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Abstract: The development of three dimensional supramolecular 
coordination complexes (SCCs) with cavities suitable for guest 
binding is of great interest because these materials are useful in a 
large number of applications. Herein, we describe a nickel-conjoined 
organometallic molecular prism, which has been fully characterized. 
The X-ray diffraction structure of the molecule reveals that the cage 
possesses an internal cavity with a volume of 1028 Å3, thus suitable 
for the encapsulation of large 3D-molecules, such as fullerenes. This 
cage shows highly selective complexation of C70 over C60, thus being 
potentially useful for fullerene separation and purification. The 
combined experimental and computational studies suggest that the 
complexation process is largely entropically-driven, and that the cage 
is flexible and can adapt the size and the shape of the cavity to 
maximize the face-to-face interaction with the fullerenes. 

Introduction 

The rich coordination chemistry of transition metals and the 
availability of a large number of organic ligands have provided 
access to many two- and three-dimensional 
metallosupramolecular architectures with applications in 
catalysis,[1] molecular recognition,[2] for stabilizing highly reactive 
species,[3] and as drug delivery/release vectors.[4] Of particular 
interest are supramolecular coordination complexes (SCCs) with 
well-defined cavities suitable for guest binding[5]; the host-guest 
chemistry arguably being the most important feature of SCCs, 
from which most applications can be derived. In particular, the 
selective encapsulation of large aromatic compounds, such as 
fullerenes[6] and polycyclic aromatic hydrocarbons (PAHs)[7] is of 
increasing interest since it may provide practical solutions for the 
purification of molecules which otherwise would be very difficult to 
separate due to their similar physicochemical properties. 
While most of the known metallosupramolecular structures are 
Werner-type coordination complexes, in the last five years a 
number of organometallic supramolecular architectures have 
emerged, most of them based on the use of N-heterocyclic 
carbenes (NHCs).[8] However, due to the scarcity of ligands of the 
appropriate sizes, most known organometallic 
metallosupramolecules are too small to host organic molecules, 
and this explains why organometallic host-guest chemistry is rare. 
Advancing organometallic host-guest chemistry is possible 

through the development of poly-NHC ligands that mimic the 
supramolecular architectures facilitated by Werner-type ligands, 
thus allowing the preparation of arguably more stable 
organometallic assemblies supported by the strong NHC-M 
bonds. By designing a series of NHC ligands decorated with rigid 
polyaromatic functionalities,[9] we recently gained access to a 
number of organometallic supramolecular complexes, which we 
used for the recognition of different organic molecules[6f, 7i, 10] and 
metal cations.[11] In one of our approaches, we formed two nickel-
cornered molecular rectangles using a pyrene-bis-
imidazolylidene ligand (B and C, Scheme 1).[7i] The two-
dimensional complexes B and C resemble the previously reported 
molecular rectangle A, described by Hahn and co-workers in 
2008.[12] However, while A was unsuitable even for the recognition 
of the smaller PAHs due to the relatively short separation provided 
by the benzoimidazolylidene ligand (10.4 Å), B and C served as 
effective receptors and scavengers of a range of polyaromatic 
molecules, due to the longer separation provided by the pyrene-
bisimidazolylidene ligand (13 Å), and due to the effective steric 
and electronic complementarity. We recently became interested 
in obtaining a three-dimensional molecular cage based on the 
same organometallic supramolecular motif as the one used in B 
and C. We envisaged that, if B and C were able to effectively 
encapsulate two-dimensional organic molecules by multiple 
synergistic aromatic interactions, a related three-dimensional 
cage should be able to recognize 3-D organic molecules, such as 
fullerenes. Additionally, we hypothesized that a relatively rigid 
organometallic supramolecular cage should render size-
dependent selective complexation of fullerenes. Finding systems 
for the selective encapsulation of fullerenes,[6b] and especially 
finding receptors for the selective complexation of C70 over C60, is 
a challenging field of research that continuous to gain interest. In 
this communication, we describe the preparation of a three-
dimensional nickel-cornered trigonal prism constituted by pyrene-
di-imidazolylidene and 1,3,5-tripyridyl-triazine (TPT) ligands. This 
cage shows highly selective complexation of C70 over C60. 
 

Scheme 1. Nickel-conjoined molecular rectangles 
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Results and discussion 

The reaction of the bis-nickel-pyrene-di-imidazolylidene complex 
1 with TPT and two equivalents of AgBF4 in dichloromethane 
afforded the air-stable metallocage 2 as a red solid, in 60% yield 
after purification (Scheme 2). The hexametallic complex 2 was 
characterized by NMR spectroscopy, mass spectrometry and 
elemental analysis. The correct stoichiometry of the cage was 
confirmed by ESI-TOF-MS, which showed peaks at m/z 1161.2 
and 1785.2 assigned to [2-3BF4]3+ and [2-2BF4]4+, respectively. 
The formation of a single assembly was further confirmed by 
Diffusion-ordered NMR spectroscopy (DOSY), which revealed 
that all the proton signals showed the same diffusion coefficient 
in deuterated acetone 2.7x10-10 m2s-1 (see SI for details). By using 
the Stokes-Einstein equation, this coefficient provides an 
estimated hydrodynamic radius of 6.2 Å, in a good agreement with 
the expected radius of 2 based on the known size of the bis-NHC 
and TPT ligands. 

Scheme 2. Synthesis of metallocage 2 

Figure 1. X-Ray molecular structure of 2. The counter-anions (6BF4
-) and 

solvent (dichloroethane) are omitted for clarity. 

The molecular structure of 2 was determined by X-ray diffraction 
(Figure 1). The molecule contains six nickel atoms connected by 

two TPT ligands and three pyrene-di-imidazolylidenes, thus 
forming a trigonal prism with pseudo-D3h symmetry. The central 
pyrene fragments of the bis-NHC ligands are bent along the 
corresponding Ni-Ni axis, resulting in a convex curvature with 
respect to the inner cavity of the cage. The same pyrene 
fragments also show a concave curvature along the axis defined 
by the corresponding tert-butyl groups. These two distortions 
make the trigonal prism look as if tied around by an imaginary belt, 
as reflected by the average distance between the centroid of the 
cage and the two central carbons of the pyrenes (6.89 Å), and the 
average distance between the centroid of the TPT ligand and the 
nickel atoms (7.43 Å). The average Ni-Ni through-space distance 
across the bis-NHC ligand is 12.93 Å, that is practically the same 
as the average Ni-Ni distance along the triangular face of the 
prism, 12.86 Å. The effective size of the central cavity[13] is 1028 
Å3. 
Considering the size of the internal cavity of 2 and the 
polyaromatic nature of its surface, we envisioned that this 
molecule might be a good system for studying supramolecular 
binding of fullerenes. We first performed an experiment that 
involved dissolving 2 in acetone-d6 in the presence of a 
suspension of C60 in an NMR tube. The product mixture was 
sonicated at room temperature, and changes in the sample were 
followed by 1H NMR spectroscopy. In this experiment we took 
advantage of the high solubility of 2 in acetone, the solvent where 
C60 is practically insoluble, so that the fullerene could become 
NMR-observable only if captured by the metallocage.  
As can be seen from the spectra presented in Figure 2, we initially 
observed the 1H NMR spectrum of the empty molecular cage 2. 
After 1 h, a new species appeared in the spectrum, attributed to 
the formation of a host-guest complex C60@2. The signal due to 
the protons of the pyrene-connecting group of the di-NHC ligand 
is upfield shifted with respect to the related signal of the empty 
cage. In addition, the signals due to the protons of the TPT ligand 
are downfield shifted with respect to the corresponding 
resonances of 2. These observations are consistent with the 
fullerene being accommodated inside the cavity of 2 and 
interacting via π-stacking with the internal polyaromatic surface of 
the cage. The spectrum recorded after 8 h of reaction showed 
only the signals due to the C60@2 adduct, therefore indicating that 
the conversion was complete. A similar experiment was carried 
out using C70 and provided similar results, affording clear 
evidence of formation of a C70@2 complex (see ESI for details). 

 
Figure 2. The aromatic region of 1H NMR spectra of a mixture of 2 with C60 in 
acetone-d6. The spectra were recorded immediately after mixing, and 1 and 8 h 
later). 

R	=	nBu,	R’	=	tBu
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These experiments allowed us to isolate C60@2 and C70@2, by 
simply filtering off the remaining insoluble fullerenes, followed by 
solvent evaporation. The 13C NMR spectra of the isolated C60@2 
and C70@2 in acetone-d6 displayed the characteristic signals due 
to the carbons of the fullerenes (see ESI for full details).  
For the determination of the binding constants we found that a 
mixture of acetone/dichlorobenzene (1:4) provided the best 
solubilities for both the host and the guests. By using this solvent 
mixture, we observed that exchange of the free and bound host 
signals was slow on the NMR timescale, so integration of the 
distinct signals of free 2 and the complexes fullerene@2 was used 
to calculate the equilibrium constants. This way, we obtained the 
binding constants of 4.7x103 and 3.5x104 M-1, for the 
encapsulation of C60 and C70 at room temperature, respectively. 
This result indicates a preferred complexation of C70 over C60 of 
about one order of magnitude. The constants obtained are very 
large, especially considering that they were obtained using a 
mixture of solvents containing 80% dichlorobenzene, a good 
solvent for fullerenes for which lower association constants are 
often observed.[14]  

 

Figure 3. Plots of lnK vs. 1/T. The plots were built by using the binding constants 
obtained from the 1H NMR spectra taken at different temperatures, from 
equimolar solutions (0.3 mM) of 2 and fullerene in acetone-d6:dichlorobenzene-
d4 1:4. Error bands assume uncertainties of 10% (C60) and 20% (C70) in binding 
constant values. 

By recording variable-temperature 1H NMR spectra, we obtained 
a series of binding constants that allowed us to determine the 
association enthalpies and entropies from the related Van’t Hoff 
plots (Figure 3). The thermodynamic values obtained for the 
association of C60 were ΔH = 3.1 kcal/mol and ΔS = 27 cal/molK. 
For C70, the values were ΔH = 3.8 kcal/mol and ΔS = 34 cal/molK. 
It is worth noting that the thermodynamic values obtained for the 
C70 case are affected by a higher error than those obtained for the 
C60 case, due to the difficulties observed for the determination of 
the constants at the lower temperatures, because the overlapping 
of the signals forced us to estimate the constants by 
deconvolution. With these data in hand, we concluded that the low 
enthalpies and relatively large entropies observed indicate that 
the encapsulation of fullerenes by 2 is assisted by the intrinsic 

entropic contribution (-TΔS), to afford negative free energy 
changes. Thus, the complexation is entropically favored by 
desolvation of the host and the guest. The complexation of C70 
shows a greater value of ΔS due to the larger number of solvent 
molecules bound to C70 relative to C60, as a consequence of the 
larger molecular surface of the former. The endothermicity of the 
associations is explained by the large solvation enthalpies of the 
host and guest. E.g., experimental solvation energies of -30.5 and 
-35.3 kcal/mol were reported for C60 and C70 respectively, in o-
dichlorobenzene.[15]  
Given the greater effective affinity of the metallocage 2 for C70 
over C60, we designed two competitive experiments aiming to 
provide practical experimental procedures for the separation of 
these two types of fullerenes. In the first experiment (Figure 4a), 
we suspended an equimolar mixture of C60 and C70 in acetone-d6, 
and added one equivalent of 2; then the mixture was sonicated 
for 6 h. The analysis of the solution by 13C NMR and mass 
spectrometry, indicated that only C70 was trapped by 2. The 
suspension was filtered off, and the black solid was redissolved 
in dichlorobenzene-d4. The 13C NMR of this sample confirmed the 
presence of the remaining pure C60 in this solution. In the second 
experiment (Figure 4b), a suspension of C60 and an equivalent 
amount of 2 were sonicated in acetone-d6 until quantitative 
encapsulation of the fullerene. The presence of C60 inside the 
cavity of 2 was confirmed by 13C NMR spectroscopy and mass 
spectrometry. Then, one equivalent of C70 was added to the 
mixture, and the suspension was sonicated for 6 h. The analysis 
of the resulting solution indicated that C70 had replaced C60 in the 
interior of the cavity, while the analysis of the solid confirmed the 
release of C60. These two simple experiments illustrate how the 
metallocage 2 can be used as a convenient molecular receptor 
for selective fullerene binding and release, and thus practical 
applications for the purification of fullerenes may be envisaged.  

Figure 4. Schematic representation of competitive experiments, together with 
the characterization data of the resulting host:guest complexes formed. 
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Figure 5. DFT-optimized structures of C60@2 (left) and C70@2 (right). 

We performed DFT (M06-L/Def2SVP in o-dichlorobenzene 
solvent continuum) and semi-empirical (PM7) studies (see SI for 
details) to obtain more information about the geometries and 
binding energies of the complexes produced by the encapsulation 
of C60 and C70 in 2 (Figure 5). According to the DFT calculations, 
the cage of C70@2 retains the approximate D3h symmetric shape 
of 2, and the hexametallic prism of the calculated structure does 
not reveal significant structural distortions compared to the 
experimental structure of Figure 1. These observations are also 
confirmed by the effective volume of the cage of C70@2 (880 Å3), 
which is slightly smaller compared to that in the empty 2 (vide 
supra).  
The optimized geometry of C60@2 reveals how the hexanickel 
molecular prism can adapt its shape to wrap around the smaller 
molecule of C60 by twisting the structure about the z axis, thus 
yielding a molecular shape of the pseudo D3d symmetry. This 
deformation of the cage closes the distance between the top and 
bottom TPT ligands and allows a tighter interaction between the 
surface of the fullerene and the polyaromatic walls of the cage. 
The twisting of the cage results in a very significant shrinkage of 
the effective volume, from 1028 Å3 in 2 to 698 Å3 in C60@2.[16]  
The computational study provided data allowing to calculate the 
enthalpy and Gibbs energy of the substitution reaction: C60@2 + 
C70 → C70@2 + C60, ΔH = -3.8 and ΔG = -6.0 kcal/mol at 298 K, 
in o-dichlorobenzene. The calculated substitution entropy, ΔS = 
7.5 cal∙mol-1∙K-1 is the same as the difference between the 
experimental encapsulation entropies of C60 and C70, ΔS = 7 
cal∙mol-1∙K-1, although the excellent agreement is probably 
fortuitous. We note, however, that the calculated encapsulation 
enthalpy of C70 suggests a more favorable process than that of 
C60, whereas the experimental encapsulation enthalpies are 
practically the same for both fullerenes. The ΔH values are 
relatively small; thus, they can be influenced by both 
computational and experimental errors. Nevertheless, proposing 
that the larger C70 can be more favorably accommodated in 2 vs. 
the smaller C60 is not unreasonable. 

Conclusions 

In summary, we prepared a NHC-based molecular prism that acts 
as a selective receptor for C70 over C60, and facilitates the 

selective binding of the former from a mixture of the two. We also 
proved that the cage shows fullerene binding and release 
properties, with potential applications in the purification of 
mixtures of fullerenes. The supramolecular cage is able to 
modulate the size of the cavity for adapting to the shape of the 
fullerene host, thus it can be considered as a ‘breathable’ 
structure. Our work also demonstrates how NHC ligands can 
provide a competitive alternative to the classical Werner-type 
ligands in the design of supramolecular coordination cages for 
host-guest chemistry purposes. 
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