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Reversible stereodivergent cycloaddition of racemic helicenes to
[60]fullerene: a chiral resolution strategy
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ABSTRACT: [60]Fullerene and its scarcely-explored reversible covalent chemistry has been harnessed as an efficient alternative
for the chiral resolution of racemates. By using only catalytic amounts of chiral agents, stereodivergent 1,3-dipolar cycloadditions
of racemic helicenes onto [60]fullerene were carried out. The formed helicene/fullerene diastereomers were easily separated by
conventional chromatography and, afterwards, a simple catalyzed 1,3-dipolar retro-cycloaddition afforded helicenes starting mate-

rials in high optical purity.

Asymmetric (chemical or enzymatic) synthesis, chiral
chromatographic separation, kinetic resolution or crystalliza-
tion methods, are the main methodologies to access to optical-
ly active compounds. Far from being out of interest, each one
of these strategies are still developing new alternative tools in
order to face new challenging chemical problems as well as
the constantly high demand of enantiopure chiral compounds.

In this regard, the use of divergent reactions on racemic
mixtures (RRM) constitutes a suitable alternative to afford
enantiopure compounds to the large number of processes in
which both kinetic resolution and asymmetric synthesis
failed." In this strategy, both enantiomers of a racemate chemi-
cally interact with a chiral substrate (reagent, catalyst or sol-
vent) giving rise to non-enantiomeric products that could
eventually be diastereoisomers (stereodivergent), constitution-
al isomers (regiodivergent) or different chemical compounds
(chemodivergent). Although, neither different reaction rates
for both enantiomers are necessary, as in the kinetic resolu-
tion, nor stoichiometric amount of chiral reagents, efficient
divergent RRM require high selectivity and easily separable
products.

On the other hand, chirality has experienced an increasing
interest in new fields such as, for instance, nanoscience.” In
particular, carbon-based nanostructures such as helicenes,’

fullerenes,” or curved polyaromatic hydrocarbons,” feature
new optoelectronic properties such as charge-carrier mobility
or chiroptical properties, stemming from their chiral arrange-
ment. Actually, for these types of compounds, often lacking
functional groups, the enantiomeric chromatographic separa-
tion is the only available pathway to obtain optically active
compounds.®

[n the search for alternative racemate resolutions avoiding
expensive and time consuming chiral chromatographic separa-
tions, we focused our attention on the [60]fullerene covalent
chemistry and, in particular, on its less-exploited reversible
character. Actually, stereoselective cycloadditions on
[60]fullerene by using chiral reagents (asymmetric induction)
have been reported.” In this regard, RRM have previously been
used, followed by retro-functionalization reactions, to separate
chiral fullerenes such as, for instance, D,-Cqs and D,-Cgy.t
However, to the best of our knowledge, fullerenes have never
been previously used for the racemates resolution. Further-
more, from one hand, the introduction of new catalytic meth-
ods for the enantioselective functionalization of fullerenes
(asymmetric catalysis) allows their application in RRM by
using only minor amounts of chiral materials.” On the other
hand, the availability of new synthetic tools to carry out retro-



cycloaddition processes'® would enable the recovery of the
former racemic starting materials in an enantioenriched form.

Thus, in order to probe the usefulness of this approach, we
decided to carry out the enantiodivergent resolution of racemic
helicenes, followed by a subsequent retro-cycloaddition reac-
tion, affording the respective isolated enantiomers in an effi-
cient manner, alternative to the use of highly expensive and
time consuming chiral HPLC.

Helicenes are non-planar polycyclic aromatic compounds
whose helical backbone is formed of ortho-fused aromatic
rings. Their extended 7-conjugation combined with their heli-
cal topology provide them with high chiroptical properties
(huge optical rotations, strong circular dichroic responses and
substantial circularly polarized luminescence) and good elec-
tronic properties (conductivity and redox properties).” '' For
these reasons, they are of great interest for many optoelectron-
ic applications such as chiral organic light-emitting diodes
(OLEDS),12 transistors, " photovoltaic devices," chiroptical
switches,"” or non-linear optical (NLO) materials.'® Further-
more, due to their chemical structure based only on aromatic
sp’ carbon atoms and without functional groups, we consid-
ered helicenes a useful racemic benchmark to probe the effi-
ciency of stereodivergent reversible reactions by means of
[60]fullerene. In particular, we used 2-formylhexahelicene
racemate 1 as starting material to carry out the synthesis of the
respective helicene-iminoester racemate 2.

In a first step, racemic 2-hexalicene-iminoesters underwent
an enantioselective azomethine ylide 1,3-dipolar cycloaddition
reaction to [60]fullerene. Among the available catalytic sys-
tems, we chose the pair Cu(ll) acetate/(R,)-Fesulphos which
revealed its efficiency in previous studies directed to the for-
mation of the (25,55) pyrrolidino[3,4:1,2][60]fullerene with ee
values up to 92%.”*Thanks to the high enantiocontrol on the
two new formed stercocenters, two diastereomeric helicene-
pyrrolidino[3,4:1,2][60]fullerenes were formed in good enan-
tiomeric excesses, which were easily separated by convention-
al silica-gel chromatography. The chiroptical properties of
these derivatives, resulting from the curved Csp” helicene and
[60]fullerene moieties, were studied. Finally, the use of a
metal-catalyzed retro-cycloaddition reaction under mild condi-
tions'* ' afforded both starting 1,3-dipoles which, after in-
situ hydrolysis, yielded both 2-formylhexahelicene enantio-
mers which were obtained in good yield and optical purity
(Scheme 1).

Scheme 1: Resolution strategy carried out for 2-
formylhexahelicene racemate 1.
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It is important to note that the use of only 10% of chiral cata-
lyst (Cu(Il) acetate/(R,)-Fesulphos) directed efficiently the
cycloaddition of the racemic helicenes 2 onto [60]fullerene
affording two diastereoisomers, 3 and 4, as result of the high
enantiocontrol in the new formed asymmetric carbons of pyr-
rolidine (the two diastereoisomers differ in the helicenes moie-
ty configuration, while both C-2 and C-5 feature the same
configuration, almost completely a S,S configuration, see
below). Remarkably, diastereoisomers 3 and 4, obtained in a
1:1 ratio and in 80% yield (with respect to helicenes 2) (see
Supp. Information, Figure S3), could be easily separated by
conventional silica-gel chromatography, thus fulfilling the key
requirement for the separation of racemates by stereodivergent
RRM.

Each separated diastereoisomer, analysed by chiral HPLC
and circular dichroism (CD), showed a very high optical puri-
ty: diastereoisomer 4 was obtained in a high enantioenriched
form, being ee > 99% between (M,S,S)-4 and (P,R,R)-4, (see
Supp. Information, Figure S4) while for diastereoisomer 3 the
enantiomeric ratio, (P,S,5)-3 to (M,R,R)-3, was 99/1 (see
Supp. Information, Figure S5).

In order to confirm the stereochemical outcome in the race-
mic series, we carried out the same synthetic study on each of
both pure enantiomers (P and M) of helicene 1."” This study
should allow: i) a more easy characterization of the products,
and ii) the assessment of the catalytic system to maintain the
sign of the asymmetric induction in the presence of another
chiral element.

Thus, since 3 is the main product when optically pure P-2
underwent the cycloaddition reaction onto [60]fullerene in the
presence of 10% of Cu(Il) acetate/(R,)-Fesulphos, it can be
deduced the configuration (P,S,S) for this diastereoisomer.
Diastereoisomer 4, formed in a minor amount as result of the
unfavorable (R,R) asymmetric induction sense of the catalytic
system, features a (P,R,R) configuration. On the contrary and
consistently, (M,S,S5)-4 is the main product and (M,R,R)-3 is
the minor one when M-2 is used.

Therefore, the catalytic system proved to maintain a high
level of stereoselectivity even in the presence of a helicoidal
chiral element. It was also observed a slight different behavior
with each helicene enantiomers. Indeed, the diastereomeric
ratio between (P,S,S)-3 and (P,R,R)-4 (92/8), observed in the



reaction with iminoester P-2, (see Supp. Information, Figure
S1) was higher than (M,S,S)-4/(M,R,R)-3 (83/17) (see Supp.
Information, Figure S2). This is a consequence of the match-
ing of chirality P and chirality of the catalyst Cu(Il) ace-
tate/(R,)-FeSulphos and a mismatching with the chirality M
(Scheme 2).

Scheme 2: Cycloaddition reaction of iminoesters P-2 and
M-2 to Cq.
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The CD spectra of the four stereoisomers feature both the
characteristic peaks of helicene and of [60]fullerene monoad-
duct and they also confirm the aforementioned asignment.
Thus, at 330 nm the helicene moiety gives rise to an intense
peak in the circular dichroism spectrum (Figure 1), with the
positive or negative sign corresponding to the enantiomers P
or M, respectively, while the peak at 427 nm is the fingerprint
of the [60]fullerene monoadducts chirality, which appeared to
show a lower intensity (Figure 1, inset), and is used to assign
the absolute stereochemistry of each stereoisomer. '®

Once proved the efficiency of the chiral catalytic system to
carry out the stereodivergent RRM, we extended the scope of
such functionalization in order to assess the singular reversible
covalent chemistry of fullerenes as a useful platform to carry
out the racemate resolution. In particular, we have focused our
interest on the retro-cycloaddition reaction of pyrroli-
dino[3,4:1,2][60]fullerenes developed by some of us (retro-
Prato reaction).'™ '® However, despite this reaction gives rise
—in a quantitative manner— to pristine [60]fullerene and alde-
hyde starting materials in refluxing toluene, we had to change
the experimental conditions in order to avoid racemization of
chiral aldehydes 1.

Figure 1. CD spectra (2 x 10™* M in CH,Cl,, 25 °C). Inset peak
corresponding to [60]fullerene chirality.

‘We eventually found in the pair Cu(ClO,),/dppe in refluxing
THF (70°C) the suitable conditions to reverse the cycloaddi-
tion reaction in good yields and maintaining the enantiomeric
excess. Thus, helicene starting material P-1 was obtained in a
78% yield and ee = 99 % from the separated diastereoisomer 3
[99% ee, (P,S,5)-3], thus maintaining unchanged the optical
purity (see Supp. Information, Figure S8). Analogously, the
retro-cycloaddition of 4 [92% ee, (M,S,S)] affords the helicene
M with 82% yield although the ee was slightly lower, 80% ee
(see Supp. Information, Figure S9) (Scheme 3).

Scheme 3. Enantiospecific retrocycloaddition reaction.
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[n summary, we report for the first time on the use of the
less-explored “reversible” covalent chemistry of [60]fullerene
as a useful alternative to carry out the resolution of racemic
species. In the representative studied example, the resolution
of the racemate of a pyrrolidino[3,4:1,2][60]fullerene endowed
with helicenes is described. It involves the reversible stereodi-
vergent 1,3-dipolar cycloaddition reaction of racemic heli-
cenes onto [60]fullerene —employing only catalytic amounts of
chiral agents— affording two diastereomeric helicene-
pyrrolidino[3,4:1,2][60]fullerenes in excellent enantiomeric
excesses. Subsequent conventional silica-gel chromatography
diastereoisomers separation and metal-catalyzed retro-
cycloaddition reaction yields the starting 1,3-dipoles whose
hydrolyses lead to the starting 2-formylhelicene enantiomers
in good yields and excellent optical purity. The above protocol
represents a general and efficient method which validates
fullerenes for racemates resolution and, in particular, for their
efficiency in the resolution of these singular helicene systems.
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