
German Edition: DOI: 10.1002/ange.201411985Supramolecular Chemistry
International Edition: DOI: 10.1002/anie.201411985

Guest-Induced Transformation of a Porphyrin-Edged FeII
4L6 Capsule

into a CuIFeII
2L4 Fullerene Receptor**

Daniel M. Wood, Wenjing Meng, Tanya K. Ronson, Artur R. Stefankiewicz,
Jeremy K. M. Sanders, and Jonathan R. Nitschke*

Abstract: The combination of a bent diamino(nickel(II)
porphyrin) with 2-formylpyridine and FeII yielded an FeII

4L6

cage. Upon treatment with the fullerenes C60 or C70, this cage
was found to transform into a new host–guest complex
incorporating three FeII centers and four porphyrin ligands,
in an arrangement that is hypothesized to maximize p inter-
actions between the porphyrin units of the host and the
fullerene guest bound within its central cavity. The new
complex shows coordinative unsaturation at one of the FeII

centers as the result of the incommensurate metal-to-ligand
ratio, which enabled the preparation of a heterometallic cone-
shaped CuIFeII

2L4 adduct of C60 or C70.

Coordination-driven self-assembly has proven to be a useful
tool in the preparation of intricate and functional chemical
species, the structural complexity of which would be difficult
to achieve by using conventional covalent chemistry.[1] Of
particular recent interest are the three-dimensional coordi-
nation cages, which possess internal cavities suitable for guest
binding.[2] Metal–organic cages may be designed to incorpo-
rate ligands that are not merely inert scaffolds, but which
contain functionality that can interact with guest molecules
selectively.[3] This approach has been used to design cage
assemblies that bind specific guests, in some cases altering
their reactivity.[4] Metalloporphyrin-based subunits for cages
are particularly attractive owing to interactions between
prospective guests and the large aromatic faces of the
porphyrins.[5]

In certain cases, the same system of molecular building
blocks can form different metal–organic structures under
different conditions.[6] For example, systems containing soft
metal ions with flexible coordination spheres, such as AgI and
HgII, undergo structural rearrangement when prompted by
a change in stoichiometry,[7] and anionic guests can induce the
reconfiguration of a dynamic library of components into
different polyhedral architectures.[8]

Herein, we show how maximization of p interactions
between the bent porphyrinato nickel(II) groups of a FeII

4L6

host and its fullerene guest causes the host to reconstitute into
a new kind of FeII

3L4 receptor for the fullerenes C60 and C70.
Furthermore, we demonstrate that the delicate balance of
orthogonal supramolecular interactions in this system can
lead to the expression of a heterometallic host–guest ensem-
ble. These complexes are built from a saddled NiII metal-
loporphyrin subcomponent 1 that forms tetrahedral FeII

4L6

assembly 2 when combined with FeII and 2-formylpyridine
(Scheme 1). On addition of C60 or C70, this structure
reconfigures into a FeII

3L4 cone-shaped host–guest complex
C60/70�3. This species can be modified through the incorpo-
ration of additional ancillary ligands to form heteroleptic
species C60/70�3(phen). Through these observations, we were
also able to predict and observe the formation of hetero-
metallic host–guest species C60/70�4 that incorporates both
CuI and FeII metal centers into the same assembly.

The reaction of the nickel-porphyrin-containing dianiline
1 (6 equiv), 2-formylpyridine (12 equiv), and iron(II) triflate
(4 equiv) in acetonitrile yielded FeII

4L6 assembly 2, as
confirmed by NMR spectroscopy (Figure S5–S8 in the
Supporting Information) and ESI-MS (Figures S9,S10). The
1H NMR spectrum of 2 was consistent with the presence of
a mixture of all three possible diastereomers, each with
a distinct symmetry: the homochiral T (DDDD/LLLL),
heterochiral C3 (DDDL/LLLD), and achiral S4 (LLDD)
diastereomers, as has been observed in analogous M4L6

assemblies.[9]

The crystal structure of 2 confirmed a tetrahedral geom-
etry, with one bis-bidentate bridging ligand lying along each
of the six edges of the Fe4 tetrahedron (Figure 1).[10] Only the
T-symmetric diastereomer of 2 was observed in the crystal
lattice, and both enantiomers (DDDD/LLLL) are present in
the unit cell. The metal–metal separation between neighbor-
ing FeII centers is 20.040(3) è.

The crystal structure of 2 also highlights the saddled
nature of the porphyrin ligands, with each possessing a 15188
bend (measured as the Nimine-Ni-Nimine angle). Whereas other
crystal structures of FeII

4L6 tetrahedra have ligands that lie
flat along the tetrahedronÏs edges,[11] the edges of 2 clearly
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bow outwards (Figure 1). In other cases involving bent ditopic
ligands, helicates are observed.[12] We infer that in the present
case, the steric demands imposed by the porphyrins preclude
helicate formation. The bending of the ligands increases the
effective size of the central cavity (estimated to be 2230 è3 by
using VOIDOO,[13] Figure S35). The saddled conformation of
the porphyrin unit is also observed in the crystal structure of
1 (Figures S33, S34).

Upon treatment with excess C70 (5 equiv), 2 was observed
to undergo a remarkable transformation into the C70 adduct
of the new host C70�3 (Scheme 1). ESI-MS analysis of C70�3
indicated an incommensurate metal-to-ligand ratio of FeII

3L4.
The unsaturated FeII center within C70�3, bound by only two
bis-bidendate pyridylimine ligands, was observed to bind
further ligands by ESI-MS. Signals corresponding to
[C70�3]·X2 were detected, where X = MeCN, OTf¢ , or Cl¢

(Figures S13, S14). Chloride is inferred to be present as an
impurity in Fe(OTf)2 or present in the mass spectrometer.[2c,8a]

The addition of 1,10-phenanthroline (phen) to a solution
of C70�3 gave a product with an ESI-MS (Figures S16, S17)
spectrum consistent with complete conversion into C70�3-
(phen). The 1H NMR spectrum also showed changes consis-
tent with binding of the chelating phen ligand to the
unsaturated FeII center in C70�3, to yield a new product of
lower symmetry (Figure S15). When C60 was added to

a solution of 2, C60�3 was obtained in an analogous fashion,
however, the reaction did not proceed as cleanly as in the case
of C70. Complex NMR and ESI spectra were observed, which
are attributed to a mixture of products. We infer that the
oblong geometry of C70 may fit the cavity of 3 better than
spherical C60.

[14] Subsequent addition of 1,10-phenanthroline
to this mixture, however, gave a product with an ESI-MS
spectrum consistent with C60�3(phen) (Figures S19, S20). The
complex 1H NMR spectrum of this product (Figure S18) did
not contain resonances from 2 or its subcomponents.

The bent geometry of the nickel(II) porphyrins within the
framework of 2 thus appears to destabilize this framework
with respect to that of 3. Models of C70�3 (Figure S36) reveal
no features that would be indicative of strain, with the
porphyrins bowed outwards in a similar fashion to that
observed in the crystal structure of 2 (Figure 1) to create the
internal cavity necessary to house C70. Fullerene encapsula-
tion thus appears to provide enough of an energetic driving
force, in the form of more favorable p interactions between
the porphyrin units of the host and the guest,[5c,f, 15] to drive the
transformation of 2 into 3. Geometric factors and the strength
of guest binding thus tip the balance against the tendency for
iron(II) to maintain coordinative saturation.[16] We anticipate
that 3, which comprises fewer components, would also be
entropically favored with respect to 2.

The 1H NMR spectrum of C70�3 prepared from 2 showed
multiple new signals and none of the resonances correspond-
ing to 2. The 13C NMR spectrum showed resonances in the
range of 140–150 ppm, thus confirming the presence of C70

Scheme 1. Subcomponent self-assembly of 2-formylpyridine, iron(II)
triflate, and the Ni-porphyrin-containing dianiline 1 to yield FeII

4L6

tetrahedral assembly 2 in the absence of a templating guest. On the
addition of different fullerenes, FeII

3L4 cone-like host–guest complex
C60/70�3 is obtained. Simultaneous addition of fullerenes and CuI

yielded heterometallic host–guest complex C60/70�4. L, gray; Fe,
purple; Cu, red; Ni, light blue.

Figure 1. Crystal structure of 2. a) View through one face of the
tetrahedral assembly, b) space-filling representation, and c) view down
one of the edges. Hydrogen atoms, counterions, and solvent mole-
cules of crystallization are omitted for clarity. Connections between the
FeII centers (yellow lines) are included in (a) and (c) to highlight the
tetrahedral framework and saddled nature of the Ni porphyrin ligands.
C, grey; N, blue; Fe, purple; H, white; Ni light blue.
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(Figure S11).[17] The change in stoichiometry from 2 to C70�3
also led to the release of excess ligand, which was observed to
hydrolyze to the free subcomponents: free 2-formylpyridine
was observed by 1H NMR upon the formation of C70�3 from
2 and the excess 1, being insoluble in MeCN, precipitated
from solution. The complex stereochemistry of C70�3 and its
derivatives (discussed below in the context of C60/70�4)
precluded an unambiguous assignment of its NMR spectra,
and our attempts to grow crystals of C60/70�3 and its
derivatives were unsuccessful. We thus hypothesize a cone-
shaped structure for 3 analogous to that of 4 (see below). Such
a structure would be consistent with all of the observed data,
although the range of data available precludes structural
certainty.

The proposed structure for 3 requires the formation of
a single metal center that only binds two bidentate pyridy-
limine ligands. We thus hypothesized that it would be possible
to form an analogous structure in which the coordinatively
unsaturated FeII in C60/70�3 is replaced with a tetrahedral CuI

center. In the absence of fullerenes, no reaction was observed
between 2 and copper(I) triflate (2 equiv) by NMR and ESI-
MS. Following the addition of excess C60 (5 equiv), however,
ESI-MS analysis showed only signals corresponding to the C60

adduct of a new receptor with the formula CuIFeII
2L4

(complex C60�4). An analogous complex C70�4 was also
prepared through the addition of C70. C60/70�4 could also be
obtained directly through subcomponent self-assembly from
the ligand precursors, metal ions, and fullerene template in
the correct ratio.

The 1H NMR spectrum of C60�4 showed new resonances,
distinct from those of 2 or 3 (Figure S21). Two sets of 1H
signals were observed in a 2:1 ratio. DOSY analysis showed
both sets of signals to diffuse at the same rate (Figure S23),
which is consistent with the signals corresponding to different
diastereomers of C60�4, rather than to constitutionally
distinct species.

The presence of three metal stereocenters in C60/70�4 gives
rise to 23 = 8 stereochemically distinct species, comprising
four diastereomeric pairs of enantiomers (Figure 2b). Two of
the diastereomers possess C2 point symmetry, whereas the
other two are asymmetric (C1). Two-dimensional NMR
analyses of C60�4 (Figures S24–S26) gave results consistent
with the presence of the two C2-symmetric diastereomers of
C60�4 but not the asymmetric diastereomers, which would
have given rise to many more NMR signals. Models of the
different diastereomers of C60�4 (Figure S37) suggested that
the asymmetric diastereomers suffer more strain than their
symmetric congeners, thus supporting our inference that they
were not formed.

The preparation of C60/70�4 thus represents a singular
example of guest-binding-driven metal exchange within
a complex metal–organic assembly, and illustrates a novel
means to generate a heterometallic architecture. This work
builds upon prior demonstrations of metal–organic assem-
blies that incorporate different metal centers.[18] Previous
examples of heterometallic ensembles have been obtained by:
providing a mixture of hard and soft ligands that bind
different metals preferentially,[2d, 19] preforming kinetically
inert metal–organic building blocks,[20] or using ligands of

different denticity.[21] In the case of C60/70�4, CuI and FeII are
both incorporated into a host–guest complex that possesses
a single type of ligand environment. The stability of C60/70�4 is
highlighted by the observation that it is uniquely expressed
from a system capable of producing a library of different
complexes, including the homometallic tetrahedron 2.

Complexes C60/70�3 and C60/70�4 thus represent rare
examples of heterometallic host–guest species that employ
different metal centers arranged in similar ligand environ-
ments.[22] They are only accessible through a delicate balance
of orthogonal supramolecular interactions and their forma-
tion points toward a new approach for achieving structural
complexity in supramolecular systems, which would comple-
ment existing strategies.[5e, 23] Future investigations will focus
on utilizing the rich coordination chemistry of different
metalloporphyrins in these ensembles to see whether selec-
tive guest functionalization might be achieved through the use
of metalloporphyrin-based catalysts,[24] or whether the rich
axial coordination chemistry of zinc–porphyrin assemblies[25]

might be employed to develop receptors that are structurally
similar to the ones described herein.

Keywords: coordination chemistry · host–guest chemistry ·
metal–organic assemblies · self-assembly ·
supramolecular chemistry

How to cite: Angew. Chem. Int. Ed. 2015, 54, 3988–3992
Angew. Chem. 2015, 127, 4060–4064

[1] a) M. Albrecht, Chem. Rev. 2001, 101, 3457 – 3497; b) D.
Caulder, K. Raymond, Acc. Chem. Res. 1999, 32, 975 – 982;
c) R. Chakrabarty, P. S. Mukherjee, P. J. Stang, Chem. Rev. 2011,

Figure 2. a) Two views of the MM2 model of C60�4, showing the C2-
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