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Homogénea (ISQCH), Universidad de Zarag

† Electronic supplementary information
synthesis and characterization of new
affinities, X-ray diffraction details. CCDC
data in CIF or other electronic format see D

Cite this: Chem. Sci., 2024, 15, 13415

All publication charges for this article
have been paid for by the Royal Society
of Chemistry

Received 4th June 2024
Accepted 15th July 2024

DOI: 10.1039/d4sc03661a

rsc.li/chemical-science

© 2024 The Author(s). Published by
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encapsulation of fullerenes†

Susana Ibáñez, *a Carmen Mejuto, a Katherin Cerón,a Pablo J. Sanz Miguel b

and Eduardo Peris *a

A corannulene-bis-N-imidazolium salt was used for the synthesis of two corannulene-bis-N-heterocyclic

carbenes of dirhodium(I) complexes of formula (corannulene-di-NHC)[RhCl(COD)]2 and (corannulene-di-

NHC)[RhCl(CO)2]2. Both complexes were characterized by spectroscopic techniques, and the electron-

donating properties of the corannulene-di-NHC ligand were studied by means of infrared spectroscopy

and cyclic voltammetry. The complex (corannulene-di-NHC)[RhCl(COD)]2 was used for the

encapsulation of fullerenes C60 and C70, generating host–guest complexes with 2 : 1 stoichiometry, as

evidenced by 1H NMR and ITC titrations. Then, a tetra-rhodium(I) metallo-rectangle supported by two

corannulene-bis-imidazolylidene ligands and two cofacial 4,40-bipyridine ligands was prepared and

characterized. This metallobox is capable of quantitatively encapsulating fullerenes C60 and C70, forming

complexes that are highly stable even at high temperatures. The molecular structure of the metallobox

with encapsulated C60 reveals a perfect size and shape complementarity that benefits from the

concave–convex p–p interaction between the polyaromatic surfaces of the host and the guest.
Introduction

Shape and size complementarity are very likely the most
important factors to be considered in the design of articial
molecular receptors. This rule becomes even more signicant
when it comes to the design of molecular receptors for fuller-
enes. Fullerenes are electron-decient spherical extended p-
systems containing carbon atoms with sp2 hybridization, so
together with shape compatibility, electron complementarity
must be considered for the design of hosts for effective fullerene
recognition.1 The search for synthetic receptors for the encap-
sulation of fullerenes has attracted great attention because
fullerenes have shown applications in elds ranging from
materials science2 to pharmacy.3 Polycyclic aromatic hydrocar-
bons (PAHs) are oen used as the core building blocks for the
design of molecular hosts for fullerenes, because they can
produce strong p–p interactions with these spherical all-carbon
guests. Examples of PAHs used for the construction of cages and
boxes for the recognition of fullerenes include porphyrin,4

pyrene,5 anthracene6 and electron-decient groups such as
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naphthalene diimide and perylene bisimide.7 Inducing non-
planarity in PAHs signicantly modies their properties. Cor-
annulene,8 which can now be prepared on the kilogram scale,9

is most likely the best binding unit to be incorporated in
synthetic molecular receptors for fullerenes. This is because the
bowl-shaped structure of corannulene makes it especially suit-
able for establishing concave–convex p–p interactions with
fullerenes.10 Most of the examples that have been described so
far of corannulene-based receptors for fullerene encapsulation
are based on molecular tweezers,11 which normally show strong
binding with C60 and C70 because they benet from their double
concave p-extended character. On the other hand, examples of
corannulene-containing molecular boxes and cages are very
scarce12 and, to the best of our knowledge, only one was used for
fullerene encapsulation.12d This is most likely due to the lack of
corannulene-based polytopic ligands that could be used for the
construction of metallosupramolecular assemblies.

We recently became interested in the preparation of supra-
molecular organometallic complexes (SOCs)13 based on the use
of bis- and tris-N-heterocyclic carbene (NHC) ligands connected
by polycyclic aromatic hydrocarbons (PAHs).14 Most of the SOCs
that we prepared were based on the use of Janus-di-NHC ligands
that had been previously prepared in our laboratory.15 Among
the NHC-based SOCs that we described, those with larger cavity
sizes were used for the encapsulation for fullerenes C60 and
C70,16 and the large binding affinities that we observed were
partly explained as a consequence of an excellent shape and size
complementarity, with the former one being greatly enhanced
by the great adaptability of the shape of the PAH-panels of the
Chem. Sci., 2024, 15, 13415–13420 | 13415
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host to the curved surfaces of the fullerenes. In the course of our
research in the preparation of PAH-connected Janus-di-NHC
ligands that could be used for the preparation of metal-
losupramolecular assemblies, we also described a corannulene-
connected di-NHC ligand, which allowed us to prepare a cor-
annulene-based NHC di-Au(I) complex.17 This complex showed
good affinity with fullerene C60 in toluene solution. Built on
these grounds, and by using a similar corannulene-connected
di-NHC ligand, we now report a di-Rh(I) complex, and
a double-concave tetra-Rh(I) metallobox. These two assemblies
were used as molecular hosts for C60 and C70 and, as will be
described below, the large binding constants and the great
kinetic stability obtained with the metallobox are explained due
to the perfect shape and dimensional match between the host
and the spherical guests.
Results and discussion

The synthetic procedure used for the preparation of the
corannulene-connected bis-imidazolium salt [A](PF6)2 is
described in detail in the ESI le,† and follows a similar route as
the one that we previously described for a related bis-azolium
salt with tert-butyl wingtips.17 The corannulene bis-NHC
rhodium complexes 1 and 2 were obtained following the
synthetic procedure depicted in Scheme 1. The reaction
between [A](PF6)2 and [RhCl(COD)]2 in reuxing acetone in the
presence of K2CO3 allowed the preparation of the di-rhodium
complex 1 in 68% yield. The tetra-carbonylated complex 2,
was obtained by bubbling carbon monoxide through a methy-
lene chloride solution of 1 at 0 °C (yield 85%). Both complexes
were characterized by multinuclear NMR spectroscopy and
mass spectrometry, and gave satisfactory elemental analysis.

The 1H and 13C NMR spectra of 1 and 2 are consistent with
the predicted Cs symmetry of the complexes. Single resonances
due to the metallated carbene carbons are observed on the 13C
NMR spectra, showing the characteristic 1JRh–C couplings (1,
190.5 ppm, 1JRh–C = 52 Hz; 2, 185.14 ppm, 1JRh–C = 54 Hz). The
IR spectrum of 2 was carried out in CH2Cl2 solution, and
showed two C–O stretching bands at 2083 and 2003 cm−1. The
average value of the two stretching frequencies [n(CO)av] is
2043.0 cm−1, from which a TEP value of 2055.0 cm−1 can be
derived, by employing the well-known correlations.18 This value
is very close to the one displayed by the planar pyrene-
connected-di-NHC ligand (TEP = 2054 cm−1),19 indicating
a very similar degree of electron-donating character. The cyclic
Scheme 1 Synthesis of corannulene-based bis-NHC Rh(I) complexes
1 and 2.

13416 | Chem. Sci., 2024, 15, 13415–13420
voltammetry diagram of the bis-Rh(I) complex 1 shows an irre-
versible redox event at E = 1.07 V (vs. SCE), which is attributed
to the one electron oxidation of Rh(I) to Rh(II) (see ESI† for full
details). The analysis of the differential pulse voltammetry
(DPV) generated for 1 indicates that only one rhodium redox
event occurs, thus indicating that the bi-metallic complex
contains two essentially decoupled rhodium centres.

We then studied the binding affinity between complex 1 with
fullerenes C60 and C70. Toluene-d8 was chosen as solvent for the
titrations due to the optimal solubility observed for both host
and guests. The titrations were performed at a constant
concentration of 1 (1 mM). As an illustrative example, Fig. 1
shows the aromatic region of the 1H NMR spectra resulting
from the titration of 1 with C60. As can be observed from the
series of spectra, the incremental addition of C60 to the solution
of 1, induced a maximum downeld shi of 0.17 ppm of the
corannulene proton signal assigned to Ha. The signals due to Hb

and Hc also experienced downeld shis, although to a much
lesser extent. The chemical shi changes observed are consis-
tent with a binding process that shows fast kinetics on the NMR
timescale. The nonlinear analysis of the results provided by this
titration were best tted to a 2 : 1 binding model, in which two
molecular of the dirhodium complex bind one molecule of C60.
The determination of the association constant was performed
assuming a statistical (non-cooperative) model,20 and the least
square tting returned a binding constant of K11 = 1146 ± 66
M−1. The same experiment was performed for the determina-
tion of the binding affinity of 1 with fullerene C70, for which the
binding affinity obtained was K11 = 1293 ± 160 M−1, also
assuming a statistical 2 : 1 binding model.

We also performed isothermal titration calorimetry (ITC)
experiments in order to obtain additional information on the
interaction of complex 1 with C60 and C70 (see Fig. S31 and S32
Fig. 1 Aromatic region of the 1H NMR (500 MHz, toluene-d8, 298 K)
spectra acquired during the titration of 1 with incremental amounts of
fullerene C60.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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in ESI for full details†). Due to the reduced solubility of both
fullerenes in toluene, the concentrations used were suboptimal
considering the tentative binding affinities of about 1000 M−1,
which we determined by 1H NMR titrations. The ITC titrations
were performed by adding a toluene solution of the fullerene
(2.7 mM) to a solution of 1 (0.6 mM) located in the cell. The
experimentally obtained binding constant was tted using the
‘independent’ binding model implemented in the instrument
soware. We obtained the best t for a 2 : 1 binding model
indicating the formation of a C60@12 type complex. The t of
the experimental data to the theoretical model allowed the
determination of average value for the association constant,
and the average binding enthalpy (DH) and entropy (DS) values.
The average constant was (1.0 ± 0.5) × 103 M−1, thus in great
agreement with the results obtained by 1H NMR titrations. The
average DH value found was −1.7 ± 0.6 kcal mol−1, and DS was
8 cal mol−1 K−1. For the case of the ITC titrations of 3 with C70,
we also obtained the best t for a 2 : 1 binding model, and the
least squares t returned an average constant of 3565 M−1. The
average DH value obtained was −0.5 ± 0.8 kcal mol−1, and DS
was 14.5 cal mol−1 K−1. With these data in hand, we can
conclude that the formation of the host–guest complex is
entropically triggered, and that the positive entropy is due to
desolvation of both, the host and the guest upon formation of
C60@12.

We next decided to use 1 as a starting material for the
formation of a double-concave tetra-Rh(I) metallobox. As shown
in Scheme 2, the reaction of 1 with 4,40-bipyridine in the pres-
ence of two equivalents of AgPF6 in CH2Cl2, leads to the
corannulene-based metallobox 3 in 89% yield. Complex 3 was
characterized by multinuclear NMR, UV-vis and uorescence
spectroscopy, and gave satisfactory elemental analysis. The
Diffusion Ordered NMR spectrum (DOSY) of 3 shows that all
proton resonances display the same diffusion coefficient in
CD2Cl2 (7.04 × 10−10 m2 s−1) therefore indicating that this
species forms a single assembly. The 1H NMR spectrum of the
metallobox is consistent with the pseudo-C2v symmetry of the
complex, which suggests that syn-conformation relative the two
corannulene moieties. For example, the resonances due to the
protons of the bipyridine ligands appear as four distinct
doublets at 8.63, 8.52, 7.41 and 7.31 ppm, as a consequence of
the presence of a mirror plane that bisects the molecule across
the middle of the two opposite corannulene moieties, and
another mirror plane that bisects the each of the two bipyridine
Scheme 2 Synthesis of corannulene-based metallobox 3.

© 2024 The Author(s). Published by the Royal Society of Chemistry
linkers and lies perpendicular to the intraligand N,N axes. In
the reaction shown in Scheme 2, another isomer of 3 could be
potentially formed if the two corannulene moieties present on
the metallobox were oriented in a relative anti-conformation,
this is, with the two asymmetrically di-functionalized cor-
annulene rings oriented in opposite directions, thus resulting
in a C2-symmetry molecule. Given that only one assembly is
formed, and considering the X-ray diffraction studies that we
will explain below, we concluded that the reaction is selective in
the formation of the syn-C2v-symmetry metallobox, which is the
one depicted in Scheme 2.

The encapsulation of fullerenes C60 and C70 in 3 was per-
formed in CD2Cl2 solution at room temperature. In both reac-
tions, we observed that the gradual addition of the fullerene to
the solution of the metallobox produced the gradual formation
of the corresponding fullerene@3 host-guest complexes, as
observed from the resulting 1H NMR spectra. As can be
observed from the series of spectra shown in Fig. 2, addition of
0.5 equivalents of C60 to a solution of 3 results in the appearance
of a new set of signals that are assigned to the formation of
C60@3. The fact that both the signals due to 3 and C60@3 are
simultaneously observed indicate that the equilibrium between
3 and C60@3 is slow on the NMR timescale. Subsequent addi-
tion of the 0.5 equivalents of C60 results in que quasi-
quantitative formation of C60@3. As can be observed by
comparing the 1H NMR spectra of between 3 and C60@3, it
becomes evident that the signals due to the protons of the
corannulene are slightly shied upeld, and the resonances
due to the four protons that are located on the same side of both
corannulene moieties appear as a coupled AB system. On the
other hand, the four doublets due to the pyridine protons in 3,
are transformed into two doublets that are signicantly shied
downeld in C60@3. A similar behavior can be observed for the
sequence of 1H NMR spectra resulting from the encapsulation
of C70 in 3 (see ESI† for details). The encapsulation of C60 and
C70 within the cavity of 3 was also conrmed by 13C NMR
spectroscopy. The 13C NMR of C60@3 (CD2Cl2) show the signal
Fig. 2 Partial section of the 1H NMR spectra (CD2Cl2, 500 MHz, 298 K)
of themetallobox 3 (bottom), 3 + 0.5 equivalents of C60 (middle), and 3
+ 1 equivalent of C60 (top).

Chem. Sci., 2024, 15, 13415–13420 | 13417
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Fig. 4 (a) and (b) Show two simplified representations of the molec-
ular structure of C60@3, showing some of the metric parameters
discussed in the text.
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due to encapsulated C60 at 140.9 ppm. In the case of the 13C
NMR spectrum of C70@3, four resonances at 148.7, 146.1, 145.3
and 143.3 ppm are observed due to the different carbon atoms
of C70. For the determination of the association constants we
took advantage that the exchange between the host and the
host : guest complexes is slow on the NMR timescale, so that the
equilibrium constants can be calculated by simply integrating
the resonances associated to each of the species in solution at
known initial concentrations of host and guests. The equilib-
rium constants obtained for the formation of C60@3 and C70@3
in CD2Cl2 were 8060 and 20 000 M−1, respectively. Given the
larger affinity of 3 for the encapsulation of C70, we also per-
formed an experiment in which we dissolved the metallobox in
CD2Cl2 with one equivalent of C60 and C70. Then the mixture
was sonicated for 1 h. The NMR analysis of the solution indi-
cated that only C70@3 was formed (see Fig. S35 in ESI†). While
we envisioned that this encapsulating selectivity could eventu-
ally be used to purify C70 frommixtures of fullerenes, we did not
nd the right experimental conditions to release the molecule
of C70 from the C70@3 complex without irreversibly dissembling
the metallobox. The reversibility of the uptake/release process is
the key point to accomplish the purication of fullerene mole-
cules by using host–guest platforms, and this is the reason why
the separation of mixtures of fullerenes remains a very chal-
lenging task.1a,21 To date, very few examples of supramolecular
assemblies have shown to be effective in fullerene
purication.4d,12d

We also determined the binding constants of C60 with 3 in
C2D2Cl4 at temperatures ranging from 30 to 90 °C, so that the
thermodynamic parameters could be determined by using the
corresponding Van't Hoff plots (see ESI† for details). We found
that the equilibrium constant varied between 3150 and 13 400
M−1, for the values determined at 30 and 90 °C, respectively.
The thermodynamic values found were DH = 5.6 ±

0.5 kcal mol−1 andDS= 35± 2 cal mol−1 K−1. The positive value
for the association enthalpy may be explained due to the
solvation enthalpies of both C60 and 3 in C2D2Cl4. The large and
positive entropy value is consistent with the desolvation of 3
and C60 upon formation of C60@3. As the room temperature
binding constant between C70 and 3 is close to the upper limits
for an accurate determination by 1H NMR spectroscopy,20b,22 we
Fig. 3 (a)–(c) Show three perspectives of the molecular structure of
C60@3, obtained from single crystal X-ray diffraction studies.
Hydrogen atoms, omitted from the figure for clarity. Counter anions
(PF6

−) and solvent molecules (acetone), are also omitted. Carbon
atoms are in blue, nitrogen atoms in red and rhodium atoms in yellow.

13418 | Chem. Sci., 2024, 15, 13415–13420
were unable to use this method for the determination of the
thermodynamic parameters for the formation of C70@3.

Single crystals suitable for X-ray diffraction studies of C60@3
were obtained by slow diffusion of n-hexane into a concentrated
solution of the complex in acetone (Fig. 3). The molecular
structure consists of a tetra-rhodium(I) rectangle supported by
two corannulene-bis-imidazolylidene ligands and two cofacial
4,40-bipyridine ligands. The distances of the sides of the met-
allorectangle are 13.9 and 11.2 Å, measured as the Rh–Rh
distances across the corannulene-bis-NHC and the bipyridine
ligands, respectively. The relative conguration of the two
corannulene-bis-NHC ligands is syn (their relative projections
are superimposed), so that the symmetry of the molecule can be
regarded as pseudo-C2v. The structure is bent, when observed
from the top of the axle dened by the two centroids of the
corannulene moieties (Fig. 3b), and the angle dened between
the two Rh–Ccarbene coordination axes is of 138.2° (see simpli-
ed view of the molecule shown in Fig. 4a). As a consequence of
the bent disposition of the corannulene-bis-NHC ligand, the
centroid of the molecule of C60 is displaced from the plane
dened by the four rhodium atoms by 1.6 Å (Fig. 4b). The
average distance between the molecule of fullerene and the
corannulene moiety is of 3.5 Å, calculated as the distance
between the centroid of the central pentacyclic ring of the cor-
annulene and the plane dened by six carbons of the closest
hexacycle of the fullerene, therefore suggesting an optimum p–

p-stacking interaction. The lateral view of themolecule (Fig. 3c),
reveals that the two portals of the metallobox have different
dimensions, as the disposition of the ‘non-cofacial’ cor-
annulenes renders distances of 11.4 and 13.2 Å for the closest
separation between the corannulene moieties on each side of
the metallobox (Fig. 4b).
Conclusion

In summary, by using a corannulene-bis-NHC ligand we
prepared a di-rhodium(I) complex and a tetra-rhodium(I) met-
allobox. Both, the dimetallic complex 1 and the tetra-rhodium
metallobox 3 were used for the encapsulation of fullerenes C60

and C70. The concave panels of the corannulene-based hosts
enabled the receptors to bind fullerenes well, as the concave–
convex interactions offer the best possible geometrical
© 2024 The Author(s). Published by the Royal Society of Chemistry
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arrangement for an optimum host–guest contact. The
corannulene-di-NHC complex 1 binds the fullerenes forming
host–guest complexes of stoichiometry 1 : 2. On the other hand,
metallobox 3 constitutes a very rare example of a corannulene-
based metallosupramolecular assembly, with exceptional
geometrical features that make it specially designed for
fullerene encapsulation. To the best of our knowledge, complex
3 constitutes the rst metallobox built with corannulene panels.
The excellent shape and size complementarity between 3 and
fullerenes C60 and C70 is reected by the large binding constants
obtained, and also by the high kinetic stability of the resulting
host–guest complexes formed. The latter is explained by the fact
that the free host and guests and the host–guest complexes
show slow kinetics on the NMR timescale at temperatures as
high as 80 °C, which is a good indication that the large free
energy barrier (DG#) accompanying the complexation/
decomplexation process is largely inuenced by the comple-
mentarity of the entrance on the host and the size and shape of
the guest. We think this study strongly suggests that our
corannulene-based di-NHC ligand has the potential for
extending the applications of metallosupramolecular assem-
blies with curved walls, and may help expanding the geometric
diversity of articial molecular cages. In addition, given the
extraordinary applications of Janus-di-NHC ligands in catalysis
and in materials chemistry, we envisage that the applicability of
our new corannulene-di-NHC ligand can be extended well
beyond the eld of supramolecular chemistry.
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