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water in the search for different mechanical, optical, or ,}l w/ CHIR AT WILE =
electronic properties. Therefore, although a lot of effort has =

been devoted to the chemical functionalization of these

molecular allotropes of carbon, important aspects in the chemistry of fullerenes have not been properly addressed. In particular,
the synthesis of chiral fullerenes at will in an efficient manner using asymmetric catalysis has not been previously addressed in
fullerene science. Thus, despite the fact that the chirality of fullerenes has always been considered a fundamental issue, the lack of
a general stereoselective synthetic methodology has restricted the use of enantiopure fullerene derivatives, which have usually
been obtained only after highly expensive HPLC isolation on specific chiral columns or prepared from a pool of chiral starting
materials. In this Account, we describe the first stereodivergent catalytic enantioselective syntheses in fullerene science, which
have allowed the highly eflicient synthesis of enantiomerically pure derivatives with total control of the stereochemical result
using metallic catalysts and/or organocatalysts under very mild conditions. Density functional theory calculations strongly
support the experimental findings for the assignment of the absolute configuration of the new stereocenters, which has also been
ascertained by application of the sector rule and single-crystal X-ray diffraction. The use of the curved double bond of fullerene
cages as a two-z-electron component in a variety of stereoselective cycloaddition reactions represents a challenging goal
considering that, in contrast to most of the substituted olefins used in these reactions, pristine fullerene is a noncoordinating
dipolarophile. The aforementioned features make the study of stereoselective 1,3-dipolar cycloadditions onto fullerenes a unique
scenario to shed light onto important mechanistic aspects. On the other hand, the availability of achiral starting materials as well
as the use of nonexpensive asymmetric catalysts should provide access to chiral fullerenes and their further application in a variety
of different fields. In this regard, in addition to biomedical applications, chiral fullerenes are of interest in less-studied areas such
as materials science, organic electronics, and nanoscience, where control of the order and morphology at the nanometer scale are
critical issues for achieving better device efliciencies.

1. INTRODUCTION

Fullerenes represent the only molecular allotropic form of
carbon that, in contrast to the other well-known reticular
allotropes of carbon, diamond and graphite, is constituted by a
defined number of carbon atoms forming highly symmetric
closed cages. Since the discovery of the soccer-ball-shaped Cq
molecule by Robert F. Curl, Sir Harold W. Kroto, and Richard E.
Smalley in 1985," fullerenes have stimulated the creativity of the
scientific community because of their singular round shape,
physicochemical properties, and unexpected high reactivity.” Figure 1. Structures of the two enantiomers of the inherently chiral
The chirality of fullerenes can stem from an asymmetric fullerene D,-Cye.

arrangement of carbon atoms to afford chiral cages. Since the
isolation of D,-C,¢ (Figure 1) from fullerene soot extract,®

variety of such inherently chiral fullerenes have been reported. :
In addition to these pristine chiral cages, inherently chiral
fullerene derivatives can be obtained from the geometric
arrangement of the same achiral addends on the surface of an Received: May 22, 2014
achiral cage. The addition patterns of [60]fullerene, namely, cis-3, Published: July 31, 2014

trans-3, and trans-2, result in chiral products when the addends
are identical and exhibit C,, symmetry. Bisadducts (cis-1, cis-2,
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Scheme 1. Stereodivergent [3 + 2] Cycloaddition of N-Metalated Azomethine Ylides onto Cq,
Cu(OTf),/(R)-DTBM-SegPhos (4)
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and trans-4) do not present inherently chiral addition patterns,
but they can be chiral when the addends are not identical.*
Finally, chiral fullerene derivatives can also be prepared when the
attached organic addends contain chiral elements.®

Nowadays, there is a complete understanding of the chemical
reactivity of fullerenes. However, the control of some
fundamental chemical aspects such as stereoselectivity and
chirality are issues of paramount importance that have not been
properly addressed to date. Actually, only relatively few examples
based on the use of chiral starting materials®~® or on expensive
and highly time-consuming HPLC separations'® have been
reported. Furthermore, how chirality modifies the electronic
properties of the carbon-based nanostructures is still an open
question. In particular, chiral fullerene derivatives have been
shown to be important motifs in materials science'' and
medicinal chemistry.'>"?

In the past decade, the catalytic asymmetric version of 1,3-
dipolar cycloaddition of azomethine ylides to alkenes has
emerged as an atom-economical and powerful reaction for the
synthesis of optically active pyrrolidines."*"> In particular, the
1,3-dipolar cycloaddition of azomethine ylides formed by
thermal treatment from aldehydes and amino acids'®'’ or
from imino esters'® onto Cg, affords pyrrolidino[3,4:1,2]
[60]fullerenes, which are probably the most widely used
fullerene derivatives because of their versatility and stability
and the availability of the starting materials. In addition, these
heterocyclic-fused compounds constitute valuable building
blocks for the formation of fulleropeptides.'®

In this context, our group’s introduction of asymmetric metal
catalysis for the synthesis of pyrrolidinofullerenes with control of
the absolute configuration of the created stereogenic centers has
been a first and significant breakthrough. This Account
summarizes the current status of the preparation of chiral
fullerene derivatives by enantioselective catalytic 1,3-dipolar
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cycloadditions of several dipoles onto Cg,. Moreover, because of
the growing interest in less-known higher fullerenes (more than
60 carbon atoms) and endohedral fullerenes (those bearing an
atom, molecule, or cluster in the inner cavity), this methodology
has also been successfully extended to C,, as well as to
metallofullerenes (La@C,,) and H,-containing endofullerenes
(H,@Cyg). Furthermore, the most recent highly enantioselective
organocatalytic protocols that have also been successfully applied
on fullerenes in our group are also discussed.

2. METAL-CATALYZED ASYMMETRIC [3 + 2]
CYCLOADDITIONS ONTO FULLERENES

2.1. Metal-Catalyzed Asymmetric [3 + 2] Cycloadditions
onto [60]Fullerene

Despite the noncoordinating nature of [60]fullerene, the
presence of curved double bonds and its poor electron character
stemming from the presence of only sp*-hybridized carbon
atoms make this spherical carbon cage a challenging scenario for
the reaction with 1,3-dipoles such as a-imino esters** > or
azlactones.”® In the reaction, catalyzed by metals, [60]fullerene
acts as the dipolarophile, giving rise to N-containing five-
membered-ring structures with total stereocontrol of the new
stereocenters.

2.1.1. a-Imino Esters as 1,3-Dipoles: Enantiomeric
Synthesis of Pyrrolidinofullerenes. When an a-imino ester
reacts under thermal conditions in the presence of [60]fullerene,
a mixture of two isomers (cis and trans) of the 2-alkoxycarbonyl-
S-arylpyrrolidino[3,4:1,2][60]fullerene (1) is obtained. The lack
of stereoselectivity in the final products disrupts the challenging
synthesis of their four enantiomeric forms. For this reason, a
deeper study employing metal—ligand complexes was required in
order to induce the stereoselective formation of the 1,3-dipole,
thereby carrying out the process under milder conditions and
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Figure 3. Plausible mechanism of the stereodivergent [3 + 2] cycloaddition of a-imino esters with C4, and conventional olefins.

controlling the stereochemical outcome in terms of diastereo-
and enantioselectivity. Thus, screening of different metal—ligand
pairs revealed the feasibility of the metal-mediated azomethine
ylide cycloaddition onto the fullerene sphere, and even with
catalytic amounts, the reactions take place quickly at room
temperature, leading to the final pyrrolidinofullerenes in high
conversions and excellent diastereo- and enantiomeric excesses.

As shown in Scheme 1, depending on the metal, counterion,
and chiral ligand (Figure 2) employed, a stereodivergent
synthesis of fulleropyrrolidines a la carte can be achieved.
Thus, for instance, when Cu(OAc),/(R)-FeSulPhos (2) or
phosphoramidite § catalytic pairs are used, (S,S)-cis-1 is obtained,
in contrast to the system formed by AgOAc/(RR)-BPE (3),
which affords the opposite enantiomer, (R,R)-cis-1. However, the
enantiomeric excesses observed in the reactions are slightly lower
than those reported for other non-fullerene dipolarophiles."*
This behavior is probably due to the nonligand features of the
[60]fullerene, which does not coordinate with the metal, in sharp
contrast to most dipolarophiles used to date (typically a,f-
unsaturated carbonyl compounds). In this regard, it is worth
mentioning that the presence of acetate as counterion in the
reaction mixture could play a leading role in both the formation
of the azomethine ylide and the high enantioselectivities
achieved.

In addition, other chiral ligands such as 6, which features the
chirality of unnatural prolines and the planar chirality of the
ferrocene skeleton, also afford the (S,S)-cis-1 enantiomer with
excellent ee values at lower catalyst loadings (S mol %), even with
a-imino esters derived from alanine with higher steric hindrance.
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On the other hand, trans enantiomers can also be obtained and
switched by using commercially available (R)- or (S)-DTBM-
SegPhos as the ligand and Cu(OTf), as the metal source, leading
to (RS)-trans-1 or (S,R)-trans-1, respectively. Here, an addi-
tional base (Et;N) is necessary for the optimal outcome of the
process, since the triflate counterion in those cases is not able to
trigger the formation of the azomethine ylide.

In general, aryl-substituted a-imino esters work well in terms
of reactivity and enantioselectivity, in contrast to the less stable
alkyl-substituted a-imino esters, which lead to poorer con-
versions due to their easier hydrolysis. Moreover, the presence of
electron-releasing and/or electron-withdrawing groups in the
aromatic moiety at the ortho or meta positions of the phenyl ring
was also tested and resulted in different behavior in terms of
stereoselectivity and reactivity. In order to extend the scope of
the methodology and the effect on the stereochemistry of the
final products, the use of less-explored chiral @-imino amides as
starting 1,3-dipoles was also carried out. Interestingly, a double
asymmetric induction resulting in a matching/mismatching
effect, depending upon the absolute configuration of the
stereocenter in the starting a-imino amide, was observed.

Since it was not possible to obtain suitable crystals from
fullerene derivatives for X-ray diffraction, the assignment of the
absolute stereochemistry of the obtained compounds was
determined by circular dichroism (CD) analysis. In accordance
with the sector rule,** all of the pyrrolidinofullerenes formed
from the Ag(1)/3 catalytic complex showed in their CD spectra a
positive Cotton effect (CE) in the signal at 425—430 nm, which is
consistent with a (2R,5R) stereochemistry. Likewise, the negative
CE corresponding to the Cu(1I)/2, 4, 5, and 6 systems is in

dx.doi.org/10.1021/ar500201b | Acc. Chem. Res. 2014, 47, 2660—2670



Accounts of Chemical Research

Scheme 2. Metal-Catalyzed Enantioselective [3 + 2] Cycloaddition of Azlactones onto Cg,

10

RZ 5
R! ® o c =
Et;N ArjéN w0 3

R2 N e o_/oR Eo
o\( Dcc 8

S PhCI o
8 0°C, 1h base—H 5
miinchnone

-10

375

Cul(OTH)/(R)-FeSulPhos (2)

68% conv.

up to { 96% ee

Cul(OTf)/(S)-Me-f-KetalPhos (10)
83% conv.
96% ee

AgSbFg/(R,R)-BPE (3)

up to

up to 54% conv.
) P 86:% ee

L
400

500 550
Wavelength (nm)

accordance with the (25,5S) configuration. This assignment is in
agreement with the stereochemical outcome obtained with the
same catalytic system in the synthesis of fullerene-free
pyrrolidines observed by other researchers.'* Interestingly,
trans derivatives afford an additive contribution in the
corresponding signal, leading to a higher intensity compared
with their respective cis diastereoisomers.

In regard to the mechanism, two competitive reaction
pathways are present depending on the substrate and ligand
structures. First, some catalytic systems, namely, Ag(I) /(R,R)-
BPE (3) and Cu(Il)/FeSulPhos (2), allow the formation of
favorable secondary interactions in the intermediate that lead to
cis-fulleropyrrolidines or endo isomers when conventional olefins
are employed.”® On the other hand, we observed for the first time
that when an exo-selective catalyst is employed, such as Cu(1I)/
DTBM-SegPhos (4) or BINAP (7), cycloaddition of N-
metalated azomethine ylides onto the fullerene occurs in a
supra-antara manner, giving rise efficiently to trans-pyrrolidine
derivatives. Indeed, all of the previously reported cycloadditions
of N-metalated azomethine ylides afforded cis-pyrrolidines
because of the more stable w-shaped geometry of the dipole.
In sharp contrast, the above-mentioned catalysts promote a
rotation around the N—C2 pyrrolidine bond, affording unusual
trans isomers. Nevertheless, when conventional olefins are used,
the zwitterionic intermediate is not sufficiently stabilized to
undergo a rotation, and therefore, exo/cis adducts are formed
(Figure 3)."*

2.1.2. Azlactones as 1,3-Dipoles: Enantiomeric Syn-
thesis of Pyrrolinofullerenes. In light of the aforementioned
results, we turned our attention onto 0xazol—5—(4H)-ones
(oxazolones or azlactones, 8). The versatile chemistry of this
family of substrates due to their different reactive sites (acidic,
electrophilic or Lewis acid active site) has already been reported
in the literature”® Particularly, oxazolones are known to
efficiently react as 1,3-dipoles (the so-called miinchnones) with
alkenes under Lewis acidic conditions. However, the only
stereoselective examples reported to date for the preparation of
A'-pyrrolines involve the silver-mediated reaction and the
enantioselective gold-catalyzed synthesis developed by the
research groups of Tepe®” and Toste,”® respectively. Following
the same strategy used before with a-imino esters, we explored
the combination of nonprecious metals with easily available
chiral phosphines. Thus, (+)-BINAP along with AgOAc was
found to efficiently afford, after dicyclohexyl carbodiimide
(DCC) addition, a racemic mixture of S-carbamoylpyrrolino-
[3,4:1,2][60]fullerene derivatives 9 in moderate conversions.
Here those chiral metal complexes that previously gave us better
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results failed in the cycloaddition of azlactones to fullerenes;
however, both Ag(I) and Cu(I) proved to be suitable metals for
this transformation.

Unlike a-imino esters, azlactones behave as monodentate
ligands when coordinated to a metal and show a preference for
less-coordinating nonbasic counterions as a result of a tighter
interaction between the metal and the monodentate azlactone.
Indeed, the use of SbF4~ as the counterion of the Ag(I)/3
complex along with Et;N as the base afforded pyrroline 9 with
86% ee. This behavior was also observed when the Cu(I)/2 pair
was employed along with triflate instead of acetate as the
counterion and Et;N as base. As with the azomethine ylides
formed from a-imino esters, this chiral copper complex directs
the addition onto [60]fullerene toward the opposite enantiomer.
Fortunately, the enantioselectivity was found to be higher and
opposite to that for the previous Cu(I) system when other chiral
phosphines such as (S)-Me-f-KetalPhos (10) (Figure 2) were
used in combination with Cu'(OTf)—benzene complex. More-
over, these results represented the first example of enantiose-
lective cycloaddition of miinchnones catalyzed by a copper salt.

In order to explore the scope of the reaction, different
azlactones were prepared from amino acids such as glycine,
alanine, and phenylalanine. In regard to the substitution on the
aryl moiety, neither electron-releasing nor electron-withdrawing
groups modified the behavior of these substrates. Moreover,
derivatives endowed with solubilizing chains performed well in
terms of conversions and ee values. In general, metal-based chiral
catalysts gave rise to the desired pyrrolinofullerene derivatives 9
in moderate to good conversions with high enantiomeric
excesses (Scheme 2). It is worth noting that the asymmetric
induction sense is fully switched and controlled by a suitable
choice of the metal complex, with little influence of the
substitution pattern in the starting azlactone.

As in the case of the pyrrolidinofullerenes, the assignment of
the absolute stereochemistry of the pyrrolinofullerenes was
determined by CD analysis (Scheme 2).** Thus, the pair
Cu'(OTf)—benzene complex/2 leads to the (R)-9 products
(positive CE at 425—430 nm) while the system based on
Cu'(OTf)—benzene complex/10 affords the opposite (S)-9
products (negative CE), thus nicely complementing each other.
It is important to note, however, that in contrast to
pyrrolidinofullerenes, the more stable pyrrolinofullerenes could
be further functionalized on the carboxylic acid moiety by using
standard esterification or amidation processes.

dx.doi.org/10.1021/ar500201b | Acc. Chem. Res. 2014, 47, 2660—2670
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2.2. Metal-Catalyzed Asymmetric [3 + 2] Cycloadditions
onto [70]Fullerene

In contrast to highly symmetric [60]fullerene, the main
geometrical feature of higher fullerenes is their lower degree of
symmetry, which in turn leads to a complex covalent chemistry.”*
Furthermore, the high cost and low abundance of higher
fullerenes have prevented an appropriate exploration of their
properties as well as their potential applications to organic
electronics and materials science. Therefore, the availability of an
efficient synthetic methodology to limit a broad distribution of
products constitutes a chemical challenge and an essential issue
for further applications.

Encouraged by the excellent asymmetric induction achieved
on Cg, we focused our attention on extending the scope of this
methodology to higher fullerenes, particularly C,; as the most
abundant and available higher fullerene. However, asymmetric
functionalization of [70]fullerene has to face four different levels
of selectivity since different double bonds are present as a result
of the loss of the spherical symmetry (Figure 4). Similar to

site a

Figure 4. Possible addition sites on C,.

[60]fullerene, additions to [70]fullerene are driven by the release
of strain of the attacked double bond. Thus, they preferentially
take place at the most strained and reactive polar zone, namely, at
the a@ double bond [C(8)—C(25) according to IUPAC
nomenclature],”® followed by the # [C(7)—C(22)] and, to a
lesser extent, y [C(1)—C(2)] sites.* Cycloadditions rarely occur
at the less reactive 0 site, located in the equatorial region.
Although the cycloaddition of azomethine ylides onto Cg, is one
of the most used and versatile methods for [60]fullerene
functionalization, this reaction has been limited to the use of
symmetrical 1,3-dipoles with Cy,.>"

To obtain a better understanding, we proposed to designate
these isomers (@, 3, 7, and J) as site isomers and this selectivity as
site selectivity, following the particular nomenclature applied to
systems where a functional group is repeated®” and to distinguish
them from regioisomers, which are formed as a consequence of
the addition of nonsymmetrical dipoles to the C,, double bond.
Thus, depending on the orientation of the azomethine ylide

during the reaction, two possible regioisomers can be formed for
each site isomer. In addition, each regioisomeric adduct can give
rise to cis or trans diastereoisomers, each of them in its two
possible enantiomeric forms. This scenario is significantly more
complex than that for Cgy, and its control represents a real
challenge for synthetic chemists.

The chiral complexes described for C4, were found to be
effective in the cycloaddition of N-metalated nonsymmetric
azomethine ylides onto C,,. Thus, the reaction occurred with
very high site selectivity, affording almost exclusively the a-site
isomer under mild conditions and maintaining the atom
economy principle. In addition, good levels of regioselectivity
were also addressed, as the reaction preferentially led to the
regioisomer bearing the alkoxycarboxyl group on the polar
region (11) regardless of the catalytic system used (Scheme 3).3
Moreover, the synthesis of optically active [70]-
pyrrolidinofullerenes was accomplished with enantioselectivities
that could be completely switched by changing the chiral metal
catalyst complex. In the presence of 10 mol % copper(Il) acetate
and 2, a-imino esters give rise to (S,S)-cis-[70]-
pyrrolidinofullerenes with good regioselectivities (up to 80%
for the derivative 11) and excellent enantioselectivities of 92—
99%, which are even higher than those obtained with the same
catalyst onto Cg, (Scheme 4).>° The stereocontrolled formation
of the opposite (R,R) enantiomers was also achieved with Ag(I)/
3, affording slightly lower enantioselectivities ranging from 80 to
90%.

A complete stereodivergence requires the efficient formation
of each stereoisomer. Analogous to the cycloaddition reaction
onto Cg,, the use of 0.1 equiv of copper(Il) triflate along with
(R)- or (S)-DTBM-SegPhos (4) in the presence of Et;N at room
temperature yielded both enantiomers of trans-[70]-
pyrrolidinofullerenes for a wide variety of a-imino esters.”'
Thus, 1,3-dipoles undergo cycloaddition affording trans isomers
11 and 12 (having the ester group in the polar and equatorial
zones, respectively) with good to excellent regio- and
diastereoselectivities. For all of the tested a-imino esters, the
enantiomeric excesses were excellent, and as expected, these
values could be inverted using the opposite enantiomeric form of
the catalyst. It is worth mentioning that the reaction is highly site-
selective since all of the products are nearly pure a isomers (only
traces of /3 isomers are detected).

Density functional theory (DFT) calculations strongly
support the regio- and stereochemical outcome of the Ag(I)-
catalyzed cycloaddition of azomethine ylides onto C, (Figure S).
In addition, the experimentally observed selectivity has been
explained by a stepwise mechanism in which the first step of the
cycloaddition clearly determines the subsequent site, regio-, and
enantioselectivity. In regard to the enantioselectivity observed in
the cycloaddition, the (Si,Re) attack is prevented by the steric

Scheme 3. Regioselectivity in 1,3-Dipolar Cycloaddition of Azomethine Ylides onto C,,
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Scheme 4. Stereodivergent Asymmetric 1,3-Dipolar Cycloaddition of N-Metalated Azomethine Ylides onto C,
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Figure S. Blockage of the (Si,Re) face predicted by DFT calculations.

hindrance of the chiral ligand since it demands a larger digression
of the catalyst from its optimal conformation. Thus, the (Re,Si)
attack is favored (Figure S5), in good agreement with the
experimental finding.

2.3. Metal-Catalyzed Asymmetric [3 + 2] Cycloadditions
onto Endohedral Fullerenes

Soon after the discovery of [60]fullerene, the possibility of using
these carbon cages to encapsulate different atoms, molecules, or
clusters into the inner cavity and the determination of the
properties of these new materials fostered the research in
fullerene science. Since the isolation and characterization of the
first endohedral monometallofullerene, La@Cg,,>* many other
endohedral fullerenes of the type M@C,,, (M = Sc, Y, La, Ce, Gd,
etc.) have been obtained, with C,,-Cg, as the most abundant
cage.*

In 2011, chiral 1,3-dipolar cycloaddition of N-metalated
azomethine ylides was extended to the enantio- and
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regioselective synthesis of endofullerene derivatives. This
process catalyzed by a copper chiral complex on a racemic
mixture of non-IPR [i.e., not satisfying the isolated pentagon rule
(IPR)]*® La@C,,(C4H;Cl,) produced only eight enantiopure
bisadducts (Scheme 5).*” The products were isolated by
multistep HPLC separation using nonchiral columns in the
process.

The enantiomeric purity of the eight isomers was evaluated by
HPLC using a REGIS Whelk-O 2 chiral column, which revealed
high enantiomeric excesses (90—98%). These values are slightly
higher than the ones reported for Cg, and C,, because of the
larger size of the cage in La@C,,(C¢H;Cl,), which presents a
better facial discrimination.

Recently, the scope of the enantioselective 1,3-dipolar
cycloaddition of N-metalated azomethine ylides was explored
in the symmetric endohedral fullerene H,@Cg,. The reaction
afforded both enantiomers of each cis and trans diastereomer

dx.doi.org/10.1021/ar500201b | Acc. Chem. Res. 2014, 47, 2660—2670
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Scheme $. Synthesis of 13 and 14, Enantiopure Derivatives of La@C,,(C4H;CL,) (**C and **A)
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with high enantiomeric excesses.”® As mentioned before, a previously mentioned metallofullerene La@C,,(C¢H;CL,), the
Cu(I)/2 complex directs the cycloaddition toward (2S,55)-cis presence of the H, molecule in the inner cavity of the C, cage
fulleropyrrolidine. The opposite (2R,SR) enantiomer was does not modify the chemical reactivity of the carbon cage.

achieved using the Ag(I)/3 catalytic system (Scheme 6).
Moreover, the treatment with Cu(1I)/(S)-DTBM-SegPhos in 3. ASYMMETRIC ORGANOCATALYSIS IN [3 + 2]

the presence of Et;N as the base afforded (2S,5R)-trans-15, and CYCLOADDITIONS ONTO [60]FULLERENE
as expected, the use of the opposite chiral ligand (R)-DTBM- The concept of organocatalysis has become a recurring topic in
SegPhos (4) yielded the opposite enantiomer, (2R,S5S)-trans-15 the literature over the last decades.* Its roots are known to be
(Scheme 6). Figure 6 shows the CD spectra of the four situated in the beginning of 20th century; however, it was not
enantiomers, in which the typical CE for a [6,6]fullerene until the year 2000 that this field proved to be a very useful and
monoadduct at around 430 nm and the opposite signs for each competitive area in the asymmetric synthesis compared with its
enantiomeric pair are clearly observed. “competitors”, metal catalysis and enzymatic catalysis. A variety
The aforementioned experimental results found in the of advantages are known to date, namely, the robustness of the
enantiomeric synthesis carried out on H,@Cg, reveal that the catalysts due to their inertness toward moisture and oxygen, their
chemical behavior of this endohedral fullerene is the same as that ready availability linked to their low price, and their obvious
observed for pristine Cgq, and therefore, in contrast to the lower toxicity. These features make this eco-friendly method-
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Figure 6. CD spectra of the four enantiomers of 15 (2 X 107 M in
toluene): (top) cis-15 enantiomers; (bottom) trans-15 enantiomers.

ology highly attractive for industrial processes, where the scaling
issue is no longer present.

Taking into account the curved and highly reactive nature of
fullerene double bonds, among all of the described organo-
catalytic methods we decided to investigate the use of
nucleophilic phosphines as covalent organocatalysts.** These
Lewis bases are highly versatile reagents as a consequence of the
ability to vary their nucleophilic nature by modifying the steric
and electronic features of their substituents as well as their
commercial availability and efficiency in the synthesis of a wide
range of cyclic and acyclic compounds. In particular, we focused
on Lu’s cycloaddition reaction,*' an interesting method for the
preparation of unsaturated five-membered rings (Scheme 7).
When these phosphines activate a-allenic esters (17) by
nucleophilic attack on the central sp-hybridized carbon atom,
these allenoates are able to react with electron-deficient double
bonds. The attractiveness of this reaction, reported in its racemic
version on [60]fullerene by Kroto and co-workers,** and the
commercially availability of mono- and bidentate phosphines as
organocatalysts encouraged us to investigate the enantioselective

version of the process. Several phosphines were evaluated
according to their nucleophility and steric hindrance in the
reaction of ethyl 2,3-pentadienoate with [60]fullerene. Those
bearing aliphatic chains turned out to be better in terms of
conversion efficiency than their aromatic analogues. In particular,
those being part of a P-containing heterocycle yielded the
corresponding cycloadducts 18 in good conversions and with
promising enantiomeric excesses when they were part of a seven-
membered ring instead of a five-membered ring. Indeed, the
ferrocenyl-based phosphine (S,S)-f-binaphane (19) was selected
as the chiral organocatalyst for its latter deeper evaluation
(Scheme 7). Its higher nucleophilicity and its flexibility due to the
low rotation barrier of the ferrocene backbone make this
phosphine able to perform the reaction in a very good conversion
of 49% (taking into account the typical conversions for fullerene
functionalization) and an enantiomeric ratio of 94:6. The
reaction setup was lately evaluated on several allenoates endowed
with alkyl or aromatic groups and yielded the corresponding
cyclopenteno-fused derivatives in good conversions with
excellent enantioselectivities.

The definition of the absolute configuration via X-ray analysis,
together with the CD data, helped us to redefine the sector rule
employed up to this date for the assignment of the configuration
of fullerene derivatives. All cyclopenteno[4,5:1,2][60]fullerene
derivatives 18 obtained under these reaction conditions featured
a negative CE, which is in agreement with an S configuration on
the C3 carbon atom of the cyclopentene ring (Figure 7).

Going one step further in the use of organocatalytic methods
for the preparation of chiral fullerene derivatives, we turned our
attention to a different type of 1,3-dipole, azlactones 8, which
afforded excellent results in the metallic version of the reaction.”
The presence of a highly acidic proton in these heterocyclic
structures led us to think about a base-catalyzed process in which
a chiral catalyst could trigger the cycloaddition of the azlactone
onto the fullerene. Starting with Et;N and azlactone 8a (Scheme
8), we realized that the reaction actually took place, albeit in low
conversion. Then we focused on the use of non-covalent
catalysis, particularly with cinchona alkaloid derivatives, which
were able to yield the corresponding pyrrolino[60]fullerenes but
in a racemic way. Several thioureas,” squaramides,** and
bifunctional caltalysts45 were also evaluated; however, the
achieved enantiomeric excesses were poor because of the
impossibility of LUMO activation via hydrogen bonding in
fullerenes. Phase-transfer catalysts (PTCs) working in mixtures
of toluene and basic water yielded the cycloadducts, but no
enantioselectivity was observed. We finally evaluated chiral N-
heterocyclic carbenes, which have been widely employed as
ligands in metal catalysis and more recently in organocatalysis.**
Their ability to behave as Bronsted base catalysts allowed the

Scheme 7. (S,S)-f-Binaphane-Catalyzed [3 + 2] Cycloaddition of Allenoates onto Cg,
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Figure 7. (A) CD and UV—vis spectra for both enantiomers of (3S)-1-ethoxycarbonyl-3-methyl-1-cyclopenteno[4,5:1,2][60]fullerene (4 X 10™* M in

dichloromethane). (B) Corrected sector rule.

Scheme 8. Organocatalytic Enantioselective [3 + 2]
Cycloaddition of Azlactones onto Cg,
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formation of the adducts not only in good conversion but also
with very interesting enantioselectivities. The reaction between
azlactone 8a, [60]fullerene, NaH, and Bode catalyst (20) in
anhydrous toluene gave rise to an enantioselective cycloaddition
(88% ee) in excellent conversion (>99%), and it was even
possible to obtain the opposite enantiomer by using the
commercially available opposite enantiomer of the NHC
(Scheme 8).

As a whole, the methodology is tolerant of the introduction of
substituents on the aromatic ring, with variable results depending
on the employed substrate (23—99% conversion). In this regard,
the best enantiomeric excesses were obtained from the use of
less-hindered azlactones (28—88% ee).

4. CONCLUSIONS

The great development undergone by the variety of known low-
dimensional carbon nanoforms started with the discovery of
zero-dimensional (0D) fullerenes almost three decades ago.
Actually, most of the reactions carried out on the pristine Cg,
molecule have later been tested on 1D carbon nanotubes as well
as 2D graphene. Thus, fullerenes have been used as a benchmark
for the study of further carbon nanostructures. However, from
our point of view, the chemistry of fullerenes has not been
properly addressed, since frequently the ultimate goal of
chemical modification of fullerenes has been directed to their
solubilization/functionalization under different conditions in the
search for practical applications. In particular, the ease of access
to enantiomerically pure fullerenes has almost been neglected by
the chemical community. In this Account, we have described the
first asymmetric catalysis carried out on fullerenes involving one
of the most versatile and used chemical functionalizations of
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fullerenes, namely, the 1,3-dipolar cycloaddition of azomethine
ylides to Cg,. This reaction has been widely studied, and Cu and
Ag together with the appropriate chiral ligand have afforded
enantiomerically pure fullerenes with excellent ee values
surpassing 90%. The reaction has also been extended to larger
fullerenes such as C,, where site isomers, regioisomers,
diastereomers, and enantiomers are formed. Furthermore, this
reaction has also been tested on endofullerenes, where either the
reactivity is controlled by the inner metal, as with the
metallofullerene La@C-,(C¢H;Cl,), or the encapsulated mole-
cule does not influence the reactivity of the outer sphere, as with
the endofullerene H,@Cy. In all cases, the chiral fullerenes have
been produced at will with excellent enantioselectivities,
depending upon the metal used as the catalyst and the chiral
ligands and experimental conditions used in the reaction.

Organocatalysis has also been used for the first time in the
preparation of chiral fullerenes with total control of the
stereochemical outcome of the reaction. In particular, the use
of readily available chiral phosphines has allowed the synthesis of
carbocyclic-fused fullerenes to be carried out with excellent ee
values. Furthermore, we have also proven the complementarity
of metal catalysis and organocatalysis in the 1,3-dipolar
cycloaddition of miinchnones on [60]fullerene.

The results of these catalytic processes have been underpinned
by DFT calculations as well as X-ray diffraction analysis and the
use of the sector rule. Interestingly, the plausible mechanisms
reveal that the noncoordinating fullerene molecule attacks the
respective activated 1,3-dipole through the less-hindered face of
the catalytic complex, thus accounting for the stereochemical
outcome in the above-mentioned reactions.

The aforementioned results pave the way to the large-scale
preparation of enantiomerically pure fullerenes and therefore to
their use not only in biomedical applications, where chirality is an
important issue, but also in materials science, where fullerenes
find their main applications.

B AUTHOR INFORMATION
Corresponding Author

*E-mail: nazmar@ucm.es.

Notes

The authors declare no competing financial interest.

dx.doi.org/10.1021/ar500201b | Acc. Chem. Res. 2014, 47, 2660—2670


mailto:nazmar@ucm.es

Accounts of Chemical Research

Biographies

Enrique E. Maroto obtained his Ph.D. at UCM under the supervision of
Prof. Nazario Martin, where he continues doing postdoctoral research
on chiral functionalization of fullerenes.

Marta Izquierdo obtained her Ph.D. at UCM under the supervision of
Prof. Nazario Martin. She did a postdoctoral stay at Prof. Echegoyen’s
group at UTEP. Her research interests include asymmetric synthesis and
endofullerene reactivity.

Silvia Reboredo obtained her Ph.D. at UPV/EHU under the
supervision of Prof. Badia and José Luis Vicario. She moved to Prof.
Nazario Martin’s group as a postdoctoral researcher focused on
asymmetric synthesis of fullerenes.

Juan Marco-Martinez obtained his Ph.D. at UAM under the
supervision of Prof. Diego Cérdenas. He joined Prof. Nazario Martin
group’s as a postdoctoral researcher working on chiral functionalization
of fullerenes.

Salvatore Filippone is an associate professor at UCM. He obtained his
Ph.D. at the University of Pavia under the supervision of Prof. Faita. He
then moved to ENS of Paris for a postdoctoral fellowship, working with
Prof. Rassat and Prof. Bensasson. He joined Prof. Nazario Martin’s
group and is working on chiral functionalization of fullerenes.

Nazario Martin has research interests spanning a range of targets with
emphasis on the molecular and supramolecular chemistry of carbon
nanostructures. He is a fellow of the Royal Society of Chemistry and a
member of the Editorial Advisory Board of Accounts of Chemical
Research. He is a recipient of an Advanced Grant from the European
Research Council (Chirallcarbon).

B ACKNOWLEDGMENTS

This work was supported by the European Research Council
ERC-2012-ADG_20120216 (Chirallcarbon), the Ministerio de
Economia y Competitividad (MINECO) of Spain (Project
CTQ2011-24652), and the CAM (MADRISOLAR-2 Project
$2009/PPQ-1533). N.M. thanks the Alexander von Humboldt
Foundation.

B REFERENCES

(1) Kroto, H. W.; Heath, J. R.; O’Brien, S. C.; Curl, R. F.; Smalley, R. E.
Cgo: Buckminsterfullerene. Nature 1985, 318, 162—163.

(2) Fullerenes: From Synthesis to Optoelectronic Properties; Guldi, D. M.,
Martin, N., Eds.; Kluwer: Dordrecht, The Netherlands, 2002.

(3) Ettl, R;; Chao, I; Diederich, F.; Whetten, R. L. Isolation of C, a
Chiral (D,) Allotrope of Carbon. Nature 1991, 353, 149—153.

(4) Thilgen, C; Gosse, I; Diederich, F. Chirality in Fullerene
Chemistry. Top. Stereochem. 2003, 23, 1—-124.

(5) Thilgen, C.; Diederich, F. Structural Aspects of Fullerene
Chemistry: A Journey through Fullerene Chirality. Chem. Rev. 2006,
106, 5049—513S.

(6) Illescas, B.; Martin, N.; Poater, J.; Sola, M.; Aguado, G. P.; Ortufio,
R. M. Diastereoselective Synthesis of Fulleropyrrolidines from Suitably
Functionalized Chiral Cyclobutanes. J. Org. Chem. 2008, 70, 6929—
6932.

(7) Bianco, A.; Maggini, M.; Scorrano, G.; Toniolo, C.; Marconi, G.;
Villani, C.; Prato, M. Synthesis, Chiroptical Properties, and Configura-
tional Assignment of Fulleroproline Derivatives and Peptides. J. Am.
Chem. Soc. 1996, 118, 4072—4080.

(8) Nierengarten, J.-F.; Gramlich, V.; Cardullo, F.; Diederich, F. Regio-
and Diastereoselective Bisfunctionalization of C4, and Enantioselective
Synthesis of a C4, Derivative with a Chiral Addition Pattern. Angew.
Chem,, Int. Ed. Engl. 1996, 35, 2101-2103.

2669

(9) Guerra, S.; Schillinger, F.; Sigwalt, D.; Holler, M.; Nierengarten, J.-
F. Synthesis of Optically Pure [60]fullerene ¢,e,e-Tris Adducts. Chem.
Commun. 2013, 49, 4752—4754.

(10) Djojo, F.; Hirsch, A. Synthesis and Chiroptical Properties of
Enantiomerically Pure Bis- and Trisadducts of C4, with an Inherent
Chiral Addition Pattern. Chem.—Eur. J. 1998, 4, 344—356.

(11) Nishimura, T.; Tsuchiya, K.;; Ohsawa, S.; Maeda, K; Yashima, E.;
Nakamura, Y.; Nishimura, J. Macromolecular Helicity Induction on a
Poly(phenylacetylene) with C,-Symmetric Chiral [60]fullerene-Bisad-
ducts. J. Am. Chem. Soc. 2004, 126, 11711-11717.

(12) Friedman, S. H,; Ganapathi, P. S.; Rubin, Y.; Kenyon, G. L.
Optimizing the Binding of Fullerene Inhibitors of the HIV-1 Protease
through Predicted Increases in Hydrophobic Desolvation. J. Med. Chem.
1998, 41, 2424—2429.

(13) Zhu, Z.; Schuster, D. L; Tuckerman, M. E. Molecular Dynamics
Study of the Connection between Flap Closing and Binding of
Fullerene-Based Inhibitors of the HIV-1 Protease. Biochemistry 2003,
42, 1326—1333.

(14) Gothelf, A. S.; Gothelf, K. V.; Hazell, R. G.; Jorgensen, K. A.
Catalytic Asymmetric 1,3-Dipolar Cycloaddition Reactions of Azome-
thine Ylides—A Simple Approach to Optically Active Highly Function-
alized Proline Derivatives. Angew. Chem., Int. Ed. 2002, 41, 4236—4238.

(1S) For a recent review, see: Adrio, J.; Carretero, J. C. Novel
Dipolarophiles and Dipoles in the Metal-Catalyzed Enantioselective 1,3-
Dipolar Cycloaddition of Azomethine Ylides. Chem. Commun. 2011, 47,
6784—6794.

(16) Maggini, M.; Scorrano, G.; Prato, M. Addition of Azomethine
Ylides to Cg: Synthesis, Characterization, and Functionalization of
Fullerene Pyrrolidines. J. Am. Chem. Soc. 1993, 115, 9798—9799.

(17) Prato, M.; Maggini, M. Fulleropyrrolidines: A Family of Full-
Fledged Fullerene Derivatives. Acc. Chem. Res. 1998, 31, 519—526.

(18) Wu, S.-H.; Sun, W.-Q.; Zhang, D.-W.,; Shu, L.-H.; Wu, H.-M,; Xu,
J.-F.; Lao, X.-F. 1,3-Dipolar Cycloaddition of Several Azomethine Ylides
to [60]fullerene: Synthesis of Derivatives of 2/,5'-dihydro-1'H-pyrrolo-
[3/,4':1,2][60]fullerene. J. Chem. Soc., Perkin Trans. 1 1998, 1733—1738.

(19) Pantarotto, D.; Bianco, A.; Pellarini, F.; Tossi, A.; Giangaspero, A.;
Zelezetsky, L; Briand, J.-P.; Prato, M. Solid-Phase Synthesis of
Fullerene-Peptides. J. Am. Chem. Soc. 2002, 124, 12543—12549.

(20) Filippone, S.; Maroto, E. E.; Martin-Domenech, A.; Suarez, M,;
Martin, N. An Efficient Approach to Chiral Fullerene Derivatives by
Catalytic Enantioselective 1,3-Dipolar Cycloadditions. Nat. Chem. 2009,
1, §78—582.

(21) Maroto, E. E.; Filippone, S.; Martin-Domenech, A.; Suarez, M.;
Martin, N. Switching the Stereoselectivity: (Fullero)Pyrrolidines “a la
Carte”. J. Am. Chem. Soc. 2012, 134, 12936—12938.

(22) Maroto, E. E.; Filippone, S.; Suirez, M.; Martinez-Alvarez, R.; de
Cozar, A,; Cossio, F. P.; Martin, N. Stereodivergent Synthesis of Chiral
Fullerenes by [3 + 2] Cycloadditions to Cg. J. Am. Chem. Soc. 2014, 136,
705—712.

(23) Marco-Martinez, J.; Reboredo, S.; Izquierdo, M.; Marcos, V.;
Lopez, J. L.; Filippone, S.; Martin, N. Enantioselective Cycloaddition of
Miinchnones onto [60]fullerene: Organocatalysis versus Metal
Catalysis. J. Am. Chem. Soc. 2014, 136, 2897—2904.

(24) Tan, X; Schuster, D. L; Wilson, S. R. Resolution and Absolute
Configuration of a C,-Symmetric trans-2,5-Disubstituted Fulleropyrro-
lidine. Tetrahedron Lett. 1998, 39, 4187—4190.

(25) Gothelf, K. V.; Jorgensen, K. A. Asymmetric 1,3-Dipolar
Cycloaddition Reactions. Chem. Rev. 1998, 98, 863—909.

(26) Fisk, J. S.; Mosey, R. A; Tepe, J. J. The Diverse Chemistry of
Oxazol-5-(4H)-ones. Chem. Soc. Rev. 2007, 36, 1432—1440.

(27) Peddibhotla, S.; Tepe, J. J. Stereoselective Synthesis of Highly
Substituted A'-Pyrrolines: exo-Selective 1,3-Dipolar Cycloaddition
Reactions with Azlactones. J. Am. Chem. Soc. 2004, 126, 12776—12777.

(28) Melhado, A. D.; Luparia, M; Toste, F. D. Au(I)-Catalyzed
Enantioselective 1,3-Dipolar Cycloadditions of Miinchnones with
Electron-Deficient Alkenes. J. Am. Chem. Soc. 2007, 129, 12638—12639.

(29) The stereodescriptors *C and A (f = fullerene; s = systematic
numbering) depend on whether the contiguous numbering of the cage is
clockwise or anticlockwise. For [IUPAC nomenclature and numbering of

dx.doi.org/10.1021/ar500201b | Acc. Chem. Res. 2014, 47, 2660—2670



Accounts of Chemical Research

fullerenes, see: Cozzi, F.; Powell, W. H.; Thilgen, C. Numbering of
Fullerenes. Pure Appl. Chem. 2005, 77, 843—923.

(30) Meier, M. S.; Wang, G. W.; Haddon, R. C.; Pratt Brock, C.; Lloyd,
M. A;; Selegue, J. P. Benzyne Adds across a Closed 5—6 Ring Fusion in
C,: Evidence for Bond Delocalization in Fullerenes. J. Am. Chem. Soc.
1998, 120, 2337—2342

(31) Wwilson, S. R; Lu, Q. 1,3-Dipolar Cycloaddition of N-
Methylazomethine Ylide to Cy,. J. Org. Chem. 1995, 60, 6496—6498.

(32) Molecular Orbitals and Organic Chemical Reactions; Fleming, I,
Ed.; Wiley: Chichester, U.K, 2010.

(33) Maroto, E. E.; de Cbzar, A; Filippone, S.; Martin-Domenech, A.;
Sudrez, M.; Cossio, F. P; Martin, N. Hierarchical Selectivity in
Fullerenes: Site-, Regio-, Diastereo- and Enantiocontrol of the 1,3-
Dipolar Cycloaddition to Cy. Angew. Chem., Int. Ed. 2011, 50, 6060—
6064.

(34) Chai, Y.; Guo, T; Jin, C.; Haufler, R. E.; Chibante, L. P. F.; Fure,
J.; Wang, L.; Alford, J. M.; Smalley, R. E. Fullerenes with Metals Inside. J.
Phys. Chem. 1991, 95, 7564—7568.

(35) Lu, X; Akasaka, T.; Nagase, S. Chemistry of Endohedral
Metallofullerenes: The Role of Metals. Chem. Commun. 2011, 47,
5942—5957.

(36) Wakahara, T.; Nikawa, H.; Kikuchi, T.; Nakahodo, T.; Rahman,
G. M. A; Tsuchiya, T.; Maeda, Y.; Akasaka, T.; Yoza, K; Horn, E;
Yamamoto, K.; Mizorogi, N.; Slanina, Z.; Nagase, S. La@C,, Having a
Non-IPR Carbon Cage. J. Am. Chem. Soc. 2006, 128, 14228—14229.

(37) Sawai, K; Takano, Y.; Izquierdo, M.; Filippone, S.; Martin, N.;
Slanina, Z.; Mizorogi, N.; Waelchli, M.; Tsuchiya, T.; Akasaka, T.;
Nagase, S. Enantioselective Synthesis of Endohedral Metallofullerenes.
J. Am. Chem. Soc. 2011, 133, 17746—17752.

(38) Maroto, E. E.; Izquierdo, M.; Murata, M.; Filippone, S.; Komatsu,
K.; Murata, Y.; Martin, N. Catalytic Stereodivergent Functionalization of
H,@Cg. Chem. Commun. 2014, 50, 740—742.

(39) Special issue on organocatalysis: Chem. Rev. 2007, 107 (12),
5413—5883.

(40) Marco-Martinez, J.; Marcos, V.; Reboredo, S.; Filippone, S.;
Martin, N. Asymmetric Organocatalysis in Fullerenes Chemistry:
Enantioselective Phosphine-Catalyzed Cycloaddition of Allenoates
onto Cy. Angew. Chem.,, Int. Ed. 2013, 52, 5115—5119.

(41) Zhang, C; Lu, X. Phosphine-Catalyzed Cycloaddition of 2,3-
Butadienoates or 2,3-Butynoates with Electron-Deficient Olefins. A
Novel [3 + 2] Annulation Approach to Cyclopentenes. J. Org. Chem.
1995, 60, 2906—2908.

(42) Donovan, B. F. O.; Hitchcock, P. B.; Meidine, M. F.; Kroto, H. W.;
Taylor, R;; Walton, D. R. M. Phosphine-Catalysed Cycloaddition of
Buta-2,3-dienoates and But-2-ynoates to [60]fullerene. Chem. Commun.
1997, 81.

(43) Xi, Y.; Shi, X. Cinchonine and Thiourea. Chem. Commun. 2013,
49, 8583—8585.

(44) Aleman, J; Parra, A; Jiang, H.; Jorgensen, K. A. Squaramides:
Bridging from Molecular Recognition to Bifunctional Organocatalysis.
Chem.—Eur. J. 2011, 17, 6890—6899.

(4S) Connon, S. J. Asymmetric Catalysis with Bifunctional Cinchona
Alkaloid-Based Urea and Thiourea Organocatalysts. Chem. Commun.
2008, 2499—-2510.

(46) Enders, D.; Niemeier, O.; Henseler, A. Organocatalysis by N-
Heterocyclic Carbenes. Chem. Rev. 2007, 107, 5606—5655.

2670

dx.doi.org/10.1021/ar500201b | Acc. Chem. Res. 2014, 47, 2660—2670



