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ABSTRACT: The self-assembly of 4-fold-symmetric
porphyrins with Fe' or Zn" gave a new cubic M'(L¢
cage framework with electron-deficient walls. This cage
bound Cgy-indene or Cyy-anthracene bisadducts selectively,
whereas unfunctionalized fullerenes and monoadducts
were not encapsulated. The Fe'';L, cage also enabled the
reaction of Cg4, and anthracene to yield the bisadducts
selectively under conditions where no reaction was
observed in the absence of the cage. These findings have
relevance in the context of polymer solar cells, where Cg,
bisadducts have found use as electron acceptors, because
these adducts currently require laborious and time-
consuming syntheses and purification.

C ontainer molecules offering well-defined inner voids have
garnered much interest in recent years, especially in the
context of functions such as substrate stabilization” and catalytic
transformations of specific substrates.” In many cases, the size of
an optimal guest can be estimated with the help of Rebek’s 55%
rule.* As noted by the progenitors of this rule, the use of larger
capsules and systems resembling natural binding pockets might
be expected to result in deviation from the 55% optimum. Such
larger capsules are attractive because they would enable, as in
nature, selective reactions on large biomolecules, such as
proteins, and provide a platform to bind large guests selectively,
such as fullerenes.

Since their discovery in 1985,° fullerenes have impacted fields
that include biomedical chemistry,6 materials science,” and solar
energy conversion.® Several synthetic routes concerning their
functionalization have been established, such as the Bingel
reaction,” the Prato reaction,’® and different Diels—Alder
reactions.'" The spherical nature of fullerenes and the presence
of multiple reactive bonds, however, make it difficult to selectively
synthesize fullerenes bearing a defined number of functional
groups. Thus, purification of substituted fullerenes usually
involves tedious separation of the desired fullerenes by column
chromatography or by HPLC. The Diederich'* and Hirsch'"
groups, among others, have developed methods for the selective
generation of multiply substituted fullerenes, for example, via
tether-directed remote functionalization.'” As preparing and
installing the tether is a synthetically costly process, we aimed to
generate a molecular cage that would allow the separation of the
desired fullerenes and possibly even control the reactivity of
tullerenes.

The present study has the goal of generating larger cages in
order selectively to encapsulate functionalized fullerenes, based
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upon past development of molecular containers for Cqy and
Cyo." We focus upon Diels—Alder functionalized fullerenes and
aim at the selective formation and separation of bisadducts within
the inner void of molecular cages. Such bisadducts have found
uses. For example, bis-indene functionalized Cgy (Cgolnd,)"” is
one of the most promising electron-acceptors for increasing the
power conversion efficiency (PCE) of fullerene-based polymer
solar cells.

Following the Fujita group’s insight that electron-poor host
frameworks tend to bind even electron-poor guests with the
highest affinity and selectivity,' we hypothesized that the
incorporation of electron-poor perfluorophenylene groups into a
cage framework might optimize fullerene binding. Multiply
fluorinated anilines are too electron-poor to condense into
hydrolytically stable imines on metal templates,'’” however,
leading us to consider use of the triazolyl-pyridine coordination
motif that had been successfully employed by Lusby'® and
Heitz'” to generate elegant three-dimensional architectures.
Ligand L (see Figure 1) was thus designed to generate the
electron-deficient cubic framework of Fe'';L4 cage 1 consisting of
a tetrakis(perfluorophenylene)nickel-porphyrin core bearing
four triazolyl-pyridine chelating groups.

L was prepared from nickel-5,10,15,20-tetrakis-
(pentafluorophenyl)porphyrin in two steps, as shown in Figure
$3.%° The reaction of L (6 equiv) with iron(Il) triflimide (8
equiv) in acetonitrile at 70 °C resulted in the formation of cubic
Fe';L¢ cage 1 (see Figure 1). Carrying out the same reaction with
zinc(I) triflimide instead of iron(Il) triflimide yielded the
corresponding cubic Zn"L cage 2, indicating that the formation
of a cubic M'sL framework is a general feature of this ligand and
is not restricted to a specific metal.

Single-crystal X-ray diffraction analysis’' (see Figure 1)
confirmed the approximately O-symmetric structure of 1 in the
solid state. The eight tris(pyridylimine) Fe" vertices in each cage
display facial coordination and share the same A or A
stereochemistry; both enantiomers are present in the crystal
lattice. Each face of the assembly consists of a Ni-porphyrin-based
ligand, which adopts a planar conformation. The average Ni—Ni
distance between opposite faces is 19.5 A, and the inner void
volume was 3183 A° (see Figure S52). The largest sphere that
could enter or exit the cavity through a pore without distorting
the host framework would have a diameter of 4.3 A.

Guest encapsulation within 1 was probed using 'F NMR
spectroscopy, whereby the chemical shifts of the inward-facing
fluorine atoms were observed to act as sensitive probes of their
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Figure 1. Formation of 1 based on the self-assembly of ligand L and iron(II) triflimide. The crystal structure of 1 is depicted at right in two different styles
with the space-filling view illustrating the relatively large pores (Fe, orange; Ni, dark green; N, blue; F, pale green; C, gray; H, white). Counteranions and

disorder are omitted for clarity.

Figure 2. Host—guest chemistry of cubic cage 1: (a) treatment with pure fullerene Cy, or CgInd, did not lead to the formation of host—guest complexes;
(b) treatment with bisadducts CgoInd, yields C4yInd,C1; (c) treatment of the cage with an unpurified sample containing the reaction mixture between
Cyo and indene leads to the selective encapsulation of bisadducts within the cage. Only one positional isomer of the bisadducts is shown for clarity.

chemical environments;** '°’F NOESY and COSY experiments
confirmed that the structure adopted by 1 in the crystal was
maintained in solution (see ESI section 4.1); many (>100)
attempts to obtain X-ray quality crystals of the host—guest
complex were unsuccessful.

Although some large container molecules are able to
encapsulate relatively small molecules due to favorable
Coulombic interactions,” no evidence was observed for the
encapsulation by 1 of the large anions Mo4O,>~, B,,F1,*~, BPh,~,
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CB,H,,7, or B(C¢Fs),~ (see ESI section 6.1). Cage 1 was also
not observed to encapsulate Cgy, C,, or any of the higher
fullerenes present in fullerene soot (see ESI section 6.2). By
Rebek’s 55% rule,” the 3183 A% inner void of 1 should optimally
encapsulate guests having volumes around 1750 A*. We reasoned
that, whereas spherical guests such as unsubstituted fullerenes
would be expected to favor high occupancy ratios, the
functionalization of fullerenes should lead to molecules that,
once encapsulated, exhibit stacking interactions with the inside of
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Figure 3. In situ reaction between Cy4 and anthracene inside 1 and preferential formation of C4,An,C1. Only one positional isomer of the bisadducts is

shown for dlarity.

the cage and are too big to exit via the pores. Our targeted Diels—
Alder-functionalized fullerenes fulfill these criteria well.

Since Li’s initial study of Cglnd,,'> many other, similarly
substituted bisadducts have shown remarkable PCEs,>* high-
lighting the value of establishing a method to separate these
desired products from their reaction mixtures, a problem that is
present, in a general way, across many industries and that
accounts for ever-increasing consumption of energy and capital.”®
Following known procedures, the mono- and bis-indene-Cg,
adducts were obtained (see Figure S1) and purified by column
chromatography.'>*® Host—guest studies were carried out by
adding an excess of the respective adduct to a solution of 1 in
deuterated acetonitrile and heating the sample for 16 h at 70 °C
(Figure 2). In the case of the monoadduct C4lnd,, no evidence
for encapsulation was observed by NMR or ESI-MS (see ESI
section 6.2). However, addition of the mixture of bis-adducts
CgolInd, in acetonitrile led to the formation of stable host—guest
complexes (44% of 1 with CglInd, inside, compared to 56% of
still empty 1 based on '’F NMR) with slow guest exchange on the
NMR time scale (see ESI section 5.1). The determination of
quantitative binding constants was precluded by the incompatible
solubilities of 1 and Cglnd, (and other fullerene species in
general). Although our guest binding studies focused on cage 1
due to its greater '’F NMR signal dispersion, cage 2 was also
shown to bind CyInd, in a representative guest binding test (see
ESI section S.5).

Having shown that from among purified Cg, Cglnd;, and
Cgolnd,, only the largest adduct was encapsulated within the cage,
we turned our attention to the reaction mixture. The selective
encapsulation of the bisadduct from the reaction mixture is
especially appealing as commercially available sources still rely on
separation by HPLC.”” Therefore, an excess of the crude reaction
mixture with no prior purification was added to an acetonitrile
solution of 1. After 19.5 h at 50 °C, encapsulation only of CyyInd,
was observed by NMR spectroscopy and mass spectrometry (see
Figures $36—S39).

With the successful encapsulation of Cglnd, despite its low
cavity occupancy (see Table S1), we turned to a different Diels—
Alder diene, anthracene, to explore whether a general trend was
present. The reaction between Cg, and anthracene was carried
out following the literature procedure,''*** and the different
adducts were obtained by preparative thin-layer chromatography
(see Figure S2). Host—guest studies with the purified mono- and
bis-anthracene-Cq, adducts yielded results identical to those
obtained with the indene-functionalized fullerenes: specific
encapsulation of the bisadducts CgyAn, (30% of 1 with CgAn,
inside, compared to 70% of still empty 1 based on '°F NMR, see
Figures $40—S43) and no evidence of interaction with unreacted
Cyo or the monoadduct (see ESI section 6.2).
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In a proof-of-concept study, we sought to demonstrate that
cage 1 could be employed to generate selectively bisadducts from
among different possible products (Figure 3). Anthracene is
more reactive than indene toward Cg, with both the Diels—Alder
and the retro-Diels—Alder reactions starting to take place at
50°C.""* We hypothesized that the Diels—Alder reaction
between Cg; and anthracene in the presence of 1 might therefore
lead to the exclusive formation of the bisadducts. The reactants
alone are not able to form any host—guest complex with 1; also, a
test reaction between Cgj and anthracene in acetonitrile without
1 at 50 °C gave neither an anthracene dimer nor any fullerene-
anthracene adducts. We attribute these findings to the negligible
solubility of Cg, in acetonitrile and the low solubility of
anthracene in the same solvent. However, when we combined
1, C¢, and anthracene in acetonitrile and heated the sample to
50 °C overnight, NMR analysis (see Figures S44—S46) indicated
host—guest complex formation. Analysis by mass spectrometry
was impeded by the tendency of the guests to undergo retro-
Diels—Alder fragmentation, as exemplified by the observation of
peaks corresponding to C4Cl in the matrix-assisted laser
desorption/ionization mass spectrum (Figure S47), even though
Cgo was not observed to bind within 1. We infer, thus, that the
retro-Diels—Alder reaction took place under the conditions
employed to record the mass spectrum. Using electrospray
ionization, peaks for the host—guest complexes with CgAn,,
CgoAny, and C4yAn; were observed, with signals corresponding to
CgAn,C1 being the most intense (see Figure S48). As no
evidence was found for the encapsulation of the monoadduct in a
separate experiment (see ESI section 6.2) and the trisadduct
appears too large to fit into 1 (see Figure S53), we infer that the
bisadduct was formed, and that weakly associated anthracene,
which was present in excess, gave rise to the C¢yAn; signal. Cage 1
thus appears to enable the Diels—Alder reaction between
anthracene and Cg, to yield specifically the bisadducts,'™
whereas they would not ordinarily react at all under these
conditions. We infer that the inner phase of 1 favors the formation
of the labile CgAn, product,” generated in a thermodynamically
controlled reaction between Cg, and anthracene.™

Our new cage framework thus presents a large cavity with
electron-deficient walls, which can selectively bind fullerene bis-
adducts such as Cglnd, and CgyAn,, which have been
investigated as solar cell materials;*’ such binding might
ultimately be developed into a means of purification given the
ability of such cages to open and close reversibly.'**** Cage 1 also
enables reaction between species that individually are too small to
form host—guest complexes, but which form products that have a
favorable size and shape for encapsulation.”” This phenomenon
could allow for the selective formation of other fullerene adducts
of technological value, among other targets.
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