoxide to afford azonia[60]fullerene
(not shown) as an important intermediateThe latter is
reduced to the azafullerenyl radical (not shown), which
dimerizes tal6814"?or reacts further to give the monomeric
2H-1-aza(Ge1n)[5,6]fullerene (not showm’® Racemic ke-
tolactam (£)-167 with its “chiral orifice” was resolved into
the enantiomers (80% and 92% ee) by HPLC on a Pirkle-
type chiral stationary phagé The measured Cotton effects
were relatively weak withAe values <29 M~ cm™L. It
should be mentioned that Hirsch and co-workers opened
another synthetic avenue to azafullerenes, starting from
N-MEM-protected diazadihomofullerenes of typg5 (Scheme
14)_468,475—477

Many of the recent cage-opening reactigh$’*start with
an interesting sequence of cycloadditions and cyclorever-
sions, following a general scheme first elaborated by Rubin
and co-worker489-484|t is illustrated by the reaction of 5,6-
diphenyl-3-(pyridin-2-yl)-1,2,4-triazine with 4g, reported by
Komatsu and co-workers and rationalized by initiaH{42]
cycloaddition = (+)-169, Scheme 16) followed by dini-
trogen extrusion- 170), intramolecular formal [4+ 4]
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Scheme 15. First Controlled Opening of the [60]Fullerene
Cage (— (£)-167) by Self-Sensitized Photo-oxygenation of an
Azahomofullerene Derivative (166}7° and Subsequent
Acid-Induced Formation of 9,9-Bi-1-aza(Ce-1n)[5,6]fullerene
(168y71a

R = CHQOCHonQOCH:;
TDAE = tetrakis(dimethylamino)ethene

a Further enlargement of the orifice ot}-167 was brought about by
sulfur insertion into its rim+ (£)-178), followed by deprotection of the
N-atom ( (£)-179.4% The zigzag arrows #)-167) point at the cleavage
sites proposed by Orfanopoulos #)and Iwamatsu (PP for the reaction
with arylhydrazones (vide infra).

cycloaddition = (£)-171), and retro-[2+ 2 + 2] ring
opening of the resulting dicyclopropafullerene> ((+)-
172).485From a related reaction between 4,6-dimethyl-1,2,3-
triazine and G, the same group had isolated the chiral ketone
(££)-173'8¢ (Figure 36) and elucidated its structure with the
help of the available data on the desmethyl analogtie (
174, prepared by Qian et 42 from the silylenol ether of a
fullerene-fused cyclohex-2-endtiéand further oxidized to
the 1,2-diketone as intermediate on the way to the nonclas-
sical fullerene GC,,, which includes a four-membered ring
surrounded by four hexagoff®.The distorted double bonds

at the rim of (£)-172(Scheme 16, bonds marked by zigzag
arrows) selectively react with singlet oxygen generated in
situ by irradiation with visible light. [2+ 2] Cycloaddition

to either of these double bonds with high HOMO coefficients
leads to a 1,2-dioxetane intermediate, which cycloreverts
under enlargement of the orifice to afforét}-175and @)-
1764854885 demonstrated by measured redox potentials and
calculated LUMO levels, these compounds are good electron
acceptors, and this allowed a further enlargement of the rim
to a 13-membered cycle by insertion of a sulfur atom into
the central bond of the hexa-2,4-diene-1,6-dione structure
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Scheme 16. [60]Fullerene Cage-Opening Strategy of
Komatsu and Co-workerst

TDAE = tetrakis(dimethyl-
amino)ethene
Py  =2-pyridyl

(£)-175 (*)-177

aZigzag arrows indicate bonds broken in the next $tép.

(— (£)-177) through reaction of £)-175 with Sg in the
presence of the activatingdonor tetrakis(dimethylamino)-
ethene (TDAE}Y® Treatment of solid<)-177with hydrogen
at 200°C and 800 atm for 8 h led to 100% capture of H
inside the cavity of the hog® Synchrotron X-ray crystal-
lography and MEM (maximum entropy method) anal§fSis
showed the guest, which resonates-@t25 ppm {H NMR)

Thilgen and Diederich

Figure 36. “Open-cage” fullerene derivatives§-173'¥¢ and &)-
17482 with an eight-membered ring as orifice.

molecular “surgical” method when the Komatsu group
showed that complete cage reclosureHgCs is possible,

not only under mass-spectrometric but also under wet-
chemical conditions. In fact, the sulfur can be photoextruded
after oxidation of £)-177with MCPBA to the corresponding
sulfoxide, and further suturing is possible by intramolecular
McMurry reaction involving the two keto functions>((%)-
iH,172). Restoration of thé,-symmetric cage was achieved,
finally, by heating of a powder offf)-iH,172 at 340°C in

a glass tube under vacuum, supposedly taking place under
extrusion of picolinonitrile and tolane. The obtainétCeo
shows antH NMR resonance at-1.44 ppm, which is 5.98
ppm upfield from dissolved E**3 It should also be men-
tioned that the supramolecular assembly and electrochemical
response of £)-177 was studied after deposition on zinc
octaethylporphyrin (OEP)-covered gold surfat¥s?®®

After relating the hexa-2,4-diene-1,6-dione substructure of
(£)-175(Scheme 16) to that of ketolactam)}-167 (Scheme
15), Vougioukalakis, Prassides, and Orfanopoulos success-
fully applied the sulfur insertion method reported by Komatsu
and co-workers (vide suprdj to the latter compound,
thereby enlarging its orifice to the 12-membered ringbf-(
178(Scheme 153% Removal of the MEM group, unexpect-
edly, did not lead to the corresponding thiahomo-analogue
of 168 but simply to N-deprotection and formation of)-

179, the first open-cage derivative without organic residue
at the rim.

The largest hole in the shell of buckminsterfullerene, so
far, was excised by lwamatsu, Murata, and co-workérk.
starts with a sequence that is related to methods used by the
Rubir80482-484 and Komatsu groups (vide supra and Scheme
16Y78and leads to a dihomo[60]fullerene derivative such as
180 (Scheme 17). The latter was obtained quantitatively by
irradiation of the benzo[60]fullerene-tetraester precursor (cf.
transformation ofLl70 into (£)-172 Scheme 16) prepared
by thermal reaction of the fullerene with a palladacyclopen-
tadiene-2,3,4,5-tetracarboxyldfé An interesting finding in
the corresponding reaction with the tetemt-butyl ester
analogue of the palladacycle was the formation, next to the
bishomofullerene ‘Bu-analogue 0f180), of 24% of bis-
methanofullerene (cf.4)-171, Scheme 16) in addition to
small amounts of an unsymmetric derivative including both
a homo- and a methano-substructt#&*°It was suggested
to be generated in a di-methane-type rearrangem&fof
the benzo[60]fullerene-tetri@rt-butylester precursor, a reac-
tion that may compete with the alternative {44]/retro-[2

with respect to TMS (tetramethylsilane), to be located at the + 2 + 2] sequence (vide supra and Scheme 16). Dihomo-
center of the cag®®4%1From the rate of hydrogen release fullerenel80with its buckminsterfullerene-like 68-electron

between 160 and 19€C, the activation energykg, was
determinedf® to be 34.3 kcal mol', which compares with
22.8 kcal mot! measured for the escape fe from ()-

system is a good sensitizer for the photogeneration of
10,,461.501 gand similarly t0166 (Scheme 15) and#)-172
(Scheme 16), the double bond with the largest HOMO

177492 The described approach was turned into a true coefficient, adjacent to the homo C-atom, underwent photo-
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Scheme 17. [60]Fullerene Cage-Opening Strategy of successfully to ketolactamt)-167 (Scheme 1526597 The
lwamatsu, Murata, and Co-workers*’® reaction of ¢)-167with arylhydrazines was also investigated
by Orfanopoulos and co-worket¥ but the two groups
reached different conclusions regarding the actual reaction
site in the 11-membered ring and put forward isomeric
product structures: whereas the latter team claims scission
of the enone structure on the side of the amide-N (marked
“0” in (£)-167),5%the former proposes cleavage of the enone
closer to the amide-€0 (marked “i” in (£)-167).5%6

The large orifice in £)-182 (Scheme 17) allows Hto
get in but also to escape relatively easily (estimated activation
energy 22-24 kcal mot?).5%n (£)-183 the opening is even
too large to suppress rapid escape of hydrogen. In both cases,
the CH, groups make the rim more flexible and probably
facilitate passage of a guest. On the other hang;183
spontaneously encapsulates a molecule of water, manifesting
itself by a'H NMR resonance at-11.3 ppm, the intensity
of which decreases with increasing temperature and instan-
taneously disappears upon addition of03% The smaller
hole in a related compound, prepared by reactiondgf (
167 (Scheme 15) witto-phenylenediamine, makes encap-
sulation and escape of,8 more difficult, in such a way
that the water complex could be detected by ESI (electrospray
ionization)-MS2%7

4.10. Hydrofullerenes

In the hydrogenation of £,51° 1,2-addition is generally
preferred over 1,4-addition or other functionalization modes,
despite eclipsing interactions between the vicinal hydrogen
atoms!®511512|n 1993, Cahill and co-workers prepared the
simplest homologC,,-symmetric 1,9-dihydro(ge-11)[5,6]-
fullerene as one out of 23 conceivable isom&’&? by
hydroboration of G and subsequent hydrolys$is. The

(+)-183 hydrocarbon exhibits a remarkable acidit)K(p= 4.7, Kz
azigzag arrows (§)-181) indicate bonds broken in stepsandb ((£)- = 16, DMSOj**and a sharpH NMR resonance at 5.9 ppm
181— (4)-182and )-181— (+)-183. (tolueneeg) .54

Six CeoHg4 regioisomers, on the other hand, were found in
oxygenative cleavage under formation of diketort§-{81 the reaction of GH, with BH; THF 516 Of these, theCs
(Scheme 17592 symmetric and thermodynamically most statilel adduct’

It was found that the orifice of+)-181 with its 12- (1,2,9,12-tetrahydro(§s-1n)[5,6]fullerene, for the numbering
membered ring could be further enlarged by an unusual of Ceo, See Figure 2) was isolated and character2étl.is
reaction with phenylhydrazinéHd NMR spectroscopy of the  also the main product of the reduction of,@vith diim-
product revealed a pair of doublets corresponding to a CH ide>'®5%0r anhydrous hydrazin@® In addition, a clear-cut
group, and a detailed analysis including INADEQUATE, and a confidentH NMR structural assignment was possible
HMBC, and®N NMR, led to the assignment as-)-182 for the Cssymmetric e and the Da-symmetric trans-1
with a rim made up of a 16-membered ring, which results adducts, respectivefi}® Of the remaining three unassigned
from formal double bond scission (bond markadh (+)- tetrahydro[60]fullerenes, at least one must have an inherently
181) at one of the enone substructures under generation ofchiral addition pattern, that igis-3, trans-2, or trans-3;

a methylene group at one end and a hydrazone function atamong these, the latter appears to be energetically favored
the other end® The same type of transformation took place based on ab initio calculatiofi¥:

with hydrazones, the mechanism still being unclear at this Meier and co-workers reported the reaction @h @ith
point5%4 The widening of the hole was even taken a step reducing metals in the presence of a proton sotifc@?521.522
further by reaction of £)-181 with o-diaminoarenes, for  Reduction with the Zn(Cu) couple producedld,, CeoHa,
example, 1,2-diamino-4,5-dimethylbenzene. In comparison and GoHg in a limited number of isomers, presumably under
to the formation of £)-182, the diamine led to the disruption  kinetic control®?? Although the regioisomeric composition

of another double bond (markdédn (+)-181), which newly of the GH, fraction differed from that obtained by hy-
appears at the rim as a consequence of the first scission (bondiroboration (vide supr&f?°23the two major products were
markeda in (£)-181), thus affording £)-183 with a 20- assigned as the achiglsomer and th€,-symmetrictrans-3
membered ring aperture and a quinoxaline “flap” resulting adduct ¢)-184 (Figure 37)>%?

from incorporation of the reagent into the molecular frame-  Two CggHg isomers have been isolated in a 6:1 ratio when
work.3% |t contains the largest orifice among all open-cage Zn(Cu) was used as reducing agent. The cranberry-colored
fullerene derivatives known to daté:*7® solution of the major isomer showed a singit NMR and

In addition, Iwamatsu and co-workers applied the “phe- 10 ¥C NMR resonances, which, together with the 1,2-
nylhydrazine” as well as theophenylenediamine” routes addition mode confirmed by coupling constant analysis, led
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(x)184 (x)-185
(trans-3) (trans-3,trans-3,trans-3)

(+)-186 (+)-187

(e,e,€)
Figure 37. Major products of the reduction ofgg((£)-184—(1)- ® =C-H (x)-190 (Cy)
186)522 and of 1,9-dihydro-1d-1(2)a-homo(Ge-11)[5,6]fullerene e =C-F (%)-203 (C3)

((£)-187°2° with Zn(Cu) in the presence of a proton source. Figure 38. Schlegel diagrams of hexatriacontahydrak){188—

(£)-190)536:538.539,546and hexatriacontafluoro[60]fullerenesH)-

to the assignment ads-symmetrictrans-3 trans-3,trans-3 202—(£)-204)542546.585587 with inherently chiral addition patterns.
adduct {)-185521522The other highly symmetric molecule
(minor isomer) was identified a€s-symmetrice,ee tris- reported in the literatur®! The structure of the latter was

adduct ()-186°2? Both (4)-185 and (£)-186 are kinetic  gycidated by Taylor and co-workers who showed that the
products derived fronirans-3- ande CeHs, respectively.  pgiecyle has aCs,-symmetric crown shape, the addition
Neither the tetra- nor the hexahydro[60]fullerene isomers 0y of which can be considered as a substructuré)ef (
were mterconve_rtlble u_nder the co_ndltlons of their formation, 188 (vide infra and Figure 38F° As to hexatriacontahydro-
and attempts to isomerizetJ-185with Pd/C or PUC resulted [60]fullerene, structural elucidation was difficult due to facile

in dehydrogenation rather than isomerizatiéhwhen the e . . . .
reduction was carried out witiHeG, a 3He NMR signal oxidative degradation and the formation of different isomers.

at —14.24 ppm pointed at the formation of a third isomer The recognition of parallels between hydrogenation and
next to trans-3trans-3trans-3 i*He(CsoHe) (—15.31 ppm) fluorination (cf. section 4.11.1) of fullerenes provided a
ande,ee He(CsoHs) (—16.35 ppm¥2* The hydrofullerenes ~ valuable additional handle for structural elucidatidh>+2
CeoHs ((#)-189 and GoH. have been prepared iC- Combining that information with an analysis of thé NMR
enriched form, and 2D INADEQUATE NMR spectra al- multiplet patterns and coupling constants, Taylor and co-
lowed an unambiguous and a nearly unambiguous assign-iworkers concluded on the chir@lsymmetric structure£)-
ment, respectively, of all carbon resonan&és. 188 (Figure 38) for GoHz6,>%° an assignment that received

Reaction of homo[60]fullerene, ggH»,526-52’with Zn(Cu) further support from X-ray spectroscopft and neutron
afforded two major GH, isomers, which were identified diffraction®* data. Inspired by the observation of two close-
by detailed*H and*3C NMR spectroscopic analysis &s- lying *He NMR resonances measured ifttte(CGsoHze)%*° and
symmetric 1,9-dihydro-14-1(2)a-homo(Ge-ln)[5,6]fullerene by the structural elucidation of gFss (cf. section 4.11.1),
((£)-187, Figure 37) anCs-symmetric 10,11-dihydro-T Taylor, Saunders, and co-workers proposed the presence of
1(.2)a.-homo[60]fuIIerenéZ.8 The mheren'tly chiral function- 4 second,Cs-symmetric isomer for &Hss5% A major
alization pattern of the thermodynamic product){187, breakthrough was achieved by Billups and co-workers upon
[Cgc;]rfeusng?ggg L%:R;S:Q%&ﬁ;egz'a éﬁgicrfeascctlr?gm(g iﬁ;irc‘)(r)mo'HPLC purification of the hydrofullerenes prepared by transfer
in the primary addition of singlet oxygen.to hori8-*"°and hydrogenation of & and of its *He incarceran&® The

p combined information fromH, 13C, and®He NMR analysis

azahomofullerené® (cf. Schemes 15 and 16). The hig howed thei o h d 4
reactivity of fullerene double bonds that are adjacent to a SNOWed their main isomers to ha@e- and Cy-symmetries.

homo C-atom was attributed to-orbital misalignment and ~ BY 2D *H NMR spectroscopy, Gakh et al. were finally able

the resulting straifi2®-530 to conclusively elucidate the suggest&dnolecular struc-
Polyhydro[60]fullerene®2 can be conveniently prepared tures ofCy~(+)-189, C3'_(i)'l_9(_1 andT-(+)-188 obtained
from Ceo by various methods such as the BiraHiickel in the approximate ratio 16:7:1 by transfer hydrogenation

reduction (Li/NH/'BUOH)5315%2 the reaction with zn/  Of Ce0.2%8 Aromatic delocalization in the benzenoid rings of

HCI,5195335340r transfer hydrogenation with 9,10-dihydro- the GoHssisomers compensates for the destabilization arising
anthracen&35538 A major product found in these reactions from eclipsing interactions, which are particularly important
is CeoHss, commonly accompanied byegis, and these  in fully hydrogenated six-membered rings (cf. section

compounds were among the first fullerene derivatives 4.11.1)>%
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CeoClas (C1)

CeoClao (C2)
(2)-194

Figure 39. Schlegel-type diagrams @;-symmetric GoClg and
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(sp’)—C(sp)Cl groups as pentagetpentagon fusion sites,
has been isolated from soot generated in a modified arc
discharge in the presence of G@apor>®’

4.11.1. Fluorofullerenes

An impressive number of fluorofullerenes have been
prepared, isolated, and structurally characterized by taking
advantage, among others, of similarities in the course of
polyfluorination and polyhydrogenation, in addition to key
information from'°F NMR spectroscopy and X-ray crystal-
lography?!8236.237.55¢|yorofullerenes have been prepared by
direct reaction of fullerenes with,Fwith noble gas fluorides,
and, in a more selective and versatile manner, with various
metal fluorideg8236:237.558561 Except forT,-symmetric GoF242
and, to a certain degree gdEs-Cs,%6%564all known fluorof-
ullerenes GoF2n are characterized by a contiguous fluorina-
tion pattern resulting from consecutive 1,2-additions across
6—6 bonds. Such motifs are ascribed to sequential bond
activation resulting from increased localization of double
bonds adjacent to addends already in pRi€eAnother
important characteristic, common to highly fluorinated or

of Co-symmetric GoClso.>> Each of the dashed lines represents a hydrogenated [60]fullerenes, is the generation of isolated and

bond on the backside of the flattened structural representations

The C, symmetry axis of £)-194 passes through the center of the
diagram.

4.11. Halogenofullerenes

The highest possible degree of halogenation for fullerene
varies greatly with the halogen involved: whereas fluorina-
tion with different reagents and under different conditions

-flattened benzenoid substructures, the aromaticity of which
is enhanced relative to the fullerene precursor and acts as a
counterbalance for a considerable number of unfavorable
eclipsing 1,2-interactions. Facile fluorine migration (“fluorine
dance”) during high-temperature fluorination often leads to
s@ preponderance of the thermodynamically most stable
isomer(s) in an equilibrium mixtur®® This also provides

an explanation for the remarkable selectivity observed for

leads to a large variety of fluorofullerenes, only a moderate Nigh degrees of fluorination. Fluorofullerenes are generally
number of chloro- and bromofullerenes is known. and Stable when exposed to air and light, but they are sensitive

iodination of the carbon cages does not take place at all. O

the other hand, the bromides have a particularly high

ntoward hydrolysis.
Most GsoF2n Species have highly symmetric structures and,

tendency to crystallize, which has made several X-ray crystal With the exception of 1,2,7,8,9,12-hexafluoro-1,2,7,8,9,12-

structures availabl&? Most of the bromides have structures
with relatively high symmetry and are achiral, for example
Cs0Bre-Cs (191, see Figure 68) and the isomorphougs@s-

C 547548 (192), which will be discussed in more detail in
section 6.9. The same is true fogBrg with molecularC,,-

hexahydro(Go-11)[5,6]fullerene (GdFe-C, with an S-shaped
functionalization pattern across three adjacentonds;
for the numbering of &, see Figure 2% all known
representatives up to ¢824 Th (iIsomorphous with the
corresponding chloro- and bromofullerenes, see section

symmetry, whereas the according chloro derivative has not4.11)°?are achiral. They includedd>-Cz,,**° CeoF4-Cs, and

been isolate&®>4°The molecular structure ofgBr.4- T, was
among the first multiadduct structures elucidat&d®>? it

is isomorphous with §Cl.4, and includes 18 isolated double
bonds but no vicinal halogen atortf:552The next higher
chlorofullerene with established structure;Cl,s, is chiral
and hasCj;-symmetry (()-193 Figure 39). It is closely
related to GoClszo-C, ((£)-194), the additional two chlorine

CeoFs-Cs,263564for which confident NMR spectroscopy-based
structural proposals have been made, as wellggs;£Cs,%%”
CeoF15-Cs, (195, Figure 40)5,68_571 and Céono—Dsd.E'72
Lemon-yellow GgFi5 (195 is formed as a single isomer
and was shown by 2D COS¥F NMR spectroscopy to be
isomorphous with th€s;,-symmetric GoH1.568 The structure
was confirmed by X-ray crystallography, which nicely

atoms of the latter being positioned in such a way that a showed a turtle-like overall shape and the first-observed truly

“pseudoC; axis” ((£)-193 is turned into a real one £{)-

benzenoid substructure at the center of the flattened “bottom”,

194).5%3 Both structures are characterized by two chains of which is isolated from the remaining fullerene-chro-

C(sp)—CI groups and two nonparallel benzenoid rings,

mophore by a macroring of-€F groups:’* CgoF1 undergoes

which compensate for the considerable number of destabiliz-[4 + 2] cycloaddition with anthracef®&>"*and [3 + 2]

ing eclipsing interactions. The two multiadducts can be
transformed into each other by addition of two Cl atoms to
CsoClag-C; or by thermal decomposition of ¢gl30-C.248
Another GoClsg isomer hadsg-symmetry and the shape of

cycloaddition with the azomethine ylide generated from
sarcosine and formaldehydeto yield the products from
addition across bond (Cs-symmetric; see Schlegel diagram
of 195, Figure 40) and across botd(C;-symmetric). The

a drum with two planar, parallel benzenoid rings at the top latter adduct, in the case of anthracene, is less stable and

and the bottom and an I8-electron alltrans annulene at
the center of the cylindrical pait2553This “trannulene®*+-556

rearranges to the former by “ring walking”. Electrophilic
substitution of phenol by &F;s occurs bothortho andpara

substructure is completely isolated from the aromatic rings to the OH group. The primary adduct of the former

by two [C(sP)Cl]1s macrocycles. It should also be mentioned
that a highly symmetric chloride, £gCl;0-Dsh, formally a
derivative of (Go-Dsn)[5,6]fullerene with five equatorial CIC-

substitution mode undergoes 1,3-fluorine migration, followed
by HF elimination between the relocated F atom and the
acidic OH proton, to affordC;-symmetric benzdg]furano-
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195,
(+)-197,

X =
X=
(£)-200, X

Figure 40. Octadecafluoro[60]fullerene,¢g15-Cs, (195,568571and
a variety of chiral derivatives thereof.

fused hexadecafluoro[60]fullerene:-)Y-196 (Figure 40)%76
Various trifluoromethyl-fluorofullerenes accompanyo& s
in its preparation; they originate from addition of trifluo-
romethyl radicals or insertion of GFcarbenes into EF
bonds. The X-ray crystal structure of¢E:;CF; shows a
major Cs-symmetric isomer in which one of the three “outer”,
most accessible F atoms (e.g., C(&E) see Schlegel
diagram of195) has been replaced by a €§roup and a
minor C;-symmetric isomer+£)-197 with a noninherently
chiral functionalization pattern (cf. section 8).Insertion
of another CE group into the existing Gfgroup of the
former leads to an adduct with a @H~; group®’” Variable
temperaturé®F NMR spectra of the mixture dgF17CFs-Cd
CsoF17CF3-Cy ((#£)-197) show that fullerene derivatives with
adjacent F and GFgroups exhibit slow conformational
exchange due to hindered rotation of the trifluoromethyl
addend at-40 + 10°CJ57

Derivatives of a new parent “quasi-fullerene” with a seven-

membered ring, €, were formed by fluorination of g with
mixed cesium/lead oxyfluorides at 55C.5° ¥ NMR

Thilgen and Diederich

S
&

Figure 41. “Quasi-fullerenes” GgF15-Cs (198 and GgF7,CFs-Cy
((£)-199) including a heptagon in their cag®.

198, X =F
(i)'1 99, X= CF3

hybridization of a number of C-atoms as a consequence of
their bonding to fluoriné’®

Oxygen insertion into a €F bond of GgF15 afforded the
first fluoroxy-fluorofullerene, GoF17OF ((+£)-200, Figure 40,
noninherently chiral addition patterff? A corresponding
fluoroxy derivative was also obtaingdfrom “triumphene”,
CesoF15Phs, the Cs,-symmetric product of the FriedelCrafts
reaction between g5 (195 and benzene, which takes place
under replacement of its three most accessible F atoms
attached to C(12), C(23), and C(38j.UV-irradiation of a
toluene solution of GFis in air led to the isolation of the
first oxahomo-fluorofullerenol gF;70(OH) 5801t is produced
by S\2' substitution of F-C(23) by OH, followed by oxygen
insertion into a 6-5 bond (., to the OH group), giving a
Ci;-symmetric motif. The samep8' substitution with the
anion of diethyl 2-cyanomalonate as a nucleophile (without
concomitant oxygen insertion) afforded the chiral adduct
CesoF17/C(CN)(CO:EL),] ((£)-201, Figure 40%8 whereas the
sterically more congested bromomalonates lead to so-called
trannulene®® by three successiven3' (extended §2')
substitutions (vide infra).

Pyrolysis of GoF1g-Cs, (195 affords GoFie-Cs, possibly
by removal of two F-atoms lying on one of the symmetry
planes of the former, and it seems to be also an intermediate
on the way to octadecafluorofullere@®5in the fluorination
of Coo with KthF5.567

CooF20-Dsq has a completely different structure with an
undulated macrocycle of €F groups (single!®F NMR
resonance) at the equator, which completely separates two
polar corannulene-type-systems from each othef

A greater number of chiral fluorofullerene structures is
found among the highly fluorinated derivatives ahCCsoF36
has been prepared by fluorination ofp@vith various metal
fluorides?3%5%8 and three chiral isomers, displayifg, Cs-
(major isomer obtained from reaction ofg@vith MnF3),542:584
andC;-symmetries, have finally been isolated and character-
ized. The similarity between th#He NMR spectra of the
fluoro derivatives®He(GsoF15) andi*He(GsoF36) 0n one hand
and those of the corresponding polyhydro[60]fuller&ffed®

spectroscopy was the main tool used to deduce the structuregcf. section 4.10) on the other suggested isomorphous

of CsgF15-Cs (198) and GeF1/CR-C, ((:l:)-lgg) (Figure 41)
Fluorofullerenel98 can be formally derived from &6
Cs, (195 Figure 40) by removal of a €C unit (6-5 fusion
site marked ¢” in structure195, Figure 40) of the central

compounds in both seri@¥ Constitutionally homogeneous
material was first obtained when cream-coloregFes was
separated into two chiral isomers, one @f and one of
T-symmetry (ratiox 10:1)565584Whereas thd-symmetric

benzenoid ring, thereby leading to the seven-membered ring,structure £)-202 (Figure 38) was established by a combina-

and concomitant migration of the nearby efplane F-atoms
to a position that can be consideredeagiatorialin relation

to their original location. Trifluoromethyl derivativet)-
199(Figure 41) is derived in an analogous way frogf-
CFR3-Cy ((£)-197, Figure 40). The strain related to the seven-
membered rings il98and @)-199is mitigated by the sp

tion of °F NMR and'3C NMR spectroscop$?the structural
elucidation ofCz-symmetric GoFss ((2)-203) was based on

a detailed 2D COSY°F NMR analysis in conjunction with
calculations on the relative stabilities of different isomers
and a theoretical prediction of th#He NMR shifts of
differenti®He(CsoF36) isomers?*6:585A few years later, a third,
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C;-symmetric isomer of ggFs6 ((£)-204) was isolated from
the fluorination of G with MnF3/K,NiFs at 480°C.5%¢ The
assignments of th€;-5% and theT-symmetri€®” isomers
have been confirmed by X-ray crystallography. The structure
of CeoFs6-T deviates strongly from sphericity and displays
four flat faces with isolated benzenéirings. The other
two CeoFzs isomers (f£)-203and )-204) are related to the
latter (&£)-202) by 1,3-shifts of fluorine affecting one of the
aromatic substructures and leaving three of them intact.
CeoF36-C1 Was found to rearrange within a few days t@Rss
C;s (toluene/CDC, room temperature) as a result of a unique
1,3-shift of fluorine®®® On standing in organic solvents
containing traces of water, th€s- ((£)-203 and C;-
symmetric ({)-204) isomers of GgF36 Slowly convert to two
C:-symmetric isomers of fluorofullerenolgg=3s0OH.5° This
reaction provided the first truly proven example for a
fullerene derivative undergoing an&-type reaction.

A C;-symmetric structure with three benzenoid rings and
an isoindole substructure has been conjectured feMIEs,
a product obtained from fluorination of {fN), (168 Scheme
15) with MnF3.236

Fluorination of [60]fullerene with MngK NiFs at 485°C
afforded minor amounts of dgFss-Cs, the proposed structure
of which is based on detailed spectroscopic anafysis.is
characterized by addition of two F-atoms to one of the
isolated double bonds of ¢g36 (cf. Figure 38) and con-
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hemispheres. Careful examination of low-inten$t#fy NMR
signals also suggested the presence of a miisesymmetric
CeoFas isomer Q06).5% Despite identical and enantio-
meric double bond arrangements in the two hemispheres of
CooFag-D3 ((£)-205 and GoFssSs (206), respectively, the
octatetracontafluorofullerenes are constitutional isomers and,
therefore, do not representdd/mesoensemble of stereo-
isomers. A similar relationship exists between hexakis-adduct
structures £)-136 and 159" (Figure 35) combining two
Cso-hemispheres with ae,ee addition pattern each. The
structure of GoFss was also studied in the gas phase by
electron diffraction on a sample evaporated at 366°

4.11.2. Trifluoromethylated [60]Fullerenes

The direct, pyrolytic trifluoromethylation of fullerenes with
CRCOAg®® generates a large diversity of derivatives
Co0o(CR3)2n (n = 1-7), often in the form of regioisomeric
mixtures®® The low symmetry of many of the isolated
compounds, for example gfCFs)4-C;,600:801Cqo( CF3)4-Cs, 0t
or Cso(CRs)6-C1,509601 makes definite, solely NMR-based
structural assignments difficult. Based 8% NMR spectra,
it was proposed that some compounds feature addition
patterns with contiguous GRjroups?®?6%°But other inves-
tigations$°°¢1including a number of recent X-ray crystal-
lographic characterizations, for example, ofo(CFs)s,6%?
Co0o(CF2)10,59% 6% and Go(CFs)12,%%" as well as Gy(CF.CFs)s

comitant double bond isomerization, which leads to the 0SS gnd G(CF.CFs)s,5% showed that isolated perfluoroalkyl
of one benzenoid ring. This is probably the consequence of 4.oups are a more typical feature of this class of fullerene
a strain relief associated with the disappearance of a nearlyjerivatives. The most stable isomer 0ff(CFs),-Cs was

planar hexagon, outweighing the aromatic stabilization at this
point.
White GsoF4s, Which forms colored charge-transfer com-

shown to have the structure of a 1,4-addiief®® An
improvement in the selectivity of fullerene trifluoromethy-
lation consists of the reaction of the carbon cages with

plexes in aromatic solvents, represents the highest observegifiuoroiodomethan®® at 460°C. One out of three isomers

level of fluorination with a well-defined closed fullerene
cage>®? It was actually the first highly fluorinated [60]-
fullerene derivative to be structurally elucidated in 1994 by
Gakh, Tuinman, and co-worket¥ The obtained product
generates eighfF NMR resonances of equal intensity and
proved to have largely a single constituti¥a2D COSY

1% NMR analysis allowed a unigue structural assignment
for CeoFas as energetically low-lying* Ds-symmetric )-
205(Figure 42), a structure that was confirmed by Boltalina

Figure 42. Schlegel diagrams of a chirdD§-symmetric}39.593:595.596
and an achiral$-symmetric}?3 isomer of GoFss.

and co-worker&® and later through X-ray crystallography
by Troyanov, Neretin, and co-worké&?35%to be made up
of two identically functionalizedCs-symmetric fullerene

of the predominant product of this reactior(CFs)10, was
isolated and structurally assigned by X-ray crystallography
as C;-symmetric &)-207 (Figure 43)803604|ts functional-
ization pattern is distinguished by isolated {C§roups

R
NESS o

) /
ﬁ (+)-208
ﬁ ® =C-CF,CF; (£)-209

Figure 43. Schlegel diagrams of 1,3,7,10,14,17,23,28,31,40-
decakis(trifluoromethyl)-1,3,7,10,14,17,23,28,31,40-decahygdso(C
I)[5,6]fullerene ({)-207),803604 1,7,16,36,46,49-hexakis(penta-
fluoroethyl)-1,7,16,36,46,49-hexahydraffl n)[5,6]fullerene
((£)-208),5%%and 1,6,11,18,24,27,32,35-octakis(pentafluoroethyl)-
1,6,11,18,24,27,32,35-octahydrggd:)[5,6]fullerene (&)-209).608
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Figure 44. Chiral fluoro-oxahomofullerene derivatives. Boraf

in ()-210corresponds to the oxygen insertion site of an isomeric,
Cs-symmetric structure. The 18-electrontrans-annulene perimeter
of (£)-212is marked in bold.

exhibiting 1,3- or 1,4-relationships between nearest neigh-

bors. Very recently, tw&;-symmetric isomers of §(C,Fs)s
((£)-208 and Go(CzFs)s (()-209 could be isolated from

the cold zone condensate of the reaction between buckmin-

sterfullerene and £5sI gas®°8 X-ray crystallography showed
that hexakis-adduct#)-208 contains three isolated 1,4-

difunctionalized hexagons, which represents an unprec-

edented GXe addition pattern (cf. section 6.9). As to octakis-
adduct ()-209 its addition pattern includes a substructure
of the same kind, in addition to gpara-para-para-meta

pard’-functionalized ribbon of edge-sharing hexagons. Other

isomers of Go(C,Fs)s were present in the product mixture
but have not been purified so far.

4.11.3. Fluoro-oxahomofullerenes

One of the byproducts ofdgF15-Cs, formation (L95 Figure
40), GoF180-Cs, was shown by X-ray crystallography not
to have the previously postulated ep&%ybut an oxaho-
mofullerene structure; actually the first of its kifidlt results
from insertion of oxygen, probably originating from dioxygen
or water®®8 into the longest and weakest CERE(F) bond
(“a” in the isomeric structurex)-210, Figure 44). Similar
insertion into the next longest bonds yielded tv@-
symmetric isomers,#)-210 and @)-211%1% S§y2' nucleo-
philic substitution of three fluorine atoms o%¢E1s0-Cs or
of (£)-210by the anions generated from diethyl bromoma-
lonate and DBU led to [18]trannulenes (e.gt){212 from
(£)-210 with an intact oxahomofullerene substructéie.
In these [60]fullerene derivatives, an aromatictedirs[18]-
annulene system (marked in bold in structutg-@12) with

small bond length alternation is responsible for the emerald-

Thilgen and Diederich

green coloP4%%6 Among the seven isolated isomers of bis-
(oxahomo)fullerenes &F1g0., 1D and 2D'*F NMR spec-
troscopy, in combination with the consideration of heats of
formation, led to structural proposals for o8¢ and three
Ci-symmetric structure®® They result from oxygen insertion
into different bonds of the types that reacted in the formation
of (+£)-210and (&)-211 Among the oxahomofullerenes with

a lower degree of fluorination, gg~sO-C; was proposed as

a chiral structure next to dgF0-C,,,%6% CgoF4O-Cs, and
CeoFgO-Cs.236'616

5. Cy Derivatives with an Inherently Chiral
Functionalization Pattern

5.1. The Most Common Chiral Addition Patterns
of Mono-Adducts of C 1

Cso and the empty higher fullerenég! show a similar
general behavior in addition reactiols/~1° But whereas
Ceo-ln is distinguished by 30 identical-86 bonds, Gg-Dsp,
features four different types of them, which leads to a higher
number of possible adduct isomers. This number increases
further if one includes the four different-& bonds of G,
which contrast a single such type in buckminsterfullerene.
Nevertheless, [70]fullerene and other higher fullerenes show
a remarkable selectivity in the formation of mono- and
multiadductst®2! In C;¢-Dsp, the first addition often takes
place, with decreasing preference, at the6onds C(8)
C(25) and C(7C(22) (for the numbering of £, see Figures
3 and 45), to a lesser extent at the@bond C(1}-C(2),

+)-216
X=| (£)-217 X =Y =Me
(+)-218 X = CHCl,,
OCH3 Y= CI
D@ (#)-219 X = CHCI,,
OCHs Y = OH
(£)-213 (x)-221 X = CHCI,,
Y = OMe
|
)
+)-214
F
5
(+)-215 ()-220

Figure 45. C;, derivatives with an inherently chiral functional-
ization pattern: C(X)C(2)-mono-adducts (left), C(1),C(4)-adducts
(top right), and cation=)-220531

and in some rare instances at the%bond C(1)-C(6). In
addition and similarly to &, certain primary adducts,
including fullerene-fused pyrazolines and triazolines, can
rearrange to homol[70]fullerenes with insertion of the extra
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atom into the 65 junction between C(24) and C(25) or deprotonation of 8,25-dihydro{&Dsp)[5,6]fullerene with
between C(7) and C(8) (for the numbering afGee Figures  TBAH (tetrabutylammonium hydroxide) in the presence of
3 and 45). benzyl bromide afforded severakdBn, isomersi?* Minor

For reasons of clarity, the following general considerations products isolated from this mixture were the 8,25-dibenzyl-
on chiral addition patterns of - are limited to the most ~ 8,25-dihydro(Go-Dsn)[5,6]fullerene and aCp- or Cs-sym-
common mono-adduct types wit@,,- or CsSymmetric metric adduct, the structure of which could not be elucidated.
addends. Chiral functionalization patterns of multiadducts, The main product was assigned by Meier and co-workers,
on the other hand, will be discussed in the following sections using INADEQUATE *C NMR spectroscopy of*3C-
for specific examples. Established inherently chiral mono- enriched material, a€;-symmetric ()-216 (Figure 45),
functionalization patterns result from addition across the bond which had already been postulated as product of the
C(1)—C(2) or from insertion between C(7) and C(8) (for the benzylation of electrochemically generated*C.5°> The
numbering of Go, see Figure 3). A noninherently chiral transequatorial C(1),C(4)-addition mode was rationalized by
addition pattern has been realized withsymmetric cycles  the high density of the SOMO (singly occupied molecular
fused to C(7}C(22). The most common C(8)C(25)- orbital), which is likely to be involved in the irreversible
addition pattern, on the other hand, is achiral with both types C—C bond formation, and the significant charge concentra-
of addends because the functionalized bond lies on a mirrortion of BnG,y~ at C(4)%?* Careful control of the amount of

plane of the parent fullerene. Howevél,-symmetric ad- base in the above reaction allows for regioselective depro-

dends can lead to constitutional isomers, in this case. tonation of GoH, at C(8), and subsequent alkylation affords
8-benzyl-8,25-dihydro(&-Ds)[5,6]fullerene (for the num-

5.2. C(1)—C(2)-Mono-Adducts of C 79 bering of G, see Figure 45%° This method is complemen-

) ) _ N tary to the monoalkylation at C(25) of;/&£by reaction of
The regiochemistry of single and double additions of ©sO  the fullerene with Zn and methyl bromoacetate (see section
to Czo was explored by Hawkins et al. in 1998.A major 7.1 and Figure 69%7

and a minor mono-adduct were identified @ssymmetric
C(8)—C(25)- and C(7yC(22)- isomers (for the numbering di
of Czo, see Figures 3 and 45), respectively. Further osmy-
lation of the mono-adducts afforded a total of nine com-
pounds, but no structural assignments were made.

The C;-symmetric C(1)-C(2)-functionalized derivatives

The photochemical addition of 1,1,2,2-tetramesityl-1,2-
silirane afforded an adduct for which the unparalleled
addition across the equatorial bond C{£)(12) (cf. Figure
45) was propose#® This addition pattern is achiral, and
the chirality was ascribed to conformational effects related
- ; to the bulky mesityl substituents. In any case, the biphenyl-
of Cyo (Figure 45) are the only-66 mono-adducts with an jixe hond C(2)-C(12) is expected to be rather unreactive,
inherently chiral functionalization pattern. Just a few such 5.4 transequatorial 1,4-addition, resulting in the inherently

compounds have been isolated, mostly as minor productSchira| c(1),C(4)-functionalization pattern (cf. Figure 45), was
formed next to the achiral C(8)C(25)- and C(7)C(22)- put forward as an alternatié? This addition pattern was

adducts. This low frequency may seem surprising, given the 5,5 : _

. o proposed for the reassigne@fy, as well as for &
occurrence of 20 C(HC(2)-type bonds in &, butitis e, ((+)-217), formed together with @Mes, (n = 2—5)
ascribed to their low reactivit}?* The first observed case by reduction of Gowith Al/Ni alloy in NaOH/dioxane/THF
((£)-213 Figure 45) was detected by Diederich and co- ¢qoyed by alkylation with Melf2® CrMer-Cs is isomor-
workers in an investigation on the regioselectivity of the 5,5 \with G,Cly 630 (see section 5.13) with all addends
Dmls—ﬁlderza;?dnmnhof 4,5-d|met2hox3czi>;jqumodm;ethane 0 |ocated on an equatorial belt, and the methylation patterns
.C7°| an q Ge">* Anot erdC(l);C( )'ﬁ Ugt, fC)'I 1g’d‘_"’_as of the lower homologues ar€s-symmetric substructures
isolated as a minor product from the 3 2] cycloaddition — ,ore0f A second methylation manifold is operative in the

of N-methylazomgthing g:de to /294518 The isogner_ic reaction of Go with Li, followed by quenching with Mel. It
assignment was base NMR spectroscopy showing afforded the “polar”, achiral C(8),C(25)- and C(7),C(22)-

the presence of two different methylene groups with two bis-adducts (cf. Figure 45) in addition to more highly

different H-atoms each. The same compounre){214) was : : L -
formed next to the C(AC(22)- and the C(8)C(25)-adducts functionalized derivatives with up to 26 methyl grougs.

(16:36:47 ratio) when [70]fullerene was reacted with _ A Crsymmetric C(1),C(4)-adduct of £; (+)-218 was
methyl glycine and paraformaldehyde in a high-speed isolated as major product from the reaction of the fullerene
vibration mill (HSVM) in the absence of solvef# Con-  With chloroform in the presence of the Lewis acid AICY
versely, under microwave irradiation, CAG(2)-adduct £)- As opposed to nucleophilic additions or cycloadditions in

214 was not formed at all, regardless of irradiation power Which fullerene carbon atoms C(25) and C(8) react prefer-
or solvent, and moreover, the C&R3(22)- isomer was found ~ entially, electrophilic attack under FriedeCrafts conditions

to predominate at high microwave power over the &(@8) IS selective for C(1), an observation that is consistent with
C(25)-adduct?°21The inherently chiral C(BC(2)-addition the large HOMO coefficient at this atom. Chromatographic
pattern was finally observed in onek)-215) of the minor ~ Purification of (£)-218 over wet silica gel produced the
mono-adduct isomers resulting from 2 2] cycloaddition ~ corresponding alcohot)-219, which, upon treatment with

of benzyne to .822623|t was accompanied by the common CFsSO:H, gave a reddish-brown solution @h-symmetric
C(8)-C(25)- and C(7¥C(22)-adducts, as well as by an cation (-)-220%% It is stable at room temperature for over
unusual isomer resulting from addition across thés@ond @ Week, and its structure was confirmed by NMR spectro-

C(1)—C(6) 522 scopic analysis and DFT calculations. Quenching of the
acidic solution with methanol yielded a single fullerenyl
5.3. C(1),C(4)-Adducts of C 7 methyl ether regioisometH)-221 It is sterically favoregf? 63>

among the products that result from attack of the nucleophile
C,-symmetric C(1),C(4)-adducts of£have been obtained at one of the three atoms of catioit)(220 exhibiting the
with identical monovalent addends. Generation ef Chy highest LUMO coefficients, that is, C(2), C(4), and C(6)
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Scheme 18. Primary Adducts Resulting from 1,3-Dipolar
Cycloaddition of Diazomethane or Azides to Gy (Center)
and Thermal or Photochemical Extrusion of N, from These
under Formation of 6—6 Closed (Top) or 6-5 Open
(Bottom) Structures

225 X =CHj, a= hv 226
234 X =N-MEM, a=A 235

\
X
25 222 X =CH,
229 X = N-MEM
Cs
+
X\hl
N
25 223 X =CH,
230 X = N-MEM

(+)-224 X = CH,
+)-231 X = N-MEM

X = CH2
X = N-MEM

MEM = CHQOCHchQOCHS

(Figure 45). Solvolysis rate measurements showed220
to have a thermodynamic stability similar to jEIC—Cgo] ™
or thetert-butyl®® cation®3!

5.4. Homo([70]fullerenes, Aza- and Oxahomol[70]-
fullerenes, and Open-Cage Derivatives of C 7

Homo*27637638nd azahomol[70]fullerentég468.639642 haye

Thilgen and Diederich

and aza[70]fullerenes (Scheme 19). Whereas all the opened
cages produced along the aza[70]fullerene route are inher-
ently chiral, this is the case also for one of the azahomo-
fullerene regioisomers (vide infra). As to the primary{3

2] cycloadducts, they include achiral isomers as well as a
regioisomer with a noninherently chiral addition pattern
(Scheme 18).

The [3+ 2] cycloaddition of diazoalkanes to-® bonds
was among the first reactions carried out with buckminster-
fullerene®?® it affords isolable 3H-pyrazolofullerenes as
primary adducts. Whereas the photoinduced extrusiorn,of N
from the fused heterocycles yields cyclopropafullerenes, the
thermal process affords homofullerenes with a methylene
group inserted in the junction between a six- and a five-
membered ring (cf. Scheme 1%3)16:18.256

Because diazomethane can adopt two different orientations
in relation to all bonds not lying on the equator ofoCGwo
constitutionally isomeric pyrazolofullerene222 and 223
(Scheme 18), arise from addition to C{8}(25). In addition,
the racemate of a third regioisomet;)¢224, which displays
a noninherently chiral addition pattern, results from cycload-
dition across C(7rC(22)527638|rradiation 0f222—(4)-224
yielded methanofullerene&25 and 226 next to minor
amounts of227, whereas thermolysis of the same mixture
gave homofullerene&27 and C;-symmetric {)-228527638
Homofullerenes retain the basic electronic structure of the
parent fullerenes due to strong homoaromatic interaction, and
the perturbation of ther-system is minima$3"-¢43 Homo-
[70]fullerenes227 and ()-228 each of which has a proton
located atop a pentagon and a hexagon, were therefore used
to probe the local aromaticity of individual rings in the
neutral as well as in the hexa-anionic state of the fullerene,
to rationalize the aromatic behavitr*4’of C;o and G¢*.151%3
Similar to G®,%*4 the extra electrons of £~ are mainly
located in the five-membered rings, rendering them diatropic.
But as opposed to hexa-anionic buckminsterfullerene, the
distribution in G¢°~ is uneven with the highest charge density
located at the pole of the ovoid catfé!>*EndohedrafHe
incarceranes of the £H, isomers225—(+)-228 have been
prepared in order to study the effect of the functionalization
of the carbon spheroid on tifele NMR shift5%7

In analogy to the reaction of with diazomethane, the
1,3-dipolar cycloaddition with alkyl azides afforded three
constitutionally isomeric '3alkyl-3'H-triazolo[70]fullerenes
(229—(+)-231, Scheme 18)57:468.639.640Thermal elimination
of N, from the fullerene-fused triazoles preferentially yielded
azahomofullerenes282 and )-233 as compared with
azireno[70]fullerenes2@4 and 235).639.640

After the first azafullerene had been successfully prepared
by Wudl and co-workers in its dimeric form £N), (168,
Scheme 15) fromN-MEM ([2-(methoxy)ethoxy]methyl)-
protected azahomo[60]fullerend§6) via the open-cage
derivative &)-167,"°4"*the established methodology (cf.
section 4.9) was also applied to azahomo[70]ful-
lerenes'7.468,640.645¢lf-sensitized photo-oxygenation282
and (&)-233 (Scheme 18) thus led to the open-cage keto-
lactams {)-236, and a mixture of £)-237 and ()-238
respectively (Scheme 19). Treatment &f){236 with acid
further transformed th&;-symmetric “opened cage” into
isomerically pureCs-symmetric 8,8bi-25-aza(Go-Dsr)[5,6]-

been intensively studied, not only for their formation in [3 fullerene 39. Ketolactam £)-237 similarly gave theC
+ 2] cycloaddition/N-extrusion sequences (Scheme 18) but symmetric 25,25hi-8-aza(GgDsn)[5,6]fullerene p40).467:468
also for their further transformation into a number of When (&)-238was treated under the same conditiéfishe
interesting compounds, such as open-cage derivativegof C intermediate radicals, which dimerize to azafullerenes in the
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Scheme 19. Three Chiral “Holey” G;o-Cages Scheme 20. Photochemical and Thermal Conversions of
((£)-236—(%)-238) and Transformation of Two of Them into Ozonides 243 and 244 into Oxahomo(70]fullerenes
Dimeric Aza[70]fullerenes ((&)-239 and {:)-240)67.468.640 ((£)-245—(4)-248) or Epoxides 241 and 24%2°2

(+)-236 (Cy)

aThe third ketolactam (£)-238) appears to afforanese22,22-bi-7-
aza(Go-Dsn)[5,6]fullerene rather than the alternatidd-racematé4>

last step of an entire reaction cascade, are chiral. The hv A
combination of homo- and heterochiral radicals can conse-
quently afford three stereoisomers of 22;BR7-aza(Go- aThe epoxides are the endpoints of all transformations.

Dsh)[5,6]fullerene (not shown; for the numbering, #40),
namely, aC,-symmetricd,l-pair and aCs-symmetricmeso
form. Isolation of this (GN),-regioisomer at the end of a
reaction sequence distinguished by an improved vyield of
ketolactam precursoeH)-238 points at the exclusive forma-
tion of the mesoisomeré+®

Hirsch and co-workers made heterofullerenes accessible,
by a different route involving, in the case of ).,
intermediates of typel65 (Scheme 14) with acid-labile
substituents at the nitrogen atofi%*75476 Application of
their approach to the according derivatives af @ctually
afforded aza[70]fullerene dime239and240 (Scheme 19)
for the first t|m.e‘.‘68'476 In this context, it may also be Whereas the thermolytic decay of the formédd led to
mentioned that singly bonded, functionalizeg @imers have oxide 241, oxahomofullerene245 was formed under
been detected as anionic intermediates in the electrochemical’”

i 7 i irradiation. In the case of ozonid244 thermolysis gave
retro-Bingel reactioH” of methanofullerene-carboxylat&s. another oxahomofulleren@46), and photolysis resulted in

) a mixture of further oxahomofullerenes)-247 and )-

5.5. Oxahomo- and Epoxy[70]fullerenes 248, in addition to minor amounts of epoxi@42 Whereas
C700, reported in 1991 by Diederich and co-workers, was both oxirane rings are fused to-6 bonds of the cage, the

one of the first known derivatives of [70]fullered&Subse- oxahomofullerenes result from insertion of an oxygen atom

guent synthetic, spectroscopic, and crystallographic inves-
tigations by the groups of Smift¢ Taylor%” and Balch*®
provided structural details of two-8D regioisomers with
epoxy bridges across C(BY(25) 241, Scheme 20) and
C(7)-C(22) 242. A more recent study by Heymann,
Bachilo, and Weisman extended the picture of the [70]-
fullerene-oxygen system, accounting for interconversions
among various specié® Ozonation of Gy in the dark, by
passing a stream of D3 through a solution of the fullerene
in toluene oro-xylene, produced the rather unstalilg
symmetric ozonides243 and 244 as primary adducts.
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into 6—5 bonds. In cases where the latter are not orthogonal
to theCs-symmetry axis of the parent spheroid, the according
oxahomofullerenes are chiraC{-symmetric ()-247 and
(£)-248). Interestingly, all oxahomo[70]fullerenes eventually
photoisomerize to the epoxide246 and (t)-247 — 241,
246-248— 242).54

R=
5.6. Bingel Addition of Untethered Malonates to 249 cH,CO,Et
Cro (S,S,S,5)-252 (S)-PhBu

The highly selective Bingel reacti®fishows a pronounced (RRAR-252  (R).phBu
preference for the C(8)C(25) bond of G,.2%1**Subsequent [CD(-)318]
addition of another malonate equivalent to the according 0
mono-adducéf?63267takes place at one of the five bonds
C(16)-C(35), C(33)-C(34), C(36)-C(37), C(53)-C(54),
or C(55)-C(56) (for the numbering of £, see Figure 3)
radiating from the polar pentagon of the opposite hemisphere.

In the case of achiralC,,-symmetric diethyl malonate
addends, three constitutionally isomeric bis(methano)-
fullerenes are forme#f;262.26” namely, C,,-symmetric 249
(Figure 46) andC,-symmetric {+)-250and ()-251, the latter
two having an inherently chiral addition pattéfts”When
viewed along theCs axis of the parent fullerene, the three
regioisomers can be represented as simplified Newman
projections displaying only the polar pentagons (inner =
pentagon= proximal pentagon) and the functionalized bonds, (**A)-250 CH,CO,Et (**0)-250
which appear as clockface and watchhands, respectively (S.5,5,5/°4)-253a (S)-PhBu  (R,R.R,R,'°C)-253a
(Figure 46). According to this metaphor, the structures are  (R.R,R.RSA)-253b (R)-PhBu  (S,5,5,5,"5C)-253b
designated as “twelve o’clock’249), “two o’clock” ((%)-
250), and “five o'clock” ((£)-251) regioisomers.

Double addition of enantiomerically pure biS[{1-phe-
nylbutyl] 2-bromomalonate to £gleads to a combination of
the stereogenic elements of the addend (stereogenic centers)
and, in the occurrence, of the fullerene cage (inherently chiral
functionalization pattern). This results in a total of five
optically active isomers, namel,-symmetric §SS9)-252,
in addition to two regioisomers occurring as pairs@f
symmetric diastereoisomer§$S S °A)-2534(SSS S C)-
253b) and (§SSSA)-2544d(SSSSSC)-254h) (Figure
46) 3% Because there is no enantiomeric relationship among
any of these five chiral & derivatives, they could all be
isolated by HPLC on plain silica gel, and the same was true -

6 o0 [CD(+)318]

o RO\_/O 0

for the five products RRRR)-252 (RRRR/S*C)-2534d ("SA)-251 CH,CO,Et (*50)-251
(R,R,R,R,f'SA)-253b, and R,R,R,R,f'SC)-254d(R,R,R,R,f'SA)- (S,S,S,S,f'SA)-254a (S)-PhBU (R,R,R,R,f’SC)-254a
254b resulting from cyclopropanation of /& with the (R,R,R,R'SA)-254b (R)}-PhBu  (S,5,5.5,°C)-254b
corresponding bisR)-1-phenylbutyl] 2-bromomalonaf&’ T B

From the two reactions, a total of 10 optically active Bingel- | PhBU = 2-phenylbutyl‘

type bis-adducts were isolated, and they can be grouped into
five pairs of enantiomers: one with stereogenic centers in Figure 46. Bis-adducts of & resulting from two consecutive
the addends only {¢)- and (-)-252) and four with both an ~ Bingel additions:%.263.26Whereas the “twelve o'clock” regioisomer
inherently chiral fullerene functionalization pattern and chiral (0P: ¢f. Newman-type projection with two concentric pentagons

d — further explanations are given in the main text) has an achiral
ester residues {)- and (-)-253a (+)- and ()-253h (+)- addition pattern, those of the “two o’clock” (center, main product)

and (-)-254a and (+)- and (-)-254b). and “five o’clock” (bottom, minor product) regioisomers are
The chiralzz-chromophores of fullerene derivatives with  inherently chiral, which leads to racemates and pairs of diastere-

inherently chiral addition patterns manifest themselves by oisomers if achiral and enantiopure malonates, respectively, are used

intense bands in the circular dichroism (CD) spectra (cf. in (tjhe CVC'_OpVOp"JI‘(“at")l? lrgactlon._ Separate ﬁyﬂthesl'ej off_R}ae (

Figure 48), in contrast to simple perturbation of achiral &f ensa)t frtaigs rzaeae:"; avaif;%{:%?g&?;%;“fﬂ&&2859 € five pairs

fullerene chromophores by chiral addends. Furthermore, it

turned out that matching fullerene functionalization patterns

lead to practically identical CD curves, irrespective of the experimental data allowed assignments of absolute configu-

structure of the addends, as long as the latter do not giverations in the 253series” as [CD{)318]-(SSSS*A)-253a

rise to strong Cotton effects of their own or interact strongly and [CD@)318]-(5S.SSC)-253h!?! Due to the negligible

with thez-system of the fulleren&éBased on these findings,  contribution of the stereogenic centers of the ester residues

the comparison between the calculated CD spectrum of theto the Cotton effects, [CD{)318]-(R R R R,*A)-253b and

dimethyl ester analogue 0ofS§SS/sC)-253b and the [CD(+)318]-(RRRR*C)-253awere assigned by the same
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(5,5,5,5,5C)-255a (R,R,R,R,SA)-255a

@
X

(S,S,S,5,/5A)-255b

(R,R,R,R,SC)-255b

H Ph o

oH H Ph
x(m:\Jko/"() X(S>=Qko

Figure 47. Stereoisomeric tetrakis-adducts ofoQorepared by
diethyl malonate addition to each of the bis-addu§$,§S/sC)-
253h (RRRRA)-253h (SSSS'A)-2533 and RRR R/ sC)-
253a(Figure 46)%%7 The black dots represent intersections of the
2-fold symmetry axis with the fullerene cage.

® = C, axis
R = CO,Et
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Scheme 21. Primary Adduct (left) Resulting from Sixfold
Bingel Cyclopropanation of C;o and Valence Isomerization
to (£)-256 under Formation of Two Homo[70]fullerene
Substructureg672

_ VaIence_
isomerization

(~—)

@ = C(COzEt)Z

(+)-256

a8 The C,-symmetric molecule is viewed along the symmetry axis.

The polar solvent dimethyl sulfoxide leads to an enhanced
reactivity for the Bingel reaction, and hexakis- to octakis-
adducts were formed by addition of diethyl 2-bromomalonate
to 249 and ()-250 (Figure 46) via the intermediacy of
tetrakis-adducts with the addition pattern &f)((—)-255a/b
(Figure 47)%%7 Substantial regioselectivity was observed up
to the stage of hexakis-adducts, but it became strongly
reduced at higher degrees of functionalization. Starting from
bis-adduct £)-250 (Figure 46), the singular hexakis-adduct
(£)-256 (Scheme 21) was isolated as a major product. Its
structure could be confidently elucidated by a combination
of 13C NMR spectroscopic analysis, steric considerations,
known reactivity patterns of f5¢**and ab initio calculation
of frontier orbital (LUMO and LUMO+ 1) coefficients,
which can be correlaté®?’2273to the sites of preferred
nucleophilic attack®” C,-symmetric &)-256 includes four
cyclopropafullerene units in the polar regions besides two
homofullerene substructures near the equ&tofhe latter
are the result of malonate additions te-% bonds with
enhanced LUMO coefficients and subsequent valence isomer-
ization.

token. On the basis of very similar CD bands (positions and 5 7, Bingel Addition of Achiral Tethered
signs), the following assignments were also made with \alonates to C 7o

confidence: [CD{)314]-(SSSS/A)-254a [CD(+)314]-
(SSSSsC)-254h, [CD(—)314]-RRRRA)-254h and [CD-
(+)314]-RRRRf5C)-254a257

To explore the regiochemistry of the formation of higher

Bingel-type adducts and also the impact of a higher func-
tionalization degree on the Cotton effects of the fullerene

m-chromophore, bis-adducts of§vere subjected to further

Dibenzo[18]crown-6-derived bismalonates were success-
fully used not only for the regioselective bisfunctionalization
of Cgo (cf. section 4.3.1 and Figure 23) but also in the first
tether-directed remote functionalization ofo@€>°¢52 Mac-
rocyclization of this fullerene with bismalona?&7, derived
from anti-disubstituted dibenzo[18]crown-6 (substitution at
positions 2 and 13 of the dibenzo-fused heterocycle, Scheme

cyclopropanation. Tetrakis-adduct formation occurred with 22), afforded four stereoisomers, namely, racemates (

pronounced regioselectivifif:?6” addition of diethyl 2-bro-
momalonate t®49 (Figure 46) afforded th€,,-symmetric

258aand @)-258b (ratio ca. 1:1.7), with complete regiose-
lectivity.859-652The identity of C-symmetric ¢)-258awas

Cro, see Figure 3), and @,-symmetric tetrakis-adduct was
obtained from bis-adductH)-250 (Figure 46)2” The inher-

[70]fullerene-crown ether conjugates ensues from a com-
bination of inherently chiral fullerene addition pattern and

ently chiral addition pattern of the latter tetrakis-adduct is “planar” chiral unit represented by thenti-disubstituted

the same as that of the four sterecisom&S$S,sC)-255a
(RRRRf*A)-2553 (SSSSfA)-255h and RRRR/*C)-

255b (Figure 47), obtained in separate reactions from bis-

adducts §SSS/<C)-253h (RRRR*A)-253h (SSSS A)-
2533 and R,RRR/sC)-253a (Figure 46), respectivelf’

crown ether with restricted conformational mobility. Interest-
ingly, the “five o’clock” addition pattern (cf. Figure 46) of
(£)-258a and ()-258b corresponds to the least favored
product of two independent diethyl malonate additions to
Cro, the major product displaying the “two o’clock” addition

CD spectroscopy revealed that the bands of bis- and derivedpattern3®263.267A notable template effect was observed when

tetrakis-adducts are similar in shape and sign bela400

the synthesis off)-258aand ()-258bwas carried out in

nm, but the agreement is less good in the longer wavelengththe presence of KRF whereas the regioselectivity remained
region, which may represent a fingerprint of the specific unaffected, the diastereoselectivity (ratie){258a (4-)-258b

addition patterrf®”

~ 1.3:1) was shifted in favor of the formgt©652
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Scheme 22. Sequential Functionalization of £ with Crown Ether —Bismalonate Conjugates Havinganti- and

synGeometrie$50—652a

O O (\
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PhMe/
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MeCN o O
e

o ~U~ AN, I, , DBU, PhMe/
k MeQSO 4:1

aThe resulting bis- and tetrakis-adducts have inherently chiral addition patterns, which are superposed to the chiralitgntfdibebstituted
dibenzo[18]crown-6 unit with restricted conformational mobility in close proximity to the fullerene spheroid.

Reaction of bis-adduct)-258awith a second equivalent
of tethered bismalonate57 led to an inseparable mixture
of four products. However, when bis-adducts){258aand
(+)-258b were allowed to individually react withsyn
disubstituted dibenzo[18]crown-6 derivati2B9 (substitution

ion-selective electrodes and by significant anodic shifts of
the first reduction potentials (C\#y1.652

Transesterification of the mixtureH)-258a/b(Scheme 22)
provided, for the first time, good access to the “five o’clock”
bis-adduct £)-261(Scheme 23). When the latter was reacted

at positions 2 and 14 of the dibenzo-fused heterocycle, ynder modified Bingel conditions £l DBU, PhMe/MeSO

Scheme 22)Ci;-symmetric tetrakis-adductst]-260a and
(+)-260b, respectively, with & sandwiched between two
crown ethers, were obtained regio- and stereoselecfi%ls?

It should be pointed out that theyn substitution pattern of
259 avoids the introduction of another planar chiral unit.
Besides, the switching from bismalon&B7to 259 in the
Bingel reaction with pristine & led to a complete change
in regioselectivity, generating the achiral “twelve o’clock”
and the inherently chiral “two o’clock” addition patterns in
a~1:1 ratio%5?

4:1) with 1 and 3 equiv of diethyl malonat€&;-symmetric
tris-adduct {)-262 and C,-symmetric tetrakis-adductH)-

263 respectively, were obtained as sole isolable prodiigts.
These structures were confidently assigned on the basis of
NMR data, predictions from density-functional theory (DFT),
and the information from know#?¢” Bingel-type tris- and
tetrakis-adducts, for examplet)/(—)-255a/b (Figure 47)

with a related addition pattern. In fact, two addends located
within a hemisphere of any of these tris- and tetrakiscyclo-
propafullerenes always adopt the same arrangement, which

Although the conformation of the bridging crown ethers corresponds tequatorialin Cs. The difference between)-

in conjugates=)-258a/band &)-260a/bis not particularly
favorable for strong association with metal ions such &as K

262 and &)-263 on one hand and the previously reported
compounds ()/(—)-255a/h Figure 47) on the other hat{ds”

or Na“, complexation was demonstrated with the help of resides in the relative orientation of the functionalized
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Scheme 23. Transformation ofC,-Symmetric Bis-Adduct
(+)-261 of Gy, Obtained by Transesterification of
()-258a/b (Scheme 22), intdC;-symmetric Tris-Adduct
((£)-262) and C,-Symmetric Tetrakis-Adduct ((4)-263f522

CHy(CO,Et),
l,, DBU,
PhMe/Me,SO

aThe black dots represent intersections of the twofold symmetry axis
with the fullerene cage.

hemispheres that are combined in a molecule: whereas the

polar addends of)-262 and ()-263 (Scheme 23) define
a “five o’clock” pattern, their arrangement corresponds to
“two o’clock” in the other cases.

5.8. Diastereoselective Tether-Directed
Multifunctionalization of C 7o with Enantiopure
Bismalonates

Very recently, the Diederich group reported the first regio-
and diastereoselective tether-directed multifunctionalization
of C7o, using bismalonates derived from the gev base,
which had already proven very successful in similar reactions
with Cgo 416417 (cf. section 4.4.3%3 Although the synthesis
of bis- and tetrakis-adducts was first tested with racemic
tethers, the discussion will be limited to the synthesis of the
enantiomerically pure products, starting from optically pure
Troger bases.

Complete regio- and diastereoselectivity was observed in
the Bingel macrocyclization of g with bismalonates§,S)-
114and R R)-114(Scheme 24; cf. also Scheme 7), yielding
bis-adducts$S/°A)-264and R,R,"C)-264, respectively?>3
Their “five o’clock” functionalization pattern (cf. Figure 46)

Chemical Reviews, 2006, Vol. 106, No. 12 5099

Scheme 24. Regio- and Diastereoselective Singte (
(S,S/*A)-264 and R,R,<C)-264; — (S,S,/5C)-266 and
(R,R,f5A)-266) and Double = (S,S,S,S,$A)-267 and
(R,R,R,R,5C)-267) Additions to C;o of Two Bismalonates
Derived from the Tro'ger Basé&>32

OEt

oo

(S,S,75A)-264
(R,R,5C)-264

(S,9)-114

EtO (R.R)-114

(R,R,"SA)-266
(8,8,75C)-266

b4

d
o

¢

EtO
(R,R)-265 (R,R,R,R,"5C)-267
(S,5)-265 (S,S5,5,S,5A)-267

aThe chiral spacers 0o5(S)-265and R R)-265induce an unprecedented

motif of double addition to &.

was clearly established by comparison of the UV/vis spectra (R, R,R,R,A)-254b and §SSS/°C)-254b (Figure 46)257

to those of previously assigned memi3er&’652 of this respectively, the absolute configurations of which had
regioisomer family, and the diastereoselectivity was nicely previously been assigned (cf. section 5.6). Intriguingty,
reflected by the mirror-image CD spectra &%'5A)-264 and C NMR spectra reveale@;-symmetry for {)-264
and RRfsC)-264, which closely resemble those of although both the fullerene addition pattern and thég€ro
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base areC,-symmetric. Possible explanations for this ob-
servation are the presence of amoutisomef® or a
misalignment between thé,-axes of the two substructures.

Reaction of Gy with bismalonates$9-265 and R R)-
265, on the other hand, afforded the bridged dicyclopropa-
[70]fullerenes §,S/sC)-266and R R,"5A)-266, respectively,

again with perfect regio- and diastereoselecti%¥#yThe (£)-268 X = I(CO)CI(PPhMe,),
configurational assignment @f-symmetric {)-266was not

straightforward because its addition pattern had not been (#)-272  X= H (¥)-273
observed so far. A key experiment for the structural EtoN NEt,

elucidation was the addition of another equivalent of bis-
malonates$9-265and R R)-265to dicyclopropafullerenes
(SSf5C)-266 and R RS A)-266, respectively’> Such an
application of two sequential tether-directed remote bisfunc-
tionalizations to the preparation of enantiomerically pure
tetrakis-adducts had not been reported, and it diastereose-
lectively afforded §S5S/°A)-267 and RRR,R,*C)-267
(note that the stereodescriptor for the fullerene addition
pattern is formally inverted on the transition from the bis-
to the corresponding tetrakis-adducts). The UV/vis spectrum
of (+)-267is in good agreement with that of a previously
reported tetracyclopropafullerene (octaethyl ester analogue
of (+)-255a Figure 47)%267 suggesting identical addition
patterns, an assignment that was further corroborated by
molecular modeling. The absolute configurations of
(§SSSA)-267 and R R,RR/*C)-267 (Scheme 24) could
also be assigned by matching their CD spectra (Figure 48)

150 -
(R.R.R,R,C)-267 (x)-271

(S,S,5,5,'*C)-255a Figure 49. Transition metal complexes of;&and biscyclobuta-
[70]fullerenes with chiral addition patterns.

5.9. Transition Metal Complexes of C 7

Transition metal complexes with fullerenes as lig&hts
typically show reversible, thermodynamically controlled
association. A high selectivity fop>>complexation by Ir and
Pt at the most curved polar® bonds is encountered in
(R.R,R,R,'=A)-255a mono$5%55%6and multiadducts of €.557-%5% Accordingly, C,-
T~(5,5,5,5,°A)-267 symmetric “two o’clock” adduct<)-268 (Figure 49) was
150 . . . obtained as a crystalline bis-adduct from the reactionf C

250 350 450 550 650 with [Ir(CO)CI(PPhMeg),].%%” The photochemical reaction of
? Cro with Mo(CO); and 1,2-bis(diphenylphosphino)benzene
. - A/nm . (dppb) in chlorobenzene at room temperature yielded, besides
::e'?rglr(?s igauittg‘gg%j%“z g (“Rj% F%gf Ssg;e;é%s%fhéﬁgfg"'gsrsene a mixture of stereoisomeric mono-adducts, a single bis-adduct
- “A)-2607, (R, ,>C)- ; i 2.2
(SSSS'%A)-2553 and RRRRC)-25525 (Figure 47). All four 1 S0Mermer{{ Mo(COX(dppb}a(u-1*1™Cro)l. The Co-sym-
tetrakis-adducts have the same addition pattern, and the absolut etric compound has the two metal atoms b_ondEd_ta 6
configuration of the former compounds could be assigned by Ponds near the two poles of the fullerene, but in the absence
comparison of their spectra to those of the latter, which have known of an X-ray crystal structure, the addition pattern (“two
absolute configurations. o'clock” or “five o’clock”) remains unelucidateéf® The
same accounts for the corresponding tungstaar({ W-
(COX(dppf} 2(u-17%172-Cr0)]5* [dppf = 1,1 -bis(diphenylphos-
with those of the previously assigneRR,R,R,*°A)-255aand phino)ferrocene]) and chromiurmer[{ Cr(COXx(dppb} 2(u-
(§SSS'sC)-255a(Figure 47), displaying addition patterns  #2%2-C;0)])%¢° complexes, the latter being the first organo-
with the same constitution and configuration. As to the chromium derivative of [70]fullerene.
configurational assignments d8§"<C)-266and R R,<A)- Overlaying a solution of epoxy[70]fullerene isomers
266, they rely on molecular mechanics-based calculations oxireno[2,3:7,22]- (242, Scheme 20) and oxirend[3"
of heats of formation for geometry-optimized structures, 8,25](G-Ds,)[5,6]fullerene @41, Scheme 20¥6%47in ben-
assuming that the thermodynamic stability of the bis-adduct zene with a solution of [Ir(CO)CI(PRJ3] in chloroform
is reflected in the transition state of the second cyclopropa- afforded the regioisomeric [Ir(CO)CI(PBE#?-C700)] com-
nation, which determines the absolute configuration of the plexes {)-269and ¢)-270 (Figure 49), respectivel§#8 In
addition pattern. both structures, the transition metal and the epoxy bridge
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are located within the same six-membered ring, which abuts
on the polar pentagon, an arrangement that leads to an
inherently chiral functionalization pattern ig=}-269 and a
noninherently chiral functionalization pattern if)-270.548
[Rus(CO)] clusters bind in auz-12%n%n>-fashion to arenes,
Ce0,%%2 and G.5%° In the latter case, they add preferentially
to the near-polar hexagon, which displays the most marked
bond alternation and includes the most pyramidalized C-
atoms?®® Addition of two [Rw(CO)] clusters at opposite
poles of Gy afforded the chiral bis-adduc{Rus(CO)}--
(us-n*n%n%n%n?n?-Cyg)] for which three constitutional
isomers (one o€, ,-symmetry and two o€,-symmetry) are
conceivable, similar to the “twelve o’clock”, “two
o'clock”, and “five o’clock” addition patterns (cf. section
5.6). Of the three isomers formed, the major one corresponds
to (+)-271 (Figure 49) as shown by X-ray crystallographic
analysis®®® Figure 51. Three tetrahydro[70]fullerene
addition pattern.

(
S

with an inherently chiral

5.10. Biscyclobuta[70]fullerenes

Zhang and Foote reported the thermaHf22] cycload-
dition between electron-rich bis(diethylamino)acetylene and
C70.5%% Double addition yielded two products, tentatively
assigned as “two o’clock” and “five o’clock” regioisomers
(£)-272 and @&)-273 (Figure 49). The “twelve o’clock”
isomer was not observed, which points at a higher selectivity
as compared with the Bingel reaction (cf. section 5.6). Self-
sensitized photo-oxygenation of a mixture af){272 and
(£)-273 molecules that include both a photosensitizer moiety
(= tetrahydrofullerenéf* and an easily photo-oxidizable
group €& enediamine), afforded the “two o’clock” tetrakis-
(carboxamide§%?

located at opposite poles. This leads to a functionalization
pattern with a geometry resembling the “two o’clock”
arrangement, and the fullerene cages in the polymer chain
show alternating configurations in such a way that the
macromolecule can be considered mesocompound. A
similar structure is found in the trianionic {£"), fulleride
chains of [Sr(NH)g]3(C70)2r 19NHs, obtained from the reduc-
tion of Cyo with strontium in a 2:3 ratié®® It should also be
mentioned that the dimeric (¢), with two monofunction-
alized Gg cages interconnected through atoms C(24) and
C(24) is achiral6™

5.12. Hydro[70]fullerenes

5.11. Polymeric Di- and Trianions of C 7o Two C-symmetric GoH2 isomers out of 143 conceivable
Unlike the pressure treatment of polvervstalling &t 1 structure§™ have been isolated and characterized, that is,
GPa and 2og°c, which, by [2+ 2F1) c))//cl)cl)additig)n be-  8:25-dihydro(Ge-Ds)[5,Elfullerene and 7,22-dihydrofe
tween the C(8)C(25) bonds, led to they-symmetric  Dsul>.Elfullerene (for the numbering of 4 see Figure
dimer cyclobuta[?,2":8,25;3',4":8,25]di(C7-Dsy)[5,6]- 3)>mbr ,
fullerené®5.6% (for a more complete picture of the dimer- Several chiral hydro[70]fullerene structures occur, on the
ization of Go, see section 7.2 and Figure 70; for the qther hand, among the;§H, isomers. Of t_he two constitu-
numbering of Go, see Figure 3), the reduction of the fullerene tlonal_ tetr:ahydro[?O]fullerenes optalned in the reduction of
with alkaline earth (Ca, Sr, Ba) or rare earth (Eu, Yb) metals CroWwith diimide, one isC-symmetric (8,23,24,25-tetrahydro-
in liquid ammonia afforded the first linear ¢&), poly- (Cro-Ds)[5,6]fullerene) and the other oii@-symmetric ({)-
mers67668For all metal ions under investigation, the fulleride ~ 78,22,25-tetrahydro(e Dsn)[5,6]fullerene, )-275, Figure
substructure is the same, as exemplified by the X-ray crystal 51). i . .
structures of [Ba(Nk)s]Cro7NHs 87 or [Sr(NHs)s]Cro-3NHs Reduction of Go with Zn(Cu) in the presence of a proton
in which all cage atoms could be refinéd.The point ~ sourcé'? gives completely different results. Among the
symmetry of the fullerene units in the linear, polymeric Products, a major and a minor¢l, isomer were isolated
fulleride chains ({)-274, Figure 50) is reduced frors, and assigned b{H-coupled*C NMR spectroscopy asH)-
(neutral Go) to Cy, and the spheroids are interconnected by 8,25,33,34-tetrahydro¢Dsn)[5,6]fullerene (*two o’clock”

single bonds through atoms C(24) and C(35), which are isomer ()-276) and £)-8,25,53,54-tetrahydrofeDsn)[5,6]-
fullerene (“five o’clock” isomer £)-277), respectively!1.673

The difference in the product composition as compared with
diimide reduction was explained by the preferred charge
distribution in the intermediate fulleride ions, which are
protonated irreversibly under kinetic contfat.

Another manifold of the Zn(Cu) reduction leads to a higher
degree of hydrogenation and completely different function-
alization patterns it€s-symmetric GoHg (isomorphous with
C7oPhs 4and Go(OO'Bu)s (278 see Figure 589>511.673and

(x)-274 in the majorCs-symmetric isomer of gHio (isomorphous
Figure 50. Anionic (C;¢2), polymer, generated by reduction of with C7oClio,** cf. section 5'1.37'76 both of which have the
the fullerene by certain alkaline earth or rare earth metals in liquid hydrogen atoms added in a zigzag fashion around the equator

NH.867-669 Neighboring fullerenes have the same addition pattern 0f C7o with the addition pattern of the former being a
but opposite configurations. Double bonds are omitted for clarity. substructure of the latter. The functionalization of the
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the position of a single Cl atom, which belongs to the polar
pentagon. It occupies positi@in the C;-symmetric regioi-
somer (£)-279 and positionb in C7oCly16-Cs (Figure 52).

Chlorination of [70]fullerene with Sbg| VCl,, or PCk
in sealed glass ampules at elevated temperature yields C
Clas, which can also be obtained by treatingg®;o with
ShCE.58 |t displays crystallographically impose@,-sym-
metry, which is most probably the result of a superposition
of two orientations of a&;-symmetric isomer and tw@,-
symmetric isomers (one of thes&;)(280, is shown in Figure
52). All three isomers include four benzenoid rings, which,
in contrast to GoF15 %% (195 Figure 40) or GoFze %87 ((£)-
202—(+)-204, Figure 38), exhibit perceptible deviation from
planarity. Nevertheless, they are likely to counterbalance the
considerable number of 1,2-interactions between contiguous
chlorine atoms. The addition patterns of the thregCGs
isomers differ only in the positions of one or two chlorine
atoms.

In comparison to bromo- and chloro[70]fullerenes, flu-
orinated derivatives have been obtained in an enormous
variety. Forty-nine fluoro- and oxygenated fluoro[70]-
fullerenes have thus been isolated by HPLC from the
fluorination of the fullerene with Mngat 450 °C.58% As
Figure 52. Chiral polychloro[70]fullerenes. The upper left panel demonstrated by 1D and, when quantities permitted;#D

shows theC;-symmetric isomer of GClis (+)-279.571t is related NMR spectroscopy, many of these compounds have low
to a knownCs-symmetric isomer by formal shift of one Cl-atom symmetry, and conclusive structural elucidation must rely
from positiona to positionb within the polar pentagon. The lower  on X-ray crystallographic analysis. Crystal structures have
right panel shows th€,-symmetric isomer of @Clzg ((+)-280).%% recently been determined for @- and aCy-symmetric
To emphasize the molecular symmetry, the unusual Schlegel-typeisomer of GoFsg, isolated next to six othe€i-symmetric

representation of [70]fullerene is projected along®@exis, which . . - ;
passes through one of the equatorial bonds (center of diagram) andongeners and five€,-symmetric GoF4o Species. The main

the diametrically opposed hexagon. The polar pentagons of thelSomer, GoFss-C, ((4)-281, Figure 53), is distinguished by
fullerene are marked by asterisks. In both structures, benzenoid ringsthree benzenoid rings, in addition to seven isolated double
isolated from the remainder of tesystem are highlighted inbold.  bonds and, a first-time undisputed observation feys; Gvo
addends located exactly on the equator of the carbon
equatorial belt manifests itself by the strong upfiélde spheroidf® The second, dominant member of thefs-C;
NMR shift (—17.17 ppm for GoHy0) of the corresponding  family, (+)-282, displays four benzenoid substructures, four
®*He incarceranes, which have been studied along with thoseisolated double bonds, and again two fluorine atoms exactly

of di- and tetrahydro[70]fullerene! 524 on the equatof3 The destabilization resulting from the latter
Various highly hydrogenated species such a$lg, (n = feature is counterbalanced by the aromatic patches, which
18—-23) have been prepared, but conclusive structural as-may also be an important characteristic of hydro[70]-
signments are lacking so f&#>12 fullerenes GoHzs and GoHzs.°%® Regioisomers<£)-281and
(£)-282 are related by three 1,3-shifts of fluorine atoms
5.13. Halogeno[70]fullerenes affecting one of the benzenoid rings. These shifts parallel

the relationships among th&-, Cs-, and C;-symmetric
isomers of GoFss (cf. section 4.11.1 and Figure 38). The
CroFsgisomers do not contain the motif of4Cl;0, 3°which
means that the two types of halogeno[70]fullerenes must be
generated by different pathwa$§:583

The only structurally characterized bromo[70]fullerene is
C7oBrio, prepared by bromination of £ in neat Bs,
o-dichlorobenzene, or G877 The Cssymmetric molecule
is isomorphous with &Cl10,%%° as well as with GoH10,57®
CroPhio,574678and GoMes0.52° These structures are character-
ized by 10 addends on the equatorial belt @f @ith a single ;

1,2- and nine 1,4-relationships between nearest neighbors.5'14' Trifluoromethylated [70]Fullerenes
In fact, chloro- and bromofullerenes show a tendency to  Trifluoromethylation of G, by thermolysis of

avoid 1,2-contacts, if possible, whereas such eclipsing CF;CO,Ag results in a vast range of adducts with up to 12
arrangements are frequently found in fluorofullerenes with CF; groups?8+8No single derivative seems to be dominant,

their typical contiguous addition patter#f$. pointing at a kinetic control of the reactioA%F NMR
The next higher polychloro[70]fullerene, 76Cl;s, Was spectroscopy showed most trifluoromethylated [70]fullerenes
obtained in an attempt to brominate,@ith Br; in TiCl,.67® to have low or no symmetry. Furthermore, it was proposed

It is composed of two isomers, one havig-symmetry that some of the obtained compounds have contiguous
((£)-279 Figure 52) and the other or&-symmetry (ratio arrangements of GFgroups, which appear to add across6
4:3), as revealed by X-ray crystallography. Their structures bonds as well as-65 bonds3°%684 Trifluoromethylation of

can be depicted as combining the equatof@gsymmetric Crowith gaseous Cfat 470°C appears to be more selective,
“Clyg" belt of C7Cly (vide supra) with the polarCs yielding a singleCi-symmetric Go(CFs)10isomer (()-284
symmetric “Ck” cap of GsoCls (see section 6.9.1 and Figure Figure 54) as the main produf€8 Whereas its structure could
68). The two isomers of £Clie differ in the relative not be definitively assigned by 1D- or 2D-COSY¥ NMR
orientation of “C}” cap and “Cly’ belt or, in other words, spectroscopy, X-ray crystallography showed that it includes
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Figure 53. Chiral octatriacontafluoro[70]fullerenes. Th€&;-
symmetric isomer of @Fsg ((£)-2829%83 is related to theC,-
symmetric isomer £)-281582 by formal displacement of three
F-atoms from ringa, thereby making it aromatic. To emphasize
the molecular symmetry, the unusual Schlegel-type representation
of [70]fullerene is projected along th@, axis of #)-281, which
passes through one of the equatorial bonds (center of diagram) and
the diametrically opposed hexagon. The polar pentagons of the
fullerene are marked by asterisks and the on-equategf Groups

are circled. In both structures, benzenoid rings isolated from the
remainder of ther-system (three inX)-281, four in (+)-282) are
highlighted in bold.

C70(CF3)12 (Cy)
(£)-286

Figure 54. Schlegel diagrams @,-symmetric trifluoromethylated
a “para para prapare parapara parametapara-func. _ [OMETETSs, 1410152519 60 o9 decakvuremety
tionalized ribbon of edge-sharing hexagons (also denoted as)gg):c03 "1 4,10,19,25,32,41,49,54,60,66,69-dodecakis(trifluoro-
p’mp).%8 Formal removal of two CF groups from the  methyl)-1,4,10,19,25,32,41,49,54,60,66,69-dodecahydsdlé,)-
terminal hexagon of the ribbon leads t@%apattern in Gy [5,6]fullerene ({)-289); and 1,4,10,14,19,25,35,41,49,60,66,69-
(CF3)s-Cs.5%7 Such addition patterns with trifluoromethyl dodecakis(trifluoromethyl)-1,4,10,14,19,25,35,41,49,60,66,69-

. . . dodecahydro(&-Dsp)[5,6]fullerene ({)-286).6896% Ribbons of
grqups a”a”QEd on 1,4-and 1,3-b|sfun9t|onal|zed heXagonscontiguous functionalized hexagons as well as isolated such features
which can be isolated but mostly form a ribbon through edge- are marked in bold.
sharing, appears to be typical fog(CFs)m Structures. The
addition pattern of decakis-adduct)-284 clearly differs 5.15. Addition of tert-Butylperoxy Radicals to C 7o

from that of most other known X0 compounds prepared ) L )
at relatively low temperature, for example,zg8io,67 Five regioisomeric mono-adducts can be generated by

110630 CorcBr10.677 CooMen.629 CooPhy o 674678 Ph.- attack of a radical to each of the five types of C-atoms of
gﬁfsé‘)« i)-cggarllgigur(ém?l?m;/vhiccr:oa:}ao,distingouriscr:gdr%y a Cno If a radical adds to C(1) or C(7), which do not lie on a
closed 0" (0 = ortho) ’Ioop The high-temperature mirror plane of the fullerene, the resulting RCspecies is

: . C;-symmetric (for the numbering of &; see Figure 3). By
tnfluoromgthylaﬂon may, therefore, reveal gspe.c.ts of ther- means of ESR spectroscopy, three regioisomers were de-
modynamically vs kinetically controlled multiaddition reac-

) 5 X tected in the addition of alkyl, trichlorometh§f35%methyl-
tions. Ap’mppattern (vide supra) was also seen, next to an sulfanyl%9% or dimethoxyphosphory®3 up to four for hydro,
isolated 1,4-bisfunctionalized hexagon, in the X-ray crystal aryl, or pentafluoroethy19469%-69 and all five for methox§P®

structures of twdC;-symmetric isomers of £(CFs)12 ((£)- and trifluoromethyA® radicals. Whereas the chiral adducts
285 and ()-286); it may represent a particularly stable may be recognized spectroscopically by their symmetry,
feature in trifluoromethylated [70]fullerenes with more than exact structural assignments are difficult.

eight addend&°°Very recently, molecular structures have Well-defined products, on the other hand, have been
been determined by single-crystal X-ray crystallography for obtained by Gan and co-workers in a systematic study on
Cr0o(CFs3)14, Cro(CF3)16,%°t and four isomers of &(CFs)1g,592 the multiaddition oftert-butylperoxy radicals to & (for

all prepared by reaction of gwith CFsl. related reactions with &g, see section 6.9.3Y>6%°Reaction
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@ = C-O0'Bu

Figure 55. Two series of five characterized products, formed via

two manifolds in the addition ofert-butylperoxy radicals to
C70.675,699

of a solution of the fullerene in benzene with an excess of
tert-butylhydroperoxide in the presence of catalytic amounts
of (NH4)2Ce(NQs)s (CAN)®75 afforded a mixture of adducts
C7o(O0OBU),n (N = 1-5), some of which were composed of
several isomers. All of them were isolated and structurally
assigned by a combination of NMR spectroscopy and
chemical correlation experiments, which unveiled two for-
mation manifold$’® The first one leads to derivatives with
all addends located on an equatorial belt of [70]fullerene.
They include Gy(OOBuU), (C,-symmetric {£)-287, Figure
55), C7o(OOBU)4 (Cs-symmetric 288), C70(OOBU)6 (Cz-
symmetric ()-289), C7o(OOBu)s (Cs-symmetric278), and
C7o(OOBU)1p (Co-symmetric ()-290). The lower adducts
are obviously intermediates on the way te(©OBuU).o

Thilgen and Diederich

Ar = p-
CgH4CF5

(+)-296 297

Figure 56. Incomplete “cyclopentadiene addition mode” observed
in the reaction of & with ArMgBr/CuBr-SMe, followed by
protonation = (+)-296),7°2 and complexX297 prepared by depro-
tonation of &)-296 with TIOEt.704

residues in the formation d€<-symmetric GoHip and Go-
Clypadd in a 1,2-fashion across a near-equatorigh ®ond

(cf. addition pattern of £)-283 Figure 71), whereas the
larger tert-butylperoxy radicals prefer transequatorial 1,4-
addition. This leads to an unprecedent€gsymmetric
addition pattern with only 1,4-relationships between nearest
neighbors in an equatorial zigzag ribbon of contiguous
hexagons ribbon). The second manifold is based on the
“cyclopentadiene addition mode”, which is well-known in
the chemistry of & (cf. section 6.9). Interestingly however,
the cyclopentadiene structure does not form at the pole of
Cyo but on its side. The products isolated and characterized
in this series include £g(O0BuU); (three regioisomersC.-
symmetric 291, Figure 55; Cssymmetric 292 and C;-
symmetric ()-293), C;o(OO0BuU), (Ci-symmetric (£)-294),

and G¢(OOBuU)s (Cs-symmetric295), the latter displaying
the full “cyclopentadiene patterr¥”

5.16. Arylcuprate Additionto C 7o

An addition style that is formally similar to the above-
described lateral “cyclopentadiene mode” (section 5.15)
occurs in the reaction of gwith aryl Grignard reagents in
the presence of CuBBMe..”® Indeed, whereas the according
addition to Go leads to the full “cyclopentadiene pattern”
(see section 6.9.2¥%7%1the reaction with & stops at the
tris-addition stage, and subsequent protonation aff@ds
symmetric adducts such a&)-296 (Figure 56)'°2 A reason
for the completely regioselective reaction not to proceed any
further may be that the two C(3mtoms expected to receive
the fourth and the fifth addend are located in the relatively
flat equatorial region, thus resisting rehybridization to €Ysp
atoms’® Another notable feature of this reaction is the
practically quantitative conversion, which is rather excep-
tional in fullerene chemistr{f* Compound 4)-296is readily
deprotonated with alkoxides to afford the corresponding
metal complexes, for example, [K¢C-0Ars)] or the deep
red [TI(n>-CrAr3)] (297). X-ray crystallographic analysis of
the latter showed that the organometallic compound is
distinguished by a thallium(»°-indenyl) substructure with
the metal being equidistant from all three aryl groups and
bonded to the pentagon flanked by the threghsgridized

because the addition pattern of the latter includes the otherscarbon atomg? Also, the crystal structure of dark brown

as substructures. Interestingly;o@OBuU)g (278) is isomor-
phous with GoPhs,87* and GoHg.511673However, addition of
two further residues takes a different course in tag-
butylperoxylation as compared with decahydrogendfién,
-chlorination®3° or -brominatiorf’” In fact, the last two

[Rh(1°-C7oPhs)(7%n?-cod)] (cod = cyclo-octa-1,5-diene),
prepared by metathesis of [K¢CoPhs)] with [RhCl(cod)],
evidences a great similarity between the considered sub-
structure of the fullerene complex and [RP{ndene)-
(cod)].705
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6. Ceo Derivatives with a Noninherently Chiral
Functionalization Pattern

6.1. Mono- and Dimeric C(1),C(7)-Adducts of C o
6.1.1. Anionic Approach

The introduction of bulky groups intoggoften occurs as
intrahexagonal 1,4-addition with functionalization of posi-
tions C(1) and C(7) (for the numbering ok4->see Figure
2).1518.25€|f the addends are homomorphic and achiral, such
a [60]fullerene derivative isCs-symmetric. Structurally
different groups, on the other hand, cannot be reflected into
each other by a mirror plane, and the symmetry of such an
adduct is reduced t&;. Nonidentity of the addends is,
therefore, a conditio sine qua non for chirality, and the
corresponding addition pattern is termed “noninherently
chiral”. It is easily recognized with the substitution test
delineated in Figure 1.

By addition of organolithium or Grignard reagents tg,C
followed by in-situ protonation, Hirsch et al. isolated
isomerically pure 1,4-adducts with the general formula
RCeoH.7%6:7070n the other hand, by protonation of the isolated
salt Li(BuCe)-4CHCN, Fagan et al. obtained th€.
symmetric C(1),C(9)-isomer (1,2-adduct) as well as@he
symmetric C(1),C(7)-isomer (1,4-addu€t)¢298 Figure 57),
the latter slowly rearranging to the thermodynamically more
stable 1,2-adducf® 710 In fact, whereas 1,2-addition pre-
serves the favorable-electron system of & to a large
extent, the generally lower thermodynamic stability of 1,4-

adducts can be ascribed to the unavoidable introduction of (+)-314

an intrapentagonal double bond, entailing an energetic
penalty of~8.5 kcal mott.41®711However, this unfavorable

electronic effect can be counterbalanced by the lack of steric ()-315

interactions that would exist between eclipsing vicinal
addends, patrticularly if they are bulky. The 1,4-addition

pattern was thus proposed for some of the products isolated

from the reaction of buckminsterfullerene with sterically
demanding silyl-lithium reagents, for exampl&Bu,(4-
MeCsH4)SiLi or 'Bu(4-MeGH,),SiLi, followed by quenching
with ethanol*?* A diagnostic feature of 1,4-adducts is a UV/
vis band around 445 nfi##710.712713¢contrasting with the
characteristic absorption of 1,2-adducts~at30 nm?*5714

Kitagawa, Takeuchi, and co-workers found that the reac-
tion of 'BuCs~, in THF/MeCN, with stabilized, aromatic
tropylium or cyclopropenylium ions led do immediate
disappearance of the dark green color of the fullerenide ion,
which was consumed under formation of covalent adducts
(£)-299, (£)-300 and ()-301a/b (four stereocisomers
composed of two racemate$}.535719n contrast to the rapid
isomerization of Itert-butyl-1,7-dihydro(Go-11)[5,6]fullerene
((£)-299), (+)-299 does not rearrange, even at 76 in
CDCl;, to the C(1),C(9)-adduct. A notable feature ef){
299 (£)-300%* and similaf®® systems is their partial
dissociation in the dipolar aprotic solvent DMSO, giving
greenish-yellow solutions of fullerenide and arenylium
ions$32:635715The unusual heterolytic bond cleavage in these
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(+)-298 R' =Bu, R2=H

(+)-299 R'=tBu, R®=

(+)-302

(+)-303

(+)-304
(+)-305

R' = PhCO, R? = f==—CgHq3
R' = CO,Me, R? = CD,CH,SiMe,
R' = CO,Me, R? = CH,CD,SiMe,

H H

H

N
R‘:H,R2=j—<\j[
N

R1 = ’Bu, R2 =Bn

R' = CH,P(O)(OEt),, R? = Q
S CO,Me

R' = OH, R2 = C4F,
EtO,C

CN
(+)-306
CN
(+)-307
(+)-308
(£)-312

R' = Bn. R2 = CO,Et

5

Me
R'=0OAc, R?= g@ol

()-318 R = OH, R2 = CHCl,
()-319 R = Cl, R2 = CH,CI
()-320 R' = Cl, R2 = CHCl,
(+)-321 R'=Cl, R2 = CCl, O Mo
2
(£)-322 R' = CH,CI, R2 = § O NMe,
()-323 R' = CH,P(O)(OEY),, R? = H
()-324 R = CH,P(O)(OEt),, R2 = CH,CH=CH,

Figure 57. C;-symmetric 1,4-adducts ofgg(addition of monova-

lent addends to cage atoms C(1) and C(7)), the simplest and most
common derivatives with a noninherently chiral functionalization
pattern.

The dependence of the addition mode (1,2- vs 1,4-) on
both organic addends becomes nicely apparent when the
above examples are compared with the reaction of the
tropylium ion with CH(CH,)sC=C—Cs,, affording a
mixture of 1,2- and 1,4-adducts#}-302).7*” Conversely,
(+)-303 was obtained as sole product by benzoylation of

reversibly dissociative systems appears to be facilitated notthe same octynylfullerenide iof’

only by the formation of stabilized ions but also by steric

repulsion between the bulky groups attached to the fullerene.

Switching to the 1,2,3-tris(guaiazulen-3-yl)cylopropenylium
ion with further delocalization and stabilization of the positive
charge led to a completely dissociated pure hydrocarbon salt
which could be precipitated as a dark reddish-brown
powder’t6

Reaction of G with 1-methoxy-1-[1,1-dideuterio-2-(tri-
methylsilyl)ethoxy]carbene afforded a mixture of 1,4-adducts
(£)-304 and @)-305 in addition to the corresponding 1,2-
adducts, instead of the anticipated methanofullerene (the

same result was obtainé, the necessary changes having

been made, with the unlabeled carbefigComplete scram-
bling of the CD) group in the products strongly insinuates
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the involvement of a silacyclopropyl cation and a (meth-
oxycarbonyl)fullerenide as crucial intermediatés.

Addition to Gy of the electrophilic species generated by
thermal dinitrogen extrusion from 2-diazo-4,5-dicyanoimi-
dazole was completely selective in affording 1,4-adduct
()-306with an aromatic heterocycle rather than a spiroanel-
lated derivative combining atimidazole and a methano-
or homofullerene moietyA®

Kinetic studies by Fukuzumi, Kadish, and co-workers
suggest that the formation of fullerene adductCg&g or
RCsR' (e.9., &)-307) by reaction of G~ with alkyl halides
in acetonitrile occurs in two steps, starting with an electron
transfer, which leads to the organofullerenide sRC fol-
lowed by a nucleophilic substitution (3) of the second
halide molecule by Rg.710720.721The combination of fast
SET (single electron transfer) and slowg23eaction was

exploited systematically by Cousseau and co-workers for the 309a ‘Bu (+)-309b
one-pot synthesis of 1,4-adducts &R with two different )
addends (e.g.#)-308).722 Protonation of the intermediate 310a CHP(O)(OEY,  (x)-310b
RGCso~ species, on the other hand, provides facile access to 311a CsF5 (£)-311b
1,2-adducts of type R{H. By deprotonation (K@u) and
subsequent alkylation, these can again be transformed into 313a EtOzCICOzEt (£)-313b
1,4-adducts RgR'.722
/N

6.1.2. Radical Approach 316a PN O (+)-316b

As early as 1991, it was found that alkyl radicals react 317a F=—=—CgH1s (+)-317b

easily with buckminsterfullerene to give adductgCR."% , — , ,
A remarkable feature of the ESR signals observed foggRC ;:_?‘;rﬁ 152 b (lgmfr)'[% 6i|.f'lj]i|-2rqednuecst)s ir?fwﬁ?cr(]7éggﬁsggitétgﬁjdis

; ; ; ; . ; »H-1,1-DI(Ceo-ln) [0,
SPf]C'.e.S was a dram%ﬁﬁggd rre]:vetr)SIEIe_lnc:_reaﬁe In In'Fer_ls'tydistinguished by a noninherently chiral addition pattern. Each of
with rising temperaturé.”=Such a behavior IS characterstic  these™ derivatives can in principle occur in the form of three
for an equilibrium between a radical and its dimer. An stereoisomers: whereas the combination of homochiral moieties
observed correlation between the position of the dimerization can lead to a,|-pair of enantiomers, that of heterochiral cages gives
equilibrium and the steric requirement of the residue R rise to amesoform. The highlighted polygons (bold) help to
suggested the interfullerene bond to be formed in close récognize the presencengsoform) or the absenced-pair) of a
proximity to the addend. Of the three carbon atoms, C(9), Mor plane.
C(7), and C(5) (for the numbering ofs6, see Figures 57 o . -
ar(ld)2) shovéin)g(the highest spin dgeng%:/(:(?) is ?he only allowed the determination of the dissociation constant for
one allowing bonding to another carbon cage on steric the equilibrium between dimer and monomer, and the

i corresponding free energy of dissociatias at 300 K was
tghrgudr;rqnsér%nudcssotg:géuﬁgg 7a2§F|gure 58) was proposed for estimated to be 13 kcal mdl The temperature dependence

As a consequence of their structure with two intercon- of the ESR signal intensity in the temperature range between

nected fullerene cagd$.each of which displays a nonin- 380 and 420 K afforded an enthalpy of dissociatid® =

. > . i . 17.0 kcal moft.726
herently chiral addition pattern, 7;disubstituted HA,7'H- i ) L
1,1-bi(Cso-11)[5,6]fullerenes can give rise to three stereciso- /-7 -Bis(perfluoroalkyl)-H,7'H-1,1-bi(Ceo-1n)[5,6]ful-

mers, namely, al,l-pair of enantiomers (e.g.:)-309b) lerenes containing trifluoromethy}272®pentafluoroethyf©
containing either twésA- or two "SC-configured spheroids ~ ©f heptafluoropropyl 311a(+)-311h)"*#72¢ addends were
and amesoform (e.g.,3099 combining arl*A- and an/-C- obtained by reaction of & with perfluoroalkanoyl peroxides

configured cagé?° Although many of the early reports on  as a byproduct in the synthesis of monomeric fulleregg} (
7,7-disubstituted A, 7'H-1,1-bi(Csc-11)[5,6]fullerenes do not 312(Figure 57). Bifullerenes W|_th pe_rflyoroalkyl S|de chains
include any information on the obtained stereoisomer(s), both ¢&n also be prepared by photoirradiation of a solutiongaf C
the mese and thed,|-form have been observed in a number and a perfluoroalkyl iodidé:° possibly in the presence of a
of cases although no separation has been achieved so fafi€xa-alkyldistannan€&? Treatment of solutions of bi-
Despite the apparent similarity of the two diastereoisomeric fullerenes309a(+)-3096% or 311d(+)-311b*® (Figure 58)
forms, the chiral isomers2{)-310b have been calculated With BusSnH afforded monomeric adducts R by reduc-
(PM3) to be more stable than theitesocounterpar310a  tion of the RGy species, which are in equilibrium with the
by 1.42 kcal motL.7% As to the preferred conformation —Starting dimers. Yoshida et al. have also isolated “mixed
resulting from rotation around the interfullerene pivot bond, dumbbells™ with different perfluoroalkyl side chains in the
molecular mechanics calculations predicted those wjth WO fullerene moietie$?® Such compounds can be formulated
oriented addends to be more stable than those withrdin as two diastereoisomeric pairs of enantiomers, which may
arrangemer®?’ Based on data from dilution experiments, Pe considered asrythro andthreo forms.

the interfullerene bond enthalpy iB(Cso), (309d(+)-309b) The propensity of Rgz intermediates to dimerize mani-
was estimated to be 22.1 kcal mal?* Comparison of the  fested itself also in the reaction between buckminsterfullerene
integrated ESR signal intensity foB10d(+)-310b (o- and the radicals generated from activated methylene com-

dichlorobenzene solution) to that of a standard referencepounds by treatment with manganese(lll) acetate dihydrate,
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studied by Wang and co-workers. Thus, whegwas treated 7,7-Disubstituted 7,7dihydro-1,1-bi(Cso-11)[5,6]fullerenes

for 20 min with diethyl malonate and Mn(OA£2H,0 in were finally observed, besides the monomeric species, among
refluxing chlorobenzenemese313a and @)-313b were the products isolated after addition of certain silyl-lithium
obtained in a 1.7:1 ratit?® Extension of the reaction time reagents to & and subsequent quenching with ethaiiél.

to 1 h afforded a monomeri€;s-symmetric [60]fullerene o

derivative with two malonate residues attached to C(1) and 6.1.3. Cationic Approach

C(7). This compound is also formed, next tepMy simple
heating of a solution of the bifullerene mixtugd 3d(+)-
313b an observation that suggests a disproportionation of
the monomeric (Et@C),CCso’, which is in equilibrium with

the bifullerene. Treatment of gwith bromomalonate and
manganese(lll) acetate, on the other hand, affordgel@0

and ()-121 (Figure 31), and the reaction with ethyl
cyanoacetate or malononitrile gave the corresponding methano
[60]fullerenes’?® When [60]fullerene was reacted with di-
ethyl 2-methylmalonate and Mn(OA€2H,O in toluene
(noninert solvent in the present case},){314 (Figure 57)

Well-defined fullerenols are convenient starting materials
for the generation of fullerenylium ions R by dissolution
in strong, non-oxidizing acid8® Treatment of £)-318
(Figure 57) with BCSQyH thus gives stable, reddish-purple
solutions of the corresponding catiofiéIn addition to the
delocalization of the positive charge, the coordination of a
Cl atom of the addend R to the cationic center (C(9) of the
fullerene), suggested in the case of,MIL—Ce" by its
shielding {3C NMR, 175.6 vs 211.8 ppfi for the trityl
cation) and bylc—4 coupling constant analysis, seems to play

, : a crucial role in the formation of chloroalkyl-fullerenylium
0,731 . X o ) h )
was the main product”’*'Replacement of the unsubstituted ions. Quenching of acidic solutions of such cations with

malonate in the above reaction (solvent, chlorobenzene) bymethanol led to the regioselective bonding of a methoxy

[-diketones op3-ketoesters led to intramolecular cyclization } : ) 737
of the primary adduct under formation of substituted furano- group to formCy-symmetric C(1),C(7)-adducts ROMe.

60]fullerenes’?! also obtained in reactions mediated b
Liplridiné”’m or another base, for example, by 400, y access route to 1,4-adducts ab second way to generate

s . - .
under high-speed vibration millifg conditions’*3 Oxidation RGoo" species™ consists of the addition of an electrophile

of 1-aryl-1,9-dihydro(Go-11)[5,6]fullerenes with Mn(OAgy 1@ Ceo- In the “simplest” case, the electrophile is the proton
2H,0 in refluxing chlorobenzene affords a monomeric 1,4- O.f a superacid with a nonnucleophilic conjugate base,.as
adduct (e.g., £)-315 Figure 57)3 The ArCsH starting nicely shgwn by Reeq a_md co_-workers through preparation
materials can be prepared by treatment gf W@ith arylhy- Of [HCeol "[CB1HeCle] in which the carborane anion is

: : : . exceptionally inert3® Controlled addition of carbon elec-
drazine hydrochlorides in the presence of oxygen, which ; : ; X
seems to play a key role in the generation of aryl radicals trophiles was first achieved by Alg&promoted reactions of

from arylhydrazines. Combining this sequence in a two-step Ceowith the solvents ChLl;, CHCE, or CCl, affording €)-

; : 319 (4)-320 and @)-321, respectively3” Whereas £)-
one-pot reaction makes fullerenyl acetatg)-315 directly . e
accessible from & 320 and &)-321 were obtained as pure regioisomers, the

] . ] smaller chloromethyl addend afforded about equal amounts
Reaction of G with an excess of morpholine under of (4)-319and the corresponding 1,2-addé&The impor-
aerobic conditions afforded bifulleren846d(+)-316bas  tance of the stabilizing interaction between the chlorine atoms
main products precipitating from a benzene solution contain- of the halomethyl addends and the neighboring cationic
ing, among others, a multiadduct with four morpholine center of the fullerenylium ion is evidenced by the unsuc-
residues and an epoxy bridge as a result of the so-calledcessful addition oftBuCl, iPrCl, or Mel under similar
“cyclopentadiene” addition mode (cf. section 67%). conditions?*5 Thermodynamic stabilities of Rg" ions were
Radical dimerization under formation of -disubstituted determined based on the activation free energies of jtie S
7,7-dihydro-1,1-bi(Cso-11)[5,6]fullerenes occurs not only  solvolysis of ¢)-319—(4)-321in a 1:9 mixture of highly
in reactions implying the addition of radicals togC  ionizing 2,2,2-trifluoroethanol and anisole, in which the
but also upon oxidation of R&g ions’%® Thus, when fullerene derivatives are moderately soluble. Whereas NMR
CHs3(CH,)sC=C—Csy~ was oxidized with iodine in THF, an  studies of §)-320 have shown that most of the positive
immediate color change from dark green to brown ac- charge of the fullerenylium ions is located on cage atom C(9),
companied the formation &17d(+)-317h7Y Bifullerenes the §1 solvolysis afforded only 1-chloroalkyl-7-(1,1,1-
3104d(+)-310b were elegantly synthesized in a one-pot trifluoroethoxy)- and 1-chloroalkyl-7-(4-methoxyphenyl)-1,7-
reaction starting from [60]fullerene, which was reduced to dihydro(Gs-In)[5,6]fullerenes as products, probably for steric
the dark red G2~ by treatment with NaSMe. Addition of reasons. The kinetic studies indicated that the stability of
an excess of diethyl iodomethylphosphonate made theRCeo" is similar to that of thetert-butyl cation, a rather
solution turn dark green, indicating the formation of monoan- surprising fact in light of the electronegative nature of [60]-
ionic [(EtO)(O)PCH)]Css . The bulkiness of the phospho-  fullerene®® It should also be mentioned that chloride)¢
nate group prevented further alkylation of the monoanion, 320is readily hydrolyzed to fullerenokf)-318"3"
which was transformed into the mixtugd 0d(=4)-310b by 1-Chloro-7-chloroalkyl-1,7-dihydro(&-11)[5,6]ful-
treatment with iodiné?® A single crystal, containing a lerenes £)-319—(%)-321 were found to undergo nucleo-
disordered mixture of theese andrac-forms, provided the  philic substitution with the proton sponge 1,8-bis(dimethy-
first X-ray crystal structure of such a singly bonded [60]- lamino)naphthalene under formation, for example, 8j-(
fullerene dimer. It showed the interfullerene pivot bond to 32274° An Sgy1 mechanism, initiated by a single electron
be longer (157.6(6) pm) than a typical C¥spC(sp®) bond transfer (SET) from the electron-rich proton sponge to
(154 pm)7?6 Chemical reduction d810d(+)-310bgenerated  fullerene derivatives#)-319—(=)-321was proposed for this
the [(EtOX(O)PCH]Ceo ion as a final reduction product, reaction on grounds of the enhanced rates as compared to
in accord with its irreversible CV. Photoexcitation of the the S1 reaction of the same chlorides with anisole. The
bifullerene in the absence of an electron donor yielded free involvement of free radicals in the reaction was further
radicals [(EtO)(O)PCH)]Cqgs.7%6 corroborated by the formation of minor amounts of bi-

Monofunctionalized fullerenylium ions open up a general
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fullerenes RG—CsoR.7#° The electronic structure and charge-
transfer properties of dyadt)-322 in which donor and
acceptor are directly connected, were studied in défaif?

Komatsu and co-workers recently discovered a third access

door to fullerenylium ions (R&") from 1-substituted 1,9-
dihydro(G-1n)[5,6]fullerenes (RgH) such as £)-323743
Addition of the latter to HSO,, under aerobic conditions,
immediately made the solution turn reddish-purple, which
is the characteristic col6 of monofunctionalized ful-
lerenylium ions. Alternatively, the cation was generated from
bifullerene310a(+)-310b(Figure 58) by the same treatment.
The®C NMR shift of the cationic center C(9) (174.67 ppm
vs 175.6 ppm for GHC—Cgs™), in combination with an
observed coupling of C(9) with phosphorus indicated an
intramolecular stabilizing interaction with the lone pair of a

protonated phosphoryl O-atom, in the assumed species

(EtO)(OH)P*CH,—Cso".7*3 The mechanism proposed for the

generation of this species, which requires the presence of

an oxidizing acid, starts with removal of one electron from
(4)-323 (Figure 57) to give the radical cation:}-323™,
followed by proton release from the fullerene cage under
formation of fullerenyl radical (EtQJO)PCH—Csg, which

is supposed to be in equilibrium with bifullerengs0a(+)-
310b (Figure 58). Further one-electron oxidation of (E£O)
(O)PCH—Cgc should finally lead to the fullerenylium ion,
which can be generated alternatively, in £LH, by oxidation

of monomeric323 or the more reactive dimerigl0a(+)-
310b with a triarylammoniumyl species such as (2,4-
BroCsH3)sN*"SbR~(HSbR)os. Quenching of the fullereny-
lium cation with allyltrimethylsilane, 1,1,1-trifluoroethanol,
or benzene affordedH)-324 (Figure 57) and the correspond-
ing trifluoroethoxy or phenyl derivatives, respectivéty.

6.2. Equatorial Bis-Adducts with a Noninherently
Chiral Functionalization Pattern

Nishimura and co-workers investigated the regioselectivity
of the Diels-Alder addition to Go of two o-quinodimethane
entities that were either singly or doubly interconnected by
tethers of various length (see also section 4.%%or the
simple pentamethylene and 3-oxapentane-1,5-diyl tetkers,
bis-adducts £)-913893% and ()-92%% (Figure 27) were

Thilgen and Diederich

(£)-326 X! = N(CO,EY),
X2 = C(CO,EY),
(£)-327 X! = I(CO)CI(PPhg),,
X?=0

()-328 X' = Ir(CO)CI(AsPhg)s,
X2=0

Figure 59. Cg derivatives with a noninherently chireils-1 addition

pattern.

patterns remain very rare (vide infra), tleés-1 addition
pattern, which represents one of the electronically preferred
arrangements for nonbulky adderidsoccurs in a large
diversity of chiral Go derivatives. A particularity of theis-1
pattern is the proximity of the four involved reaction sites,
C(1), C(2), C(9), and C(12) (Figure 59), allowing for the
introduction of short bridges between addends, which cor-
responds to a multiple anellation of the fullerene.

An early reportectis-1 bis-adduct of g with a nonin-
herently chiral functionalization pattern wak)¢325 (Figure
59), prepared by addition of ethyl azidoformate to ethiA-1
azireno[2,3:1,9](Cso-In)[5,6]fullerene-1-carboxylate’’* The
lower steric demand of thg-monosubstituted aziridine ring,
as compared with a methano bridge with two carboxylate
substituents, allowed also the realization a1 addition
pattern in the mixed azireno-cyclopropa-[60]fullereag
326 Its cis-1 addition pattern was unambiguously proven
by 3C NMR spectroscopy usingN-labeled materiad’® and
HPLC on the Whelk-O1 chiral stationary phase allowed the
separation of its enantiomets.

Noninherently chiralcis-1 addition patterns were also

obtained as the only and the main product, respectively. Theirfound in iridium complexes of 0446448 Whereas some

chirality is associated with a noninherently chiral addition

deoxygenation, presumably by RPlappears to have oc-

pattern originating from the unsymmetric substitution of the cyrred in [Ir(CO)CI(PPH(12-Ce00)]-0.53CHCH-4.47GHs

€edge addend, which makes the corresponding points of ((1)-327 Figure 596 the X-ray crystal structure of [Ir-
attachment on the fullerene heterotopic. In the doubly (CO)CI(AsPh),(172-CeoO)]-0.18CHCH-4.82GHs ((+)-329),
tethered series, only the largeiquinodimethanes based on  \yhjich contains an arsine instead of a phosphine ligand, shows
the dibenzo[24]crown-8 and dibenzo[30]crown-10 ethers 5 greater degree of disorder with respect to the position of

were flexible enough to afford small amountseddis-adducts
(£)-93 and &)-94 (Figure 27)3% Again, the noninherently
chiral functionalization pattern is related to the heterotopicity
of the C-atoms of theqge bond, which is made plausible
by their extra-cage connections to constitutionally different
C-atoms of theece bond of the fullerene.

6.3. Bis-Adducts with cis-1, cis-2, and trans-4
Addition Patterns

6.3.1. cis-1 Bis-Adducts with Untethered Addends

The addition patterns otis-1, cis-2, andtrans4 bis-
adducts are either achiraC£symmetric) or, if the mirror
symmetry of the basic pattern is broken by nonidentical
residues in appropriate positions, noninherently chiral.
Whereas noninherently chiralis-2 and trans4 addition

the oxirane ring*® Nevertheless, the major oxygen occupan-
cies indicate bonding of both addends to the same hexagon.
4-Methyl-1,2,4-triazoline-3,5-dione (NMTAD) is a potent
dienophile in Diels-Alder reactions, but it reacts also with
alkenes in a photoinduced 2 2] cycloaddition. The latter
reaction mode occurs with C@L(9)-functionalized adducts
of Cgo such as cyclopropafullerendZ9 Scheme 25), under
formation of C;-symmetric cis-1 bis-adduct £)-330.744
Interestingly, homo[60]fullerene3@1) behaves quite differ-
ently and undergoes either a photoinducedH{22 + 2]
cycloaddition or a thermal reaction with NMTAD, both
leading to the unusuaCssymmetric 332 in which the
heterocycle bridges the functionalized hexagon of the C(1),
C(2),C(9),C(12)-adduct in a 1,4-fashion, and the cyclopro-
pane ring is anellated to a bond of the fullerene (cf.
structure {)-333 Figure 59). Yet another reaction course
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Scheme 25. Various Products Resulting from Photochemical
or Thermal Addition of 4-Methyl-1,2,4-triazoline-3,5-dione
(NMTAD) to Cyclopropa- (329), Homo- (331), Azireno-

(334), and Azahomo[60]fullerene (335}4

either hv or
20°, dark

is observed in the photocycloaddition of NMTAD to
azirenofulleren®d34and azahomofullerer®35, which both
afford a Ce-symmetric azahomofullerene derivatia36,

again having a rather unusual functionalization pattern. Based
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Scheme 26. Chiralcis-1 Bis-Adducts Resulting from
Reaction of Pyridazino[60]fullerene (337) with Water
(£)-338Y46.747or (R)-2-Phenylethylamine  (R,sC)-339a/
(R,f,sA)_339b)746a

(R,"sC)-339a/
(R,"SA)-339b
aDue to the combination of theRj-configured stereogenic center
originating from the amine and the newly generated, noninherently chiral
fullerene addition pattern, pyrazolo[60]fulleren®,¢C)-3394d(R,"5A)-339h

is a mixture of two diastereoisomers.

high-speed vibration millin§? of the solid compound&’
Pyridazinofulleren®37is isolable but highly reactive toward
nucleophiles bearing protic H-atoms. By reaction with water
or with (R)-2-phenylethylamine, it thus underwent an unusual
rearrangement affordingH)-33846.747 or the diastereoiso-
meric mixture R,"C)-3394d(R,"$A)-339h,7#¢ respectively. In
both cases, X-ray crystallography was necessary for complete
structural elucidation including the position of the fullerene-
bonded hydrogen atoms, in particular.

6.3.2. cis-1 Bis-Adducts as Multianellated [60]Fullerenes

In a systematic study, Prato and co-workers examined the

proposed the formation 0836 to occur by a [2+ 2]
cycloaddition to acis-1 double bond 0834, followed and,

ylides tethered through oligomethylene chains gzHh =
3—5) to a [60]fullerene-fused isoxazoline (see also section

in the case 0835, also preceded by a rearrangement between 4-3-2)**"*¥¢ The combination ofC,,-symmetric pyrrolidine

azireno- and azahomofullerene structuiés.
A C;-symmetric C(1),C(2),C(9),C(12)-adduct with an
oxolane ring fused to the-66 bond C(1)-C(2) ((£)-333

and Cs-symmetric isoxazoline rings leads to a high number
of conceivable regioisomericis type bis-adducts; with the
tri- and tetramethylene tethers, the macrocyclization reaction

Figure 59) has been obtained as a minor product from theWas highly selective, affordingis-1 bis-adducts£)-82and

reaction betweetert-butyl alcohol and ", generated by

()-83 (Scheme 3, pyrrolidine rings in both cases adjacent

irradiation in the presence of the PET (photoinduced electron t0 isoxazoline-C), respectively, as sole isolated products. The

transfer)-sensitizer 2,4,6-triphenylpyrylium tetrafluorobo-
rate’4s

Another class of adducts with a similar addition pattern
was reported independently by the groups of Miller, Baféh,
and Komatsu#’ In both cases, compounds were obtained
from the same precurs@37 (Scheme 26), prepared by a
combination of Diels-Alder addition and dinitrogen extru-
sion, starting from 3,6-bis(2-pyridyl)-1,2,4,5-tetrazine and
Cso, Which were reacted either in refluxing toluétfeor by

longer pentamethylene spacer, on the other hand, afforded
the alternativeeis-1 isomer (:)-84, pyrrolidine ring adjacent
to isoxazoline-O) as main product.

Irngartinger and co-workers discovered that the refluxing,
in dioxygen-free toluene, of a [60]fullerenyl ester derived
from anthracen-9-ylacetic acid having a cyano group directly
attached to the carbon spheroid resulted in an intramolecular
Diels—Alder addition of the arene to the fullerene moiety.
Of the two conceivableC;-symmetriccis-1 andcis-2 bis-
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adducts, PM3 calculations favor thes-1 structure £)-340 Scheme 28. Tandem Reaction Consisting of Michael-Type
(Figure 60) by 3.6 kcal mol.7#8 Addition and Diels—Alder Cycloaddition between Cs and an
N-Buta-1,3-dienyl-O-silyl Ketene N,O-Acetal, 344522

\l/ Cso, PhMe
/
\/\” 5

N
|
344

'BuMe,SiO

(x)-340 (x)-341

Figure 60. Multianellated Gp derivatives with a noninherently
chiral cis-1 addition pattern.

The C;-symmetriccis-1 bis-adduct £)-341 (Figure 60)
has an additional short bridge between the addends and, ()-345
similar to (&)-340, can be considered as a multianellated  aThe final product ¢)-345can be deprotonated with a non-nucleophilic
fullerene. It was obtained from the reaction between two base and the carbon cage subsequently alkylated at the diametrically opposed
molecules of ethyl propiolate ande{in the presence of intrahexagonal position. This transformation leads from a noninherently
triphenylphosphan&? The noninherently chiral addition chiral to aninherently chiral addition pattern.
pattern of (£)-341is related to the head-to-tail connectivity
of the two propiolate units.

Another multianellated C(1),C(2),C(9),C(12)-adduct of
Cs0, 342 (Scheme 27) including a noninherently chiral

efforts aiming at the functionalization of contiguous reactive
centers in G, possibly leading to a fully saturated, planar
cyclohexane substructure prone to spontaneous ring opening
in a retro-[2+ 2 + 2] fashion under creation of an orifice
Scheme 27. Diastereoselective Tandem Addition of the delimited by a 15-membered ring.

Alkaloid Scandine to Ggo 750751 Martin and co-workers found that the 1,6-enyne systems
of fullerene-fused pyrrolidines bearing a propargy! group at
C(2) of the pyrrolidine ring (e.g.,4)-346, Scheme 29)

Scheme 29. Intramolecular PausorrKhand Reaction of
Propargyl-Substituted Fullerene-Fused Pyrrole {)-346,
Affording Adduct ( £)-34753754with a Noninherently Chiral

Cso Functionalization Pattern Distinguished by the Anellation of
Three Contiguous Five-Membered Rings to the Same
hv, PhMe Hexagon of the Fullerene

CsHy4 CsHyq

343

COQ(CO)g

addition pattern as well as a multitude of stereogenic centers
in the addend moiety, was obtained in a diastereoselective
tandem reaction between the alkaloid scandB#é3) and
Ce0.”® The sequence includes a photoinduced addition of
the tertiary amine subunit of the alkaloid and a{22]
cycloaddition of the pendant vinyl group to the adjacent
formal double bond of the fullerene. A second major product undergo efficient and regioselective intramolecular Patgson
(1,2-mono-adduct of g with a regioisomeric substitution  Khand reaction. The products are rigid [60]fullerene-fused
pattern on the amine moiety) was also isolated and charactercyclopentenones such as)¢347, with three contiguous five-
ized in the course of a more detailed investigation on the membered rings anellated in@s-1 fashion to the same
formation of fullerene-fused pyrrolidines by photoinduced hexagon of the fullerene, thus generating a noninherently
cycloaddition between & and the tertiary amine substruc- chiral addition patter®37>*A gemdipropargyl analogue of

mol. sieves 4 /°\,
PhMe, 60°

tures of a selection of alkaloid&! (+£)-346 even underwent double, albeit low-yielding, Pau-
Rubin, Neier, and co-workers investigated the stereose-son—Khand reaction under formation of a strain€y-
lective addition of a series of electron-ribhbuta-1,3-dienyl- symmetric adduct with five contiguous pentagons anellated

O-silyl keteneN,O-acetals (e.g.344 Scheme 28) to £.7%? to the fullereng’®

It takes place as a tandem sequence starting with a nucleo- Furanodi[60]fullerene, G¢O0,’%> 7% was prepared by
philic Michael-type addition, presumably involving a SET Kréatschmer and co-workers in a solid-phase reaction between
(single electron transfer), followed by a radical recombina- Cgo and G¢O.”*® A byproduct of this reaction is 0., of

tion. The second step consists of an intramoleculat [2] which the authors isolated two HPLC fractions. One of them
cycloaddition leading to diastereoisomerically puois-1 consisted of two closely relateth-symmetric isomers, and
adduct {£)-345. The interest in such compounds came from structure £)-348 (Figure 61) with an epoxy bridge icis-1
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Figure 61. C1200; (()-348 758 and G,dOS 349 7°° with one and
two noninherently chiratis-1 fullerene functionalization patterns,
respectively. 1349, the combination of enantiomorphic fullerene
moieties leads on an achiral multianellated system.

position relative to the furano-fusion site in one of the
fullerene moieties was proposed for the major compoffént.
A constitutionally isomeric structure, having the epoxy bridge
located at the remainingis-1 site of the doubly anellated
hexagon, was proposed for the minor component.

When G,O was heated with sulfur under Ar at 23Q,

the analytical data for the main product were consistent with

Cssymmetric349,7*°which is isomorphous with anoth€s,-
symmetric isomer of G¢O, 7°878%and theC,,-symmetric
hydrocarbon GH, (= Cioo(CHy),).76%762Although the Gaor

OS molecule is achiral as a whole, the replacement of one

oxygen bridge of &d0,-C,, by a sulfur atom leads to a
noninherently chirakis-1 addition pattern in each carbon
spheroid. The combination of two enantiomorphic such
moieties results in the achiral structu3é9

Komatsu and co-workers discovered that the reaction

between G and phthalazine350, Scheme 30) takes a very

different course in solution as compared with the solid state.

derivative that is structurally related to compountt3-( 72—
(+)-174(Figure 36 and Scheme 16), the reaction gf With

4 equiv of phthalazine in the solid state under mechano-

chemical conditions using high-speed vibration milfiftg
afforded difullerene derivativ@51, probably by Diels-Alder
addition ofo-quinodimethane intermedia8b2to a second
Ceo molecule’®® Although this difullerene analogue of
triptycene, with two fullerene cages rigidly fixed in close
proximity, is stable in the solid state up to 200, irradiation
with an incandescent lamp in CHCbr heating ino-
dichlorobenzene gradually transforms it ir@#3 by intramo-
lecular [2+ 2] cycloaddition. Similar to349 (Figure 61),
the multianellatedCs-symmetric difullerene853 combines
two carbon spheroids with enantiomorphic, noninherently
chiral cis-1 functionalization patterns. In contrast to cyclo-
butadifullerene Go and to fullerene “dimer”103 (Scheme
5), heating of 353 to 200 °C leads to no appreciable
cycloreversion. On the other hand and similar tp,Cthe
cyclobuta-fusion i353is readily cleaved upon transfer of
one electron as shown by cyclovoltammetry (CV) and
differential pulse voltammetry (DPVY3

6.4. cis-1-Type Transition Metal Cluster
Complexes of C g

New bonding modes of &, corresponding to ais-1-type
noninherently chiral functionalization pattern involving cage
atoms C(1), C(2), C(9), and C(12) (for the numbering of

Chemical Reviews, 2006, Vol. 106, No. 12 5111

Scheme 30. Course of the Reaction betweensCand
Phthalazine (350) under High Speed Vibration Milling
Conditions’632

HSVM =
high speed vibration milling

A
N
() + |
60 ©CN

350

1.[4+2]
2.-N,

Ceos
solid state
(HSVM)

intermolecular
[4+2]

hv, [2+2]
CHCls

353

2 The multianellated fullerene moieties of the achiral prod@&3display
enantiomorphic noninherently chirais-1-type functionalization patterns.

Whereas the former procedure yielded a dihomofullerene .

in their attempts to convert existing bonding patterns &fC
metal cluster complexes into new ones by modifying the
coordination sphere of the metal cent®s’54By doing so,
they discovered thatdgcan act as a multifunctional ligand
exhibiting varioust- ando-bonding modes. Thus, when [9s
(COX(CNBN)(us-n%n%n>Ced)] ((£)-354 Scheme 31, ob-
tained from the reaction betwe€h,-symmetric [Og(CO)-
(us-n2n%n*Cso)] and BnN=PPh) was treated with benzyl
isonitrile at 80 °C in chlorobenzene, two constitutional
isomers of [Og(CO)(CNBN)(us-CNBN)(us-1%32n%-Ceo)l,
(£)-355and ()-356, with one isonitrile ligand inserted into
an Os-Os bond were obtained and characterized by X-ray
crystallography® 766 Adduct (&)-355was the first structur-
ally characterized complex exhibitirgbonding between the
fullerene and a metal center. The coordination of one
isonitrile ligand to three Os centers in a four-electron-donor
uz-n%(C):n*(N) mode and the equatorial bonding of another
isonitrile to one of the outer Os atoms lead to an unsymmetric
trimetallic framework and, thus, to a noninherently chiral
fullerene functionalization pattern. The outer Os centers of
(£)-355and @)-356 bind to C(9) and C(12) of thasz-n*:
n%n*-Cgoligand in ac-fashion, whilez-coordination to C(1)
and C(2) is observed for the central Os atom. The function-
alized cyclohexa-1,4-diene-type ring of the fullerene thus
adopts a boat conformation with threbonded C(sf)-atoms
located at the bow and stern positions. The thermally (80
°C) noninterconvertible complexest)-355 and ()-356
differ only in the coordination site of the terminal isonitrile

Cso, See Figure 2), were discovered by Park and co-workers ligand 65766
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Scheme 31. Chemical Transformations between Triosmium
Cluster Complexes Bonded in Various Ways to a &
Ligand, Which Displays a Noninherently Chiral
C(1),C(2),C(9),C(12)-Addition Patterr642a

Figure 62. Unusual noninherently chiral functionalization pattern
in C(1),C(2),C(9),C(10)-adductH)-361, formed together with
achiral 360 in the photocycloaddition between cyclohexane-1,3-
dione and G,.7%°

and the fullerene ligand has undergone an orbital rearrange-
ment, switching fromus-n*:n%n*-bonding (&)-355) to us-
ntnptn?-bonding (&:)-358).7%8 The latter mode again corre-
sponds to a noninherently chirgk-1-type fullerene addition
pattern for which X-ray crystallography reveals a cyclohexa-
1,3-diene substructure, as opposed to the cyclohexa-1,4-diene
boat structure in£)-355 Metal-fullerene back-donation
seems to be the cause for the preferretype interaction
between the fullerene and the Os center bearing the phos-
phine donor ligand. Stronger heating af)¢358 with PPh
leads to the formation of¥)-359 by a series of rearrange-
ments including carbonyl and PPmigration, switching of

the terminal isonitrile ligand from an equatorial to an axial
position, insertion of a bridging PRligand into one of the
Os—0s bonds, and orthometalation of the second benzyl
isonitrile ligand under formation of a five-membered met-
allacycle. In thist-type complex, the fullerene adoptgay?:
n?-binding mode and its functionalized six-membered ring
has regained a cyclohexatriene-like structure, still corre-

1. MesN*OT, 1. Me3sN*O™, MeCN, rt.
MeCN/PhCl, r.t. \ 2. PMes (5 eq.), 50°
2. PPhg, PhCl, 70°

CO (2 atm),
PhCI, 100°

gMeS sponding to a noninherently chirais-1 addition patterri®®
S
BnNC"'f/c\)s{C/\I >o{;\ 6.5. C(1),C(2),C(9),C(10)-Adduct of C g

Photocycloaddition between cyclohexane-1,3-dione or
related compounds ands&did not give the expected De
Mayo type fullerene-fused cyclo-octane-1,4-diones after
workup, but aCssymmetric 860, Figure 62) and &C;-
symmetric (&)-361) compound® The latter could be
dehydrogenated t860, and its enantiomers separated on an
(£)-357 (§9-Whelk-O chiral stationary phase. Whereas the achiral
compound 860 is a mono-adduct of &, He NMR
spectroscopy of th#He incarcerane offf)-361rather pointed
at a bis-adduct structure. Having one-® and two 6-5
junctions within a six-membered ring of the fullerene
functionalized, £)-361does not representcis-1-type adduct
of Cso, the addition pattern of which extends over twe®
and one 65 junctions. The unprecedented addition pattern
of C(1),C(2),C(9),C(10)-adductH)-361 leads to an intra-
pentagonal double bond at the unfunctionalized §unction
of the functionalized hexagon.

(+)-359 6.6. cis-1,cis-1,cis-1 Metal Cluster Complexes of

a Carbonyl ligands are not shown explicitly but indicated by free valences CGO

departing from the metal atoms.
Complexes £)-362 ([Oss(CO)}(PMes) (us-17°:17°1*Ceo)])

Decarbonylation of £)-355 with MesNTO~/MeCN and and @)-363 ([Os(COY(PMes)x(us-1n%n%1n?-Ces)]) (Figure
reaction with PMe afforded [Og(CO),(CNBn)(us-CNBn)- 63) have been prepared next to a tris(phosphine) substitution
(PMe&s)(us-n?1%n?-Ceo)] ((£)-357) with a phosphine ligand  product (not shown) by decarbonylation of EIBO)(us-
substituting an axial CO ligand at the central Os center of »%12%1?-Cs0)]%6? with 3 equiv of MeNTO™ in the presence
(£)-355but the bonding mode between osmium cluster and of an excess of PM&7% 772 As shown by X-ray crystal-
fullerene remaining unchangét.In product &)-358 on lography, &)-363has two heterotopic equatorial phosphine
the other hand, the bulkier phosphine PRbplaces a  ligands attached to neighboring Os atoms. This leads to
carbonyl ligand at an equatorial position of an outer Os atom, configurational differences at the corresponding metal cen-
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(+)-362

(x)-363

Figure 63. Two triosmium cluster complexes with a [60]fullerene
ligand exhibiting a noninherently chiral C(1),C(2),C(9),C(10),C-
(11),C(12)-addition pattern, which originates from configurational
differences at the Os-centers. Carbonyl ligands are not shown
explicitly but indicated by free valences departing from the metal
atoms.

ters, and in combination with the constitutionally different
third center, the three atoms of the @&ister are nonidenti-
cal. As a result, theis-1cis-1,cis-1 addition pattern of the
uz-n?n%n?>bonded fullerene ligand becomes noninherently
chiral. The same is true forH)-362 in which case
configurational differences exist between the two Os atoms
devoid of phosphine ligands. In the homologdbssym-
metric tris(phosphine) substitution product (not shown), on
the other hand, all centers of the {duster are identical,
and the addition pattern of the fullerene is achiral. Neverthe-
less, that complex is chiral as a whole, and its stereogenic
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Scheme 32.ortho-Phosphanation andortho-Metalation
Reactions with PPh Ligands, Induced by the “Noninnocent”

13 n%n%n?-Ceo Ligand in a Tetrairidium Cluster

Complex’752

Ni”

PhaP /AO; Y,

Ceo (2 €9.),
PhCl, 132°

------

Ceo (2 €9.),
PhCI, 132°

2 Nonbridging carbonyl ligands are not shown explicitly but indicated

elements are restricted to the addend. In solution, tempera-y free valences departing from the metal atoms.

ture-dependent 3-fold rotation of the three nonbridging

ligands at each Os center was detected and investigated byeactions. Thermolysis d865 alone in chlorobenzene af-
3C and *P NMR spectroscopy. In a related study, the forded (t)-366 which, upon refluxing with €, produced

fluxional behavior (carbonyl site exchange) of the ruthenium
cluster complexes [RUCO)(PPh)(us-n?1%n*-Ceq)] (RU/
PPh-analogue of £)-362), [Rus(CO)(PPR)x(uz-n%n%n>
Cs0)] (Ru/PPh-analogue of £)-363), [Rus(CO)(PPh)(us-
7?>n%n?-Cq0)] (Ru/PPh/Cs-analogue of £)-362 with a
single hexagonal fullerene face capped in comparisott}o (
271, Figure 49), and [R#CO)(PPh)2(us-1%1%1?-Cs0)] (Ru/
PPh/C;g-analogue£)-363 was probed by Hsu and Shapley
using 3P and®3C NMR spectroscopy’® A disubstitution
product of [Os(CO)(us-n%n%n?-Cesg)] with two different
isonitrile ligands (cf. monosubstitution product)-354,
Scheme 31), one of them carrying a zinc(Il)-porphyrin and
the other one serving to attach the entire conjugate to an
ITO (indium tin oxide) surface, was used by Park and co-
workers to build a highly ordered and nearly fully covered
SAM (self-assembled monolayer) of a [60]fullerermaetal
cluster-porphyrin dyad. Such an assembly, having its zinc-
(IN-porphyrin units interconnected by DABCO (1,4-di-
azabicyclo[2.2.2]octane) ligands, exhibited efficient photo-
current generation in a zinc(ll)-porphyrifullerene/ITO/
ascorbic acid/Pt cell’*

A noninherently chirakis-1,cis-1,cis-1 addition pattern,
originating from constitutionally different Ir centers inug
n?n%n?-bonded Gy, is present in cluster complex J(€O)-
{ﬂ3-PPQ(O-C6H4)P(O-C6H4)PPhé]l-O-C6H4)} (ﬂ3-172:172:ﬂ2-
Cs0)] ((£)-364, Scheme 32) with a tetrairidium butterfly
framework’”® It was characterized by X-ray crystallography
as an unexpected product of the reaction between the
tetrairidium cluster complex [J(CO)(PPh)3] (365 and G,
demonstrating, for the first time, the behavior of the latter
as a “noninnocent” ligand that induces the chemical trans-
formation of PPhligands into a P-(C),—P—(C),—P species
by a series ofortho-phosphanation andrtho-metalation

(£)-364, thereby showing that the former is a reaction
intermediate on the way to the latt€P. Another example
for the Go-mediated conversion of two PPligands into a
diphosphine ligand by successive phosphanationositad-
metalation at an lrcluster was reported recentlif. Such
transformations may open up a convenient avenue for the
synthesis of oligophosphines that are not easily accessible
otherwise.

The carbidopentaosmium cluster complex {O&O0) ;-
(PPh)(us-n%1n%1%Csq)] ((£)-367, Scheme 33) features a

Scheme 33. Interconversion between
[OssC(CO)11(PPhe)(s-n*n%%Ceo)] ((£)-367) and
[OssC(CO)1(PPhg)(u-n%m2-Ceo)] ((££)-368)/77 Two
Carbidopentaosmium Cluster Complexes in Which the Gy
Ligand Exhibits Different Bonding Modes and
Noninherently Chiral Addition Patterns

CO (1 atm),
PhCl, 80°

PhCl, 132°

(

® = 0s(CO),
O = 0s(CO);

square-pyramidal metal cluster framework with a carbon
atom in its base, attached through one of its triangular faces
to a six-membered ring of the fullerefg.lts solid-state
structure is isomorphous to that of the previously prepared
ruthenium analogue [RG(COY1(PPh)(us-1n%17%1>Cs0)],”"87"°
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and the noninherently chirals-1,cis-1,cis-1 addition pattern

of both originates from differences in the ligands bound to
the basal Os atoms. In solutiont)-367 can be reversibly
converted to [OsC(CO)(PPR)(u-17%1?-Ceo)] ((£)-369) in

an equilibrium that depends on the concentration of carbon

monoxide. This transformation is accompanied by a switch- @ =Rh(CO)
ing in the Go-bonding mode fromus-n%1%n? to u-n%ny?, a O =Rh
phenomenon observed here for the first time. Intriguingly, e =u3-CO
at the same time, the fullerene formally rotates by °180 P =PPh,

such a way that the top of the pyramid is located atop a
hexagon in £)-367 and atop a pentagon ig-§-3687"" The
conversion fromuz-n%n%n?Cs to u-n%1n>-Cs was not
detected with a related BQ cluster complex, an observation
giving a hint at the stability of the Ru(C=Cfulereng
s-interaction versus RerCO bonding’8°

Coordination of a single metal cluster to twgo@Cages
can be realized with a cluster framework that has enough
electron-donating ligands to compensate for the electron-
withdrawing fullerenes. When the complex RGO,
(dppm}] (dppm= bis(diphenylphosphino)methane) with an
octahedral hexarhodium cluster framework was reacted with
1.4 equiv of [60]fullerene in chlorobenzene at 120, the
color of the solution changed from dark red to green, and
the complex [ng(_CO)g(dppm)z(ug—nz:nz:772—C60)] ((£)-369 (+)-370 R \/
Figure 64), in which a triangular face of the Rittahedron I
caps a six-membered ring of the fullerene, could be W 'Ff’l':,h
isolated’®.782The unsymmetric distribution of the carbonyl il 2
and phosphine ligands on the hexarhodium cluster causes
the cis-1cis-1,cis-1 addition pattern of the fullerene to be Me2R
noninherently chiral. Treatment of-}-369 with an excess
of Ceoin refluxing chlorobenzene, followed by treatment with
1 equiv of benzyl isonitrile, gave the first bisfullerenmetal
cluster sandwich complex [R{CO)(dppmi(CNBN)(us-7>
7%1m%-Ce0)2] ((£)-370) as a green solitf1782 The X-ray
crystal structure shows that the tweg-#7%%21%-Ceo ligands ()-371
are capping triangular faces of thefRittahedron, one vertex
of which is bonded to both carbon cages. Due to the
unsymmetric distribution of the nonfullerene ligands (ter-
minal CO,us-CO, andu,-dppm) on the cluster framework,
the coordination environments of the two carbon cages differ Figure 64. The top figures show complexes including an octahedral
from each other and, in addition, each one displays a hexarhodium cluster framework and one fullerene (RID)-
noninherently chiratis-1cis-1,cis-1 functionalization pattern.  (dppmy(us-n%525?-Ceq)], (£)-3697817820r two fullerene ligands
It is interesting to note that the six redox waves corresponding ((RNe(CO)s(dppmy(CNBN)(us-17%727*Ceo)a), (£)-370.75+7%2The
to the first three reductions of the twosQunits are well cis-1,cis-1,cis-1 addition pattern of each fullerene is noninherently

ted. thereb flecti IV st lectroni chiral due to the unsymmetric distribution of the other ligands
Separated, thereby refiecting an unusually strong €lectroniCyyqng the hexarhodium cluster. Triply bridging carbonyl ligands

communication through the hexarhodium cluggér> (u-CO) cap the triangular cluster surfaces that have their center
A combination of different bonding modes and two {“?fk_e,g,by algr?y ?Ot- The t|)<0'tt0tmh figure IShOL\élVfS: S)ﬁugﬁiplanaf

noninherentl hiral ition rns. involvinaia-1- etrairidium cluster rramework In the complex 4~ -
oninherentl chira a_dd tion patterns, invo ) gia1-type (PMey)o(u-PMe)(CNBN) (u-17%17>-Coo) (a-nt:mtm%m>Ceo)]  ((£)-

C(1),C(2),C(9),C(12)- and atls-l,_CIS-ZI.,_CIS-_ZI. typ_e C(1), . 37D)"8including two fullerenes, each of which displays its own

C(2),C(9),C(10),C(11),C(12)-functionalization, is found in  pinding mode and a noninherently chiral addition pattern resulting

the complex [I§(CO)(us-CH)(PMes)2(u-PMe)(CNBN) (- from the unsymmetric distribution of the ligands at téonded

17217%-Coo) (ua-n :n*n?n?>-Ceo)] ((£)-371) in which a tetra-  Ir centers. For reasons of space, all fullerenes are reduced to

nuclear Iy cluster is bonded to two & ligands’®® The sumanene-type fragments.

complex was obtained as the major product in the form of a T, .

green solid from the reaction of JICOX(PMes),] with 4 excha_nge_ of a carbonyl for an isonitrile ligand, in the

equiv of Gy in refluxing dichlorobenzene, followed by coordination spheres of the two Ir centers that are bonded

treatment with benzyl isonitrile. Interesting features revealed 1© ©nly one fullerene. Similar toX)-370, electrochemical

by X-ray crystallography are the face capping of the square- studies revealed a not'able electronic interaction between the

planar Iy cluster by a methyne (CH) group, the bridging of WO fullerene ligands in)-371

two Ir centers by a PMegroup, the cyclohexatriene structure o : o i o~

in the 7-bonded fullerenew-12n>-fashion), and the cyclo- Ig'?t't Bis-Adducts with  cis-2 and trans-4 Addition

hexa-1,3-diene ring in the- andz-bonded second fullerene altemns

(uantmtn?n?-fashion). The noninherently chiral addition Studying the regiochemistry of double addition tg,,C

patterns of the fullerene units arise from differences, that is, Hirsch and co-workers synthesized a series of bis-adducts
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X' = N(CO5Et), (x)-374
X2 = C(COQEt)Z
X'=C(CO,EY),  (+)-375
X2 = C(p—C6H4OMe)2

Figure 65. Bis-adducts of G with noninherently chiratis-2 and
trans-4 addition patterns.

with two different addend%® As a consequence of this Ph Ph (R.R.R,A,A,R,SC)-378
nonidentity, the otherwis€s-symmetriccis-2 andtrans4 Z\N N’S (A e
addition patterns become noninherently chiral, for example, = = OJXLO == = Dendr

in Ci-symmetric C(1)-C(9):C(3)-C(15)-adducts £)-372

and ()-373and in C(1)-C(9):C(32)-C(33)-adducts£)-
374and &)-375(Figure 65). It is interesting to note in this
context thate bis-adducts with differentC,,-symmetric
addends are achiral but can occur as two constitutional

0o
O)JXLO

isomers as a result of the heterotopicity of Bgeandeace -

positions?®® A cis-2 bis-adduct with an unsymmetric tether, \ | = = Cyclohexaester
giving rise to a noninherently chiral addition pattern and two

stereogenic methano C-atom centefs){876) was reported o 0
by Nierengarten et &f° (+)-379 0% AA[AO
6.8. Mixed Hexakis-Adducts of C ¢ with an g R ons

Underlying Pseudo-Octahedral Addition Pattern

6.8.1. Hexakis-Adducts of Cep with Two Types of
Addends Grouped in e,e,e-Subpatterns R = (CH,)4,CONH(CH,)3(OCH5;CH,);CHoNH,

Hirsch and co-workers reported a number of [60]fullerene
hexakis-adducts that are distinguished by a pseudo-octahedral

— = F{O)KU\OR

arrangement of two types of addends on the carbon i (5.5.5.5,S,5,"°A)-380a/
sphere’84785|f these addends are grouped in two sets defining N ’ = [ ycohe Kancter (5,8,5,5,8,5,"5C)-380b
oppositely configure@,ee patterns in antipodal hemispheres, allle R= H

the underlying overall addition pattern, which is achifé( N._COH
symmetric) for identical addends, becon@@ssymmetric and - = RO OR i
noninherently chiral. The reported examples include the O CH,

dendronized fullereneX)-377 (Figure 66), obtained from  Figure 66. Hexakis-adducts of & with a noninherently chiral
Cs-symmetrice,e,e tris-adduct f)-124 (Figure 32) by 9,10-  addition pattern originating from superposition of twee,e-
dimethylanthracene (DMA)-template-medigiied cyclo- Zgg%@‘g%”%ggsgg%t 3332232s,cé’ggﬁ’s“c@?é%ﬁé?}ﬁﬁ;
propanatlor_\. with 2-br0.m0malon_ate-conta|nlng dret- stereogenic centers in addition to their chiral addition pattern. The
type_ dendritic ester _reSIdué@. This approach_was also C; symmetry axis is indicated in the general structure (top).
applied to the synthesis dR[R RR R R/*C)-378(Figure 66)

which was regio- and diastereoselectively obtained from

(RRR.RRRA)-130b (Figure 32), in complete analogy to  octahedral addition pattern af}-147 using polar malonates
the preparation of the other three stereoisomers resulting fromfeaturing amino- (e.g5> (£)-379, Figure 66) or carboxy-
the different combinations of fullerene addition pattern and (e.g.,—~ (SSSSSS/*A)-380a(SSSSS S <C)-380h) termini
side chain configuratiof#’ A variety of hexakis-adducts was  afforded amphiphilic fullerene derivatives, which can be
synthesized from=)-147 (Figure 33), itself obtained by charged by up to 6-fold protonation or deprotonation. The
Bingel reaction betweendgand tris(octamethylene) cyclo- amphiphiles carrying six charges are highly soluble in water
trimalonate’® DMA-mediated completion of the pseudo- and revealed pH-dependent aggregation in first studfes.
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achiral

u\l/i\/v\z
v

O,N

Figure 67. On the left are the seven,M,W,(Cqo) regioisomers in which a pseudo-octahedral bond set is functionalized. The teis all-
isomers have a noninherently chiral addition pattern. On the right are two UVWX3(€ioisomers )-382and ()-383791in which
each addend has the same nearest neighbors but with ineggtethde.qgerelationships. Both constitutional isomers have a noninherently
chiral addition pattern.

6.8.2. Full Control of Addend Permutation at a therefore, to an achiral hexakis-adduct. Solelycadl-ar-
Pseudo-Octahedral Bond Set rangements lack second-order symmetry elements, and the

Six double bonds of g1y, with four e and onetrans-1 corresponding two constitutional isomers are chiral.

inter-relationships each, have their centers located at the The entire library of seven isomers was prepared by Qian
vertices of a regular octahedron (Figure 67). If the geometry and Rubin in an elegant parallel synthesis starting from the
of these bonds as well as their orientation in space are takerPridged trans-1 bis-adduct381 (see Scheme 40) as a
into account, the,-symmetry of the regular octahedron is  Strategically protected and activated building biG&Two
reduced tdTy,, and the corresponding spatial arrangement is V2W(Ceo) and two VWx(Ceo) tris-adducts (all achiral) with
often termed “pseudo-octahedral”. It is characterized by a aneetrans-1 functionalization pattern were prepared as key
center of symmetry, and the corresponding hexakis-adductsintermediates of these synthes&Partial regioselectivity,
with C,,-symmetric addends can only be chiral if some of POssibly determined by an interplay between electronic and
them are nonidentical and disposed in such a way that theysteric effects, in the functionalization of the remaining three
lead to a noninherently chiral functionalization pattern. If fullerene bonds within the considered pseudo-octahedral set
one considers the addition of three different pairsCef- allowed the synthesis of the seveaMJWo(Cq) isomers to
symmetric addends (2 U, 2 V, 2 W) tasseven diastere-  be completed (Figure 67, left).

oisomers can be formed (Figure 67, left) as compared with Complete command of addend permutation at all six
only five possible diastereoisomeric complexes resulting from positions made pure UVWXYZ(§) regioisomers £)-382

the octahedral coordination of pairwise identical monodentate and ()-383 accessible in separate syntheses (Figure 67,
ligands to a transition metal (in the latter case, there is only right).”®* The exquisite control of the regiochemistry around
a single alltransand a single alkis isomer)’8® As soon as the Tp-symmetric “coordination core” of § was achieved
there is d@rans-1 relationship between two identical addends, in the synthesis of£)-383by (i) sequential Bingel additions
this arrangement, together with th&,-symmetry of all of three different addends (V, W, X) to th&ansl
addends, leads to a mirror plane as symmetry element andjntermediate381 (see Scheme 40), (ii) elimination of the
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191 X=Y =Br
192 X=Y =Cl
384 X=Ph,Y=Cl
385 X=Ph,Y=H

WoaT VAT
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389 ()-390

Figure 68. Hexahalogeno[60]fullerenessfBrs (191)792 and G-
Cls (192 ,519547paradigmatic examples for products of “cyclopen-
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nonidentical addends are placed in appropriate positions.
Inherently chiral functionalization patterns are possible, on
the other hand, if this “cyclopentadiene addition mode” is

incompletely realized.

6.9.1. Derivatives of CgoClg

The addition pattern of &Brs (191, Figure 68J°2 occurs
also in GoCls (192), the main product of the reaction of
buckminsterfullerene with ICI*5#"which was only recently
obtained in high purity thanks to an improved synthé$is.
Hexachloridel92 is a convenient starting material for the
Friedel-Crafts-type arylation of fullerenes, leading to de-
rivatives such as §&PhsCl (384), which can be reduced to
CsoPhsH (385).519799Phenylation of G,Cls also produced 1,7-
diphenyl-1,7-dihydro(G-1n)[5,6]fullerene and aC;-sym-
metric derivative GoPhy,8% for which both a C(1),C(6),
C(9),C(18)- and a C(1),C(6),C(11),C(18)-adduct structure (cf.
addition patterns of)-386and ()-387) are in accord with
spectroscopic data, the latter being preferred on chemical
grounds (vide infra§°! The above phenyl derivatives oL
were also prepared dkle incarceranes. As a general trend,
%He NMR shows an increased shielding of the entrapped
noble gas with increasing degree of functionalizafién.

Two Ci-symmetric tetrabenzyl derivatives ofd>(4)-386
and (t)-387, were isolated from the products obtained by
reaction of the electrosynthetically generated dianion
[(CeHsCH,)2Cog)?~ with benzyl bromide. X-ray crystal-
lography showed that they have the same inherently chiral
addition patterns that had been prop&8e¥ifor CoPhy 83
ESR spectroscopic studies of the radical anion of 1,6,11,18-
[(CeHsCHo)4Csq] ((1)-387) pointed at a large splitting of the
degenerate;} orbitals caused by introduction of the four
benzyl group$%4805

Chiral species appear also to be among the three isomers
produced from @PhCl by the addition of the radicals

tadiene addition mode” reactions and other fullerene derivatives generated from Hg[P(O)(@r)], under UV irradiatiorf®

with a related addition pattern.

On exposure to air, PhCl (384), CsPhsH (385), or the
corresponding-fluorophenyl derivatives spontaneously un-

tolanediacetic acid template, which made a Sterica”y blocked dergo rep|acement of the hydrogen or chlorine attached to
reactive bond within the considered pseudo-octahedral setc(1) by oxygen, followed by oxidative ring closure at the

accessible, (iii) addition of the fourth malonate (Y), (iv)

ortho position of the adjacent aryl ring under formation of a

removal of the fullerene-fused cyclohexadiene rings in a fyllerene-fused benzbffuran ring system (cf.£)-388).801.807

Diels—Alder/retro-Diels-Alder sequence, and (v) consecu-

Additional epoxidation of one of the double bonds in the

tive addition of addends U and Z to the regeneraIEd fU"erenecentra| Cyc|opentadiene unit leads t@ﬁsymmetric product

double bondg$?* Specific permutation in the order of
attachment of addends-\X, on the other hand, allowed the
preparation of the constitutional isomek)¢382

6.9. The “Cyclopentadiene Addition Mode”
Applied to C g

The C(1),C(6),C(9),C(12),C(15),C(18)-addition pattern of
Cso, nicely illustrated by the crystal structure ofBre (191,
Figure 68)/°2is typical for certain monovalent addends as
they are seen in the reaction of buckminsterfullerene with
free radicalg?37%4 iodine chloride?*854” bromine?248.792
amines’®®"%or specific organocopp®f-7°%7%and organo-
lithium reagents$?7 It is characterized by five groups adding

such as+4)-388 The propensity of this diene system toward
epoxidation has been illustrated by the X-ray crystal structure
of Cssymmetric bisoxirenofulleren889, which was pro-
duced in the reaction of ¢Cls with MeLi, followed by
hydrolysis888%9 Another product, formed in the same
reaction, iSC;-symmetric diepoxyketonet)-390 a tautomer

of 389resulting from a 1,3-shift of the hydroxy-H-atom in

a cage-opening reaction, which may be driven by strain
relief 810

6.9.2. Addition of Organocuprates to Cg

The high-yielding treatment of & with organocopper
reagents (cf. 1st reaction of Scheme 34) leads to addition of

in successive 1,4-additions to the outer ends of the radialfive organic groups to the far ends of the ® bonds radiating
hexagonr-hexagon fusions in a corannulene substructure, thefrom a pentagon, turning the latter into a cyclopentadienyl
sixth addend being attached to the central pentagon. Thisanion (e.g., anion 0391, R = Ph, Scheme 34), which, upon
results in the formation of a cyclopentadiene substructure protic workup, affords hexakis-adducts such322 (R =

that is isolated from the remainder of the fullerenehro-
mophore. The basic form of this addition pattern beGg
symmetric, it can become (noninherently) chiral only if

Ph)700,701,796,813813 The anionic cyclopentadienides, besides
forming small bilayer vesicles in watét can act as;°>-
ligands in a variety of metal complexes (e.8§91, R = Ph
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Scheme 34. Organocuprate Addition to a 1,4-Adduct of &
(395), Products (392, [£)-]397, and [(#)-]398)**2 Resulting
from Protonation of the Primary Pentakis-Adduct Anion,
and Further Treatment with KO '‘Bu under Formation of the
Cyclopentadienyl-Type Potassium Complex (39%)

1. PhMgBr, CuBr - SMe,
O'CGH4C|2/THF, 25°

2. aq. NH,Cl /

THF, 25°
R =PhorBn F=~—"R
(see text) 391

aThe direct addition of five identical organic residues t@ @ot shown)

is also possible and affords achiral products. For the nature of the residue

R, see main text.

or Bn).700.701.796,811813 |f the added residues in such complexes
are aryl groups391, R = Ph), they adopt a chiral, propeller-
shaped,Cs-symmetric arrangemeft® whereas they can
freely rotate in the protonated speci@92 R = Ph) unless

Thilgen and Diederich

Scheme 35. Tris-Adducts()-394, and )-396) Resulting
from Addition of Grignard Reagents to 1,4-Adducts of Cso
in the Absence of Copper, and Treatment with KOBu under
Formation of an Indenyl-Type Potassium Complex
([(£)-1393)*32

N
Bn
RN
KO'Bu R @ Bn
THF, 25° \' 0’ R=Pn
‘Q’ (see text)

[(+)-1393

a2 For the nature of the residue R, see main text.

pattern’®>815Such patterns occur also in the products of the
regioselective hydrogenation of compounds suchtgs304

(R = Ph, Scheme 35), mediated by 9,10-dihydroanthracene/
[Rex(CO)].2Y In the presence of water, these reactions occur
as transfer hydrogenations and the addition of hydrogen
atoms leads to completion of the full “cyclopentadiene-mode”
hexakis-addition pattern. Under anhydrous conditions, hy-
drometalation affords cyclopentadienyl-typgS-hydro-
fullerene rhenium complexes. This reaction, which works
even with pristine &, albeit in low yield, is the first method
for a completely regiocontrolled delivery of hydrogen atoms
to a fullerene.

Five H-atoms can also be attached regioselectively to the
fullerene cage in the form of the iron(ll) complex [Fé(
CsHs)(7%-CsoHs)] (399, Scheme 36) by reaction of hexacon-
tacarbon (G) with [Fe(°-CsHs)(CO))..817 Deprotonation
of hydrofullerene comple899 with Bu,NOH in PhCN and
subsequent alkylation with haloalkanes afforded penta-
alkylated products such a#00 with retention of theCs,-

the addends are sterically demanding such as fluorenylSymmetric functionalization pattef# Similarly, starting
groups’® Interestingly, when a Grignard reagent is added from fullerene derivative£)-396*> (R = Ph, Scheme 35)

instead of a cuprate to a 1,4-bisaddduct gf, @he reaction
stops at the stage of a tris-adduct (e.g., anioB898 R =
Bn, Scheme 35¥2705815Theoretical calculations have shown

and using the appropriate alkylating agent, the first step and
both steps of the above procedure lead to hydrofullerene
derivatives f)-401and ()-402, respectively, each with a

that the anionic fragment, in this case, corresponds to annoninherently chiral addition pattef# Related rhenium-

indenyl rather than a cyclopentadienyl or allyl anféhand

carbonyl complexes have been obtained by (R®)-

protonation of the corresponding pentagon takes place in anmediated transfer hydrogenation af)¢394 or (+)-396"°

unsymmetric way, leading to an inherently chiral addition
pattern (&)-394, R = Bn) (for similar derivatives of &,
see Figure 56}°3795815The symmetry of the above com-

pounds can also be lowered by introduction of different

organic residues. In fact, if a 1,4-adduct sucl385 (R =

(R = Ph, Scheme 35) with 9,10-dihydroanthracere[Re-
(COXR(17°-CsoR3H2)])8” and subsequent deprotonation/alky-
lation (_’ [Re(CO);(f]S-CﬁoRzR'g)]).818

By twofold application of the “cyclopentadiene addition
mode” to Go, Nakamura and co-workers were able to access

Bn, Scheme 34) is reacted with an organometallic reagentan interesting class of compounds in which opposite coran-
containing a residue that differs from the addends already nulene caps are functionalized and the fullerene chromophore
in place, mixed tris- and pentakis-adducts result. Among is reduced to an equatorial [10]cyclophenacene belt with 40
these, the anions of the tris-adduct&){394 or (£)-396, R s-electrons, which represents the shortest version of a (5,5)
= Ph, Scheme 35) and two of the three protonated (un- armchair carbon nanotube (Scheme %7)Starting from

charged) pentakis-adductsH)-397 and &)-398 R = Bn, pentamethyl-hexahydrofullere®3 the acidic hydrogen

Scheme 34) have a noninherently chiral functionalization atom had to be replaced by a protecting and activating cyano
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Scheme 36. Preparation of Scheme 37. Realization of the “Cyclopentadiene Addition
(n>-Cyclopentadienyl)@°-hexahydro[60]fullerenyl)iron Mode” at Two Poles of GgP19.8202
Complexegl’8l8a

1. MeMgBr, CuBrSMes,,

DMI (30 eq. each), THF

2. NH,CI, H,0

[Fe(CsHs)(CO)ala
PhCN, 160°

60

1. KOtBu, THF
2. TsCN, PhCN

1. PhMgBr, CuBr-SMe,,
DMI (30 eq. each.),

THF
2. NH,CI, H,0
o]
[(x)-1405
1. Li"(CqoH10)™
(30 eq.), PhCN
2. NH,Cl, H,0

(x)-401 (x)-402

aCompounds £)-401 and @)-40218 with mixed addends have a
noninherently chiral addition pattern.

group (— 404) because homoconjugation between the

cyclopentadienide generated fraid3under basic conditions | 1. KH, THF
and the bottom 5Q0r-electrons makes the latter moiety 2. air. THF

unreactive toward further cuprate addition. After introduction
of the nitrile function, the other hemisphere of the cage was
pentaphenylated to afford the strongly luminescest){]
4054 (mixture of three isomers differing in the relative
orientation of the functionalized polar caps, vide inft@) (x)-407
and reductive deprotection with lithium naphthalenide finally
yielded hydrocarbon {£)-]406 (mixture of three isomers).
The closed-shell 4@-system of the latter was found to be
chemically stable. Treatment of4{-]406 with potassium
hydride, followed by exposure to molecular oxygen, afforded
triepoxydiol ()-407, which gave crystals suitable for X-ray
analysis. Whereas the double bonds at the edge of the
cyclophenacene belt are short (1.36(2) and 1.37(2) A), bond
lengths in the equatorial region are quite similar (1.43(1)
and 1.40(2) A). Computed nucleus-independent chemical
shifts (NICS)6821 which are a useful measure for the
magnetic shielding by a ring current, support the aromatic
character of the belt-shapedsystem of a model compound

DMI = N,N-dimethyl-
imidazolidinone

Side products of the formation of [(+)-]405:

[(x)-]409 pn
in which all organic residues have been replaced By°H. aThe residual fullerene chromophore is a [10]cyclophenacene belt marked

_ ian.  in bold in structure [{)-]405343 Compounds [f)-]1405 and [()-]406
The peroxygenated pole Oﬂ:Q 407 corresponds to dlep consist of three isomers each, which can be designated as “six o’clock”

oxyfullerenol 389 (Figure 68) isolated by Taylor and co-  (chiral), “one o'clock”, and “four o'clock” (both with an inherently chiral
workers from the reaction of 4Cls with an excess of addition pattern). As to)-407, its functionalization pattern is (noninher-
MeLi.8% The noninherently chiral addition pattern ef): ently) chiral, regardless of the relative orientation of the polar pentagons.
407 is related to differences in the addends at the polar &ec)a]kis'a?ducﬁ)"‘as(miXtU'e of five ’fgiOiSbC’me’Z) and C:Oﬂe‘}akis'addUth

+)-]1409 (mixture of 13 regioisomers) are byproducts of the formation o
pente}gons. ,AS_ to the precursorS:I(]405 fand [(i,)']406’ . [(£)-]405. They result from partial and complete implementation, respec-
possible chirality depends on the considered isomers, intvely, of the “cyclopentadiene addition mode” at the second type of
particular on the relative positions of the two addends H and pentaradialene substructure4n4.
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CN: either they define an achiral addition pattern (both

Thilgen and Diederich

with KH to the Ce-symmetric cyclopentadienyl/indenyl-type

addends are bisected by a mirror plane as in the structureslianion®??

shown in Scheme 37; considering a projection along the

pseudoCs-axis of the functionalized cage, this arrangement
may be termed “six o’clock” addition pattern, in analogy to

the “twelve o’clock”, “two o’clock”, and “five o’clock”

Mixtures of isomers have been observed for complexes
of the type [M{>-CeoArsH)(PPh),] (M = Pd, Pt), prepared
under thermodynamic conditions from the corresponding
fullerene hexakis-adductsggrsH and [M(PPh)4].8%% The

patterns of Go, see section 5.6 and Figure 46), or the addends addition pattern of all chiral regioisomers is inherently chiral.

define an inherently chiral functionalization pattern (the

corresponding arrangements can be specified as “one o'clock’6.9.3. Addition of tert-Butylperoxy Radicals to Cs

and “four o’clock” patterns; the different “times” in com-
parison to Go result from the fact that the polar pentagons
in Cgo are staggered and not eclipsed).

Side products isolated from the preparation af){]405
were the adducts#)-408 and [)-]409 (Scheme 37), the
latter (constitutional isomer of {f)-]405) being also directly

Fullerenes react easily with a large variety of radicals to
form mono-adducts or multiadducts (see also section
6.1)18723824Multiaddition of radicals to G preferentially
follows the “cyclopentadiene mode” characterized by stabi-
lized allyl- and cyclopentadienyl-type radicals at the tris- and
pentakis-adduct stage, respectively. This addition mode is

available from the former. 'I.'h.e new yellow and luminescent f, ther promoted by the removal of an unfavorable intra-
compounds £)-408 (5 regioisomers) and $)-]409 (13~ yentagonal fullerene double bond on the transition from bis-
regioisomers) result from partial and complete phenylation, {4 tis- and from tetrakis- to pentakis-adduct, as well as by
respectively, of the second type of intact pentaradialene the reduced steric interference between addends in a 1.4-
substructure of the starting materiat(]405°°In the case  grrangement. The addition 0ért-butylperoxy radicals to

of [(£)-]409with its two fully functionalized pentaradialene  pckminsterfullerene and follow-up reactions were exten-
units, the isomer in which the cyano group and the hydrogen sively investigated by Gan, Zhang, Chen, and co-work-
atom lie in a plane (mirror plane) bisecting both pentaradi- ¢5875826 The proad variety of identified products includes
alenes is achiral, whereas both inherently and noninherently;chiral structures, as well as molecules with an inherently
chiral patterns are possible for the remaining isomers. On 5, 4 noninherently chiral addition pattern, and also [60]-

the other hand, the five regioisomers of the less highly
functionalized £)-408 have an inherently chiral addition

pattern. It should also be mentioned that deprotonation of
the cage-bonded H-atoms may result in a raise of molecular
symmetry, and a number of X-ray crystal structures of metal
complexes as well as of metal-free compounds have sub-
stantiated structural assignments in this area of fullerene

chemistry820
Three-electron reduction of pentakis(biphenyl) derivative

fullerene derivatives with a modified core.

Achiral adductst12 and413 (Scheme 39) were the main
products of the reaction betweero@ndtert-butyl hydro-
peroxide, catalyzed by Ru(PE¥Cl, and (NH;).Ce(NQGy)s
(CAN), respectively, in the dar®® A key factor determining
the product selectivity appears to be the concentratidertf
butylperoxy radicals, which can vary as a function of the
used catalyst: high levels lead to efficient trapping of the
fullerene radical intermediates before-O bond breakage

410(Scheme 38) with metallic potassium gave a black-green takes place under formation of an epoxy bridge. Treatment

Scheme 38. Double Benzylation of 410 via the Intermediacy
of the Trianionic Species [K'(thf) n]s[CeoAr 53~ 822

trianion [KT(THF)y]s[CeoArs]®~.822 Treatment of the latter
with 3.5 equiv of benzyl bromide caused the solution to turn
dark red immediately, and protonation with aq HCI afforded
the doubly alkylated product{)-411, which has an inher-
ently chiral addition pattern, regardless of the five possible
locations for the fullerene-bonded hydrogen. Structural
elucidation was greatly facilitated by a deprotonation/
palladation sequence affording a sindgle-symmetric re-
gioisomer of the complex [Rey>-Cgo(biphenylylyBny} { 7°-
(2-methylallyl}]. Treatment of £)-411 with BnMgCl, on
the other hand, gave an addition-pattern analoguetdf (

of 412 with MCPBA afforded diepoxide £)-414 with a
noninherently chiral addition pattern, which is isomorphous
with that of epoxide £)-388°1807(Figure 68). As opposed

to acid-catalyzed oxirane ring opening, the nucleophilic
addition of NaOMe in MeOH to a compound suchddis

a complex reaction leading not only to epoxide ring opening
but also to attack of carbanionic fullerene intermediates at
the peroxy functions under generation of new epoxy struc-
tures. One of the products isolated from this reactioatis (
415 which provided crystals suitable for X-ray analy%is.
Irradiation of413 by visible light in the presence of iodine
afforded aC;-symmetric cage-opened compound, proposed
to have structure£)-416 and to result from cleavage of a
dioxetane intermediate. Such a step is reminiscent of the first
fullerene bond scission reported by Wudl and co-workers
(section 4.9 and Scheme 15§.

Treatment o#412with anhydrous FeGlin benzene cleanly
afforded chlorohydrind17.826 Exposure of the latter to the
Lewis acid AICE led to heterolysis of a peroxy group, and
a subsequent rearrangement, possibly related to the key step
of the Hock reaction, afforded oxahomo[60]fullerene deriva-
tives (*)-418 and &)-419 In pure dichloromethane;H)-

418 with the oxygen atom inserted in &% bond is the
main product of this reaction. Addition of diethyl ether
reverses the regioselectivity in favor af)-419 having the
homo atom inserted in a6 bond. Interestingly, the latter
compound is inert toward reaction with MCPBA, but i)¢
418 one of the “cyclopentadiene” double bonds is epoxidized

408 (Scheme 37), which could be deprotonated in two steps by the peracid, leading taH)-420, which has been charac-
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Scheme 39. Products Resulting from “Cyclopentadiene
Mode” Addition of tert-Butylperoxy Radicals to Cso (412 and
413) and Transformation into Further Oxygenated
Derivatives with Complex Functionalization Pattern$25.826

0
'BUOO /‘(( \_oosy

\g&/

BUOO O0BuU
(£)-414 MeO
MeO
' MCPBA (+)-415
0 /NaOMe/MeOH
'BUOO \\ 0O'Bu
\'Q’, BuOO
BuOO! ~—"00Bu
412
\FeC|3 tBUOO
cl
hv, I,
BUOO ‘/"\ O0Bu 00Bu
\'Q’/ BuOO / \‘
Bu00’ ~—"00mBU \'g /
M7 <
Buo0’ =—""00Bu
o Ack (+)-416
HO /‘(‘ﬁ OOBu {
O 8’/ HOOO‘Bu
Bu00” =—""00Bu \ ’/
(:|:)'418 tBuOO < S OO'BU
‘ MCPBA (£)-419
cl
HO ’/‘ O 0OBu

ey

(+)-420

BuOO OOBu
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Scheme 40. Regioselective Synthesis of
Tetrahomo[60]fullerenes 422 and £)-423/81483the Latter
Structure Displaying a Noninherently Chiral Substitution
Pattern

p-TsOH, hv
R PhMe, reflux

421 R= (p—CSH4)CH2002Me
381 R=Ph

intramolecular hydrogen bonding between the second OH
group of the molecule and the closest peroxy addéhd.

6.10. Substituted Tetrahomo[60]fullerene

The simplest ring enlargement in a fullerene, without
creating a real orifice in the cage structure, consists of the
insertion of an extra atom (group) into a formal single bond
of the fullerene under generation of a homofullerene. Chiral
structures can result from insertion of atoms or groups into
appropriately located bonds of the parent fullerene. In
addition and as opposed to fullerene core atoms, homo carbon
atoms are tetracoordinate, thereby offering further possibili-
ties for the generation of chiral structures. Bis-add21
(Scheme 40) was obtained next to the correspontlants-2
regioisomer in the DielsAlder addition to Go of a bisdiene
designed to target thteans-1 addition pattern and generated
in situ by cycloreversion of the cyclobutene moieties of an
appropriate precursd?®’ Acid-catalyzed removal of the
tolane-diacetic acid tether under irradiation afforded the two
constitutionally isomeric tetrahomofullerené®2 and &)-
423(ratio 4:1) in which homoconjugative bridges have been

terized by X-ray crystallography. It reveals intermolecular inserted into four 6-5 bonds of the fulleren®&483Whereas
hydrogen bonding between the hemiacetal-type OH group C-symmetric422 is achiral, C,-symmetric ()-423 repre-
and a peroxy function of a neighboring molecule, as well as sents a structurally modified fullerene with a noninherently
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chiral substitution pattern. In fact, the chirality is due neither
to the integration of the homo atoms into the cage nor to
their pairwise interconnection by etheno bridges, but to the
presence of different substituents (H apeGsH;)CH,CO,-

Me) in the latter or, in other words, different substitution of
the two homo atoms in each hemisphere. The one-pot
multistep reaction proceeds by a sequence of intramolecular,
photochemically promoted [4 4] and retro-[2+ 2 + 2]
rearrangements of the intermediately formed dibenzo-
fullerenes424 and 42548

MeQ,

?:N?/O OMe  426/a27

MeO

(+)-428

7. Cz Derivatives with a Noninherently Chiral
Functionalization Pattern

In Cyo, all additions ofCs-symmetric addends across abond N N OMe
that is perpendicular to th€s-symmetry axis of the parent % D 429/430
fullerene lead to noninherently chiral functionalization pat-

terns. Taking into account bond reactivities, the €(Z]22)
O
=l

bond is the most important to be considered in this context
(0]
H
% O TOH ()43
H 0]

(+)-431

(see Figure 69}1621 432/433 (x)-434

Some Gy derivatives with a noninherently chiral addition
pattern, for example, [Ir(CO)CI(PBa(1>-C700)]-isomer ()-
270 (Figure 49) or pyrazolo[70]fullereneH)-224 and
triazolo[70]fullerene £)-231(Scheme 18), have already been
discussed in the context of chemically related compounds
with an inherently chiral functionalization pattern. Also, it
may be worth mentioning that no derivatives with a nonin-

herently chiral addition pattern are known so far of the Sﬁi (+)-438a/b / (+)-439a/b (+)-440a/b/c/d

436/437

fullerenes beyond £, the chemistry of which is still hardly ;
explored (cf. sections 3.3.3 and 34}821

7.1. C(7)—-C(22)-Adducts of C 7o

Independent studies by Meier et®al.and Irngartinger et
al &8 have shown that isonitrile oxides add to the same bonds
(C(8)—C(25) and C(7yC(22), see Figure 69) of &£ as
diazomethane or alkyl azides (cf. section 5.4 and Figure 49),
albeit with lower regioselectivity. Thus, the addition of 2,4,6-
trimethoxybenzonitrile oxide across C{8(25) gave rise
to similar amounts of twoCs-symmetric constitutional
isomers that can be distinguished by the orientation of the
CNO group 8426 and 427, Figure 69), whereas the C(7)

C(22)-adduct£)-428is a racemic mixture of;-symmetric . . : . L
. : - . . o Figure 69. C7oadducts with a noninherently chiral functionalization
enantiomers with a noninherently chiral functionalization pattern resulting from addition ofs-symmetric addends across

pattern. Similarly, trimethoxystyryl-substituted isoxazolo[70]- ¢(7)—c(22). Also shown are the C(8)C(25)-adducts formed in
fullerenes429, 430, and ()-431were obtained by addition  the same syntheses.
of the vinylogous isonitrile oxide to £.8%° While the first
reduction potentials of the latter three regioisomers do not hex-2-enoné33834 substituted and anellated cyclohex-2-
differ significantly from each other and from that o,  enoneg34836 and cyclohept-2-enorfé3 Diastereoisomeric
they exhibit clear differences in their UV/vis absorption and adducts witfcis- andtrans-fused rings could be distinguished
fluorescence spectra. in a number of cases b§He NMR spectroscopy of the
The same types of regioisome#r3@, 433 and ()-434) corresponding noble gas incarcerah&$®1t is interesting
resulted from [3+ 2] cycloaddition to G, of a dipolar to note that the resolution, on a chirag9-Whelk-O
trimethylenemethane derivat®@®generated by thermolytic  stationary phase, of theis- and trans racemates obtained
ring opening of a methylidenecyclopropanone ac®tal. by addition of 3-methylcyclohex-2-enone tgy@vas the first
Rearrangement of the primary adducts and hydrolysis of the chromatographic separation of enantiomeric fullerene deriva-
intermediates yielded a pair of enantiomers with a stereogenictives?83®

Me

441 443

()-442

center in the addend £{)-435),8%2 together with a pair of
achiral cig/trans isomers 436 and 437, cis andtrans with
respect to the fullerene-fused cyclopentane ring).

Addition of the same enone to,§£and toi*He G, afforded
eight different products, taking into account constitutional
isomers and diastereoisomers:J{438a/b—(+)-440a/b/c/

a,5-Unsaturated ketones can be added to fullerenes in ad, Figure 69%%7 An interesting analytical tool, besidé,
photochemical reaction that is likely to involve the enones 13C, and3He NMR spectroscopy, was the acid-catalyzed
in their triplet excited state and the carbon cages in their isomerization of théransfused cyclohexanones to the more
ground state and to proceed via triplet 1,4-biradical inter- stablecis-compounds, which allowed a correlation of epimer-

mediate$®® The compounds added tos&dnclude cyclo-

ic products and, at the same time, reduced the number of
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species in the product mixture. Separation and spectroscopic
analysis finally led to the following conclusions: addition
of 3-methylcyclohex-2-enone to the bond C(&)(25) af-
fords two constitutional isomers (the carbonyl group can
point toward either the pole or the equatot-)}{438a/band
(+)-439a/h, each of which is composed of two diastereo-
isomeric pairs of enantiomers (s and atrans racemate
[cis and trans with respect to the fusion of six- and four-
membered ring]). Addition also takes place at the €(7)
C(22) bond, which leads to four diastereoisomers charac-
terized bycigtransrelationships with respect to the substituents
of the newly formed cyclobutane ringdf-440a/b/c/d—Cyo-
pole, Me-group, and methine-H-ataris; C;o-pole and Me-
group cis; Cso-pole and methine-H-atorais; C;o-pole and
cyclohexanone unitis). Whereas the former addition pattern
(C(8)—C(25)) is achiral and the stereogenic centers of the
corresponding products reside entirely in the addends, the
latter (C(7)-C(22)) is noninherently chiral due to the
unsymmetric nature of the fused six-membered ring, and each
of the four mentioned diastereocisomers occurs as a racemate.
Spectroscopic analysis showed a rather strong bias with
respect to the different addition modes, leading to a product
distribution @)-438a/b440a/b/c/d(+)-439a/b ~ 66:34:
<1_837

Wang and Meier developed a simple solution-phase
procedure for the monoalkylation ok§£and G, proceeding
through electron-transfer reaction between the fullerene and
zinc in the presence of an alkyl halié&.Alkylation of Cyo
under these conditions with methyl 2-bromoacetate afforded
a ca. 9:1 mixture of methyl 8,25-dihydrof&Dsn)[5,6]-
fulleren-25-yl acetate4d1) and methyl 7,22-dihydro(fe
Dsp)[5,6]fulleren-7-yl acetate {)-442). Interestingly, the
regioisomeric adduct methyl 8,25-dihydra¢@s)[5,6]-
fulleren-8-yl acetate 443) was absent from the product
mixture. On the other han43 was the only product
(besides a trace @f41) when G¢?-, generated by deproto-
nation of 8,25-dihydro(&-Dsp)[5,6]fullerene with tetrabu-
tylammonium hydroxide in PhCN, was alkylated with methyl
2-bromoacetaté® The isomerst41and443can be distin-
guished by the'H NMR downfield-shift experienced by :
protons in the polar region of the fullerene. Substitution of rigyre 70, The five cyclobutadi(Gy-Dsy)[5,6]fullerenes that result
bromoacetate by benzyl bromide resulted in rapid diben- from formal [2 + 2] dimerization involving the reactive bonds
zylation (formation of {)-216 Figure 45, as a major C(8)—C(25) and C(7)-C(22)838 Dimer (&)-445represents the only
isomer), unless the amount of base is carefully controlled, chiral structure and its C(#)C(22)-fused fullerene unit displays a
in which case monobenzylation occurs preferentially at C(8). heninherently chiral addition pattern.

i . because the connected C-atoms of the second fullereri¢, C(8

7.2. Cyclobutadi(C 7o-Dsy)[5 6fullerenes and C(25), are heterotopic. Application of the same proce-

By grinding Gy together with KCO; in a mortar for 15 dure to Go and to an equimolar mixture ofsgand Go
min and subsequent multistage HPL-chromatographic sepa-afforded the homodimer ), and the heterodimer [¢g)-
ration, Shinohara and co-workers were able to prepare and(C,g)], respectively. The latter was accompanied by the
isolate five regioisomeric cyclobutadif&Ds,)[5,6]fullerenes, former but not by G [2 + 2] Dimerization of G, was
444—(+)-448 (Figure 70) in a 0.5:0.2:0.8:1.0:0.5 rafi&. also brought about by pressure treatment of the fullerene (1
They represent all possible {§> combinations that result GPa, 200°C, 30 min), and Lebedkin and co-workers
from formal [2 + 2] dimerization involving the reactive  proposed th€x-symmetric structurd44for the sole isomer
bonds C(8)-C(25) and C(7-C(22): Cur-symmetric 444 isolated from their materi&pt
(interfullerene bonds C(8)C(25) and C(25}-C(8)), Cy.-
symmetric446 (interfullerene bonds C(8)C(8) and C(25)- 7.3. Furanodi(C 70-Dsp)[5,6]fullerenes
C(25), Can-symmetric447 (interfullerene bonds C(AC(7)
and C(22)-C(22), trans-configured cyclobutane ring¥,,- Additional arrangements are possible if two molecules of
symmetric448 (interfullerene bonds C(AC(7) and C(22)- Cyo are fused through the C(8)C(25) or C(7}-C(22) bonds
C(22), cis-configured cyclobutane ring), ar€-symmetric not to aD4-symmetric cyclobutane (vide supra) but to a
(£)-445 (interfullerene bonds C(AC(8) and C(22) C,,-symmetric furan ring. Three out of seven possiblgC
C(25)). In the latter dimer, the C(HC(22)-functionalized regioisomers were isolated and characterized by Tohji and
fullerene has a noninherently chiral functionalization pattern co-workers from the material obtained by hydrothermal
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(+)-283

Figure 71. Decakis-adduct of ¢ with a noninherently chiral
functionalization pattern resulting from unsymmetric addition of
OH and Ph across the-& bond C(11)-C(29)%88

treatment (ag NaOH, 100C, 12 h) of mixed GyC;cO
powder®® Based on'3C NMR spectroscopy (symmetry
information) in combination with calculated Mulliken charges
for the starting epoxide (reactivity against nucleophiles), the
structures furano[23":8,25;4',5":25,81di(C7¢-Dsh)[5,6]-
fullerene and furano[23":8,25;4',5":8',25]di(C7o-Ds1)[5,6]-
fullerene (for the numbering of &5 see Figures 3 and 70)
were proposed for one out of tw@,,-symmetric and one
out of two Cs-symmetric regioisomers, respectively. As to
the third isomer (one out of tw@€;-symmetric structures),

Thilgen and Diederich

time. Significant progress was achieved in the areas of
halogenofullerenes (fluorofullerenes, in particular), hydro-
fullerenes, transition metal cluster complexes with fullerene
ligands, cage-opened fullerenes, and reactions related to the
so-called “cyclopentadiene addition mode”. Impressive ac-
complishments were also made in the field of endohedral
metallofullerenes where a considerable number of com-
pounds could be isolated and structurally elucidated despite
the notorious experimental difficulties concerning the stability
of the compounds under ambient conditions and their
solubility or the fact that the larger cages can in principle
occur as a number of different isomers, some even having
the same symmetry. Also, the first pure exhohedrally
functionalized endohedral metallofullerenes could be isolated
and their structures unambiguously identified. As to the
empty higher fullerenes, only a few new structures have been
found in recent years, and the exploration of the chemistry
of fullerenes such as+#; Crs, and G, stagnated due to the
still laborious production and isolation of the pure allotropes.
Hopefully, more selective manufacturing procedures and
improved separation protocols will eliminate this obstacle
in the future.

It has to be mentioned also that, contrasting the abundance

the assignment proved to be more difficult in the absence of ©f fascinating chiral structures in fullerene chemistry,
a3C NMR spectrum with good signal-to-noise ratio. In any relatively few studies ha_ve dealt explicitly wlth ch|raI|ty in
case, one fullerene moiety should be fused to the heterocycldh® form of stereoselective syntheses, the isolation of pure
through its C(7)-C(22) bond and have a noninherently chiral enantiomers, or th_e investigation of chiroptical properties.
addition pattern in which one of the atoms in question is Certain chiral addition patterns ogand Go, for example,
directly connected to the second fullerene and the other onelNherently chiral patterns with three and more addends and

to the intercage oxygen bridge.

7.4. Decakis-Adduct of C 7o

Fullerenol GoPhOH ((£)-283 Figure 71) is a byproduct
of the Friedet-Crafts alkylation of benzene with/6Cl1 (cf.
section 5.13), affording Phy as main product via the
intermediacy of GoPhs.58 The noninherently chiral func-
tionalization pattern of theC;-symmetric ()-283 can be
ascribed to the functionalization of the bond C(&C)29)
by two different residues (OH and Ph). Inhs, this site
remains an intact-65 double bond;* whereas its function-
alization by formal addition of Cl and Ph leads to t@e
symmetric GoClio %30 and GoPhio,874 respectively.

8. Concluding Remarks

Fifteen years after the isolation and characterization of the
first chiral fullerene, GsD,, and a year less after the
preparation of the first enantiomerically pure derivative of
Cso in the form of a spiro-linked C-glycoside, the number
of reported chiral fullerene derivatives and their diversity is
gargantuan. This is true for compounds in which the chiral
elements are exclusively located in the addends (not dis-
cussed in the present review) and also for fullerene deriva-
tives with a chiral functionalization pattern, a fact that is
not surprising if one thinks of a fullerene as a “superatom”

to which a large number of addends can be attached with a

great variety of bonding geometries. The structural elucida-
tion of such complex fullerene derivatives is not easy if
different addend arrangements can lead to given molecular
symmetry,C;-symmetry in particular. Invaluable analytical
tools in such cases are 2D NMR techniques and X-ray
crystallography, which have allowed the elucidation of an
impressive number of intricate structures since 2000 when
fullerene chirality was comprehensively reviewed the last

most noninherently chiral patterns, need further and more
systematic exploration, and truly templated stereoselective
synthesis is still in its infancy. Regarding application-related

work, few investigations have been carried out on enantio-
merically pure material so far.

Finally, the assignment of absolute configurations to
isolated enantiomers of chiral fullerenes or fullerene deriva-
tives with a chiral functionalization pattern has become much
easier in recent years thanks to methodological improvements
in the calculation of CD spectra and also to the considerable
body of experimental data available fogg@nd G, deriva-
tives with two and, in a few cases, three addends.
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