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ABSTRACT: M12L24 spherical complexes incorporating
24 free pyridine rings on their interior or exterior surfaces
were synthesized via the self-assembly of tridentate
tris(pyridine) ligands with Pd2+ ions. Coordination of
secondary metal ions in the interior of the spherical
framework was achieved through interactions of 24 Ag+

ions with the free endo pyridine rings.

The prevalence of structures assembled from multiple
repeating subunits in nature has inspired chemists to

construct artificial hollow coordination complexes of ever-
increasing complexity from multiple identical components.1

However, while biological structures are highly functionalized
and interact with their environment through weak non-covalent
interactions, the functionality of artificial self-assembled hollow
complexes is still limited. The cavities of artificial hollow
complexes can often encapsulate guest molecules and promote
unusual reactivity,2−7 but the interactions between the cage and
the guests are primarily hydrophobic in nature. In fact, the nature
of the organic ligand often precludes the incorporation of
appended functional groups. A notable exception to this is the
family of MnL2n polyhedral coordination spheres,

8,9 and the endo
and exo functionalization of theM12L24 spherical framework with
24 identical functional groups is now well-established. Similar
exo functionalization has been reported for other spherical
complexes.10,11 In all cases, however, the desired functional side
chain is covalently introduced at the concave/convex position of
the bent ligand prior to self-assembly of the spherical complex.
The only example of non-covalent functionalization is the
peripheral functionalization of spherical polyanionic polyox-
ometalates with organic cations.12 Here we report the self-
assembly of M12L24 spheres containing 24 free pyridine rings on
their interior or exterior surfaces and demonstrate the
coordination of metal ions to their open endo binding sites
(Scheme 1).
Tridentate ligands 1,13,14 which were previously employed by

Stang for the self-assembly of macrocycles and polygons, were
used in this study. When 1a was heated with 0.55 equiv of
Pd(BF4)2·4MeCN in perdeuterated dimethyl sulfoxide (DMSO-
d6) at 70 °C for 2.5 h, a single species with high symmetry, 2a, was
obtained, as observed by 1HNMR spectroscopy. In the 1HNMR
spectrum of 2a (Figure 1b), only the terminal pyridyl signals
were shifted significantly downfield [Δδ(Ha) = +0.53 ppm;
Δδ(Hb) = +0.31 ppm] relative to those for 1a (Figure 1a); the
chemical shifts for the protons of the central pyridine remained

essentially unchanged [Δδ(Hc) = +0.00 ppm; Δδ(Hd) = +0.03
ppm]. These observations suggested that only the terminal
pyridyl moieties underwent metal coordination and that the
central pyridine nitrogen remained uncoordinated in the final
product. Diffusion-ordered NMR spectroscopy (DOSY) also
indicated the formation of a single product with a diffusion
coefficient (D) of 3.98× 10−11 m2 s−1 (logD =−10.4) at 300 K in
DMSO-d6 (Figure 1f). This value is consistent with those for
previously reported M12L24 complexes with the same shell
framework15−17 and the diameter of 4.6 nm estimated from
molecular modeling. Confirmation of the M12L24 composition of
sphere 2a came from cold-spray ionization time-of-flight mass
spectrometry (CSI-TOF MS), in which a series of peaks was
observed for [Pd121a24·(BF4)24 − nBF4]

n+ (n = 8−12).
On the basis of partial charge calculations (see the Supporting

Information), the terminal and central pyridine moieties of 1b
are expected to have similar coordination abilities. Nevertheless,
a single product with the same diffusion coefficient as 2a (logD =
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Scheme 1. (a) Self-Assembly of M12L24 Spheres Containing 24
Free Pyridine Rings and (b) Their Non-Covalent
Functionalization by Coordination of Ag+ Ions
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−10.4) was assembled upon heating of a 2:1 mixture of 1b and
Pd(BF4)2·4MeCN in DMSO-d6 at 70 °C for 2.5 h. The 1H NMR
(Figure 1d) and DOSY (Figure 1h) spectra display the same
characteristics as described above for sphere 2a, indicating the
formation of an M12L24 structure with uncoordinated pyridine
rings on the exterior surface of the framework. This structure was
again confirmed by CSI-TOFMS with the observation of a series
of peaks for [Pd121b24·(BF4)24 − nBF4]

n+ (n = 8−12).
Although it is likely that complex mixtures of metal−ligand

oligomers formed during the early stages, the highly symmetric
M12L24 structures 2a and 2b in which only the terminal pyridyl
groups of the ligand are coordinated were the exclusive self-
assembly products. These structures are remarkably stable
because of the cooperation of 48 weak Pd2+−pyridine
interactions and therefore are the most thermodynamically
stable species.18,19 In the self-assembly of 2a, coordination at the
central pyridine is additionally sterically hindered as well as
electronically disfavored because the central nitrogen atom has a
smaller partial charge (−0.397) than the terminal pyridyl
moieties (−0.446) (NBO/B3LYP calculation; see the Support-
ing Information). As a result, two M12L24 spheres containing
exactly 24 free pyridine sites available for further coordination on
their interior or exterior surfaces could be successfully assembled
from Pd2+ ions and the tridentate tris(pyridine) ligands 1a and
1b.
Single crystals of the BF4 salts of spheres 2a and 2b suitable for

synchrotron X-ray crystallography were obtained by slow
diffusion of 1,2-dimethoxyethane and chloroform vapor,
respectively, into DMSO-d6 solutions of the complexes. In
both cases, structural refinement confirmed the M12L24 structure
and the uncoordinated pyridine moieties lining the interior or
exterior of the framework (Figure 2).
Non-convalent functionalization of the spherical framework

was first examined for 2a. All attempts to coordinate secondary
metal ions to 2a in DMSO-d6 or CD3CN were unsuccessful.
Since DMSO and acetonitrile are strongly coordinating and as
solvents are present in very large excess, we speculated that
preferential coordination of the solvent to the secondary metal
ion prevented its interaction with the pyridine moieties
contained within the spherical framework.

Therefore, the weakly coordinating20 solvent nitromethane-d3
(CD3NO2) was examined for the self-assembly of 2a from ligand
1a and Pd(BF4)2·4MeCN.21 When AgBF4 was added to a
solution of 2a in CD3NO2 (10 mM ligand concentration,
corresponding to a sphere concentration of 0.42 mM), the
proton signals of the central pyridine ring were shifted
significantly downfield [at equilibrium, Δδ(Hc) = +0.25 ppm
and Δδ(Hd) = +0.25 ppm] while the terminal pyridyl signals
were shifted only slightly [at equilibrium, Δδ(Ha) = +0.06 ppm
andΔδ(Hb) = +0.06 ppm] (Figure 3). The weaker coordination
of Ag+ to the central pyridine compared with the coordination of
Pd2+ to the terminal pyridyl moieties is indicated by the averaging
of the free and coordinated signals on the NMR time scale as a
result of the fast equilibrium between the two species. 1H DOSY
measurements (see the Supporting Information) confirmed that
the spherical structure was retained upon Ag+ coordination. The

Figure 1. (a−d) 1H NMR spectra of (a) 1a, (b) 2a, (c) 1b, and (d) 2b
and (e−h) 1H DOSY spectra of (e) 1a, (f) 2a, (g) 1b, and (h) 2b (BF4
salts of 2, DMSO-d6, 500 MHz, 300 K).

Figure 2. X-ray crystal structures of the BF4 salts of (a) 2a and (b) 2b,
highlighting the free nitrogen atoms on the central pyridine rings. H
atoms, counterions, and solvent molecules have been omitted for clarity.

Figure 3. 1HNMR spectra of (a−e) solutions of 2a and various amounts
of AgBF4 (CD3NO2, 500 MHz, 300 K) and (f) the solution of 2a
containing 120 equiv of AgBF4 after addition of 15% (v/v) DMSO-d6.
The Ha proton signal of empty sphere 2a was also shifted downfield in
this solvent mixture.
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use of the weakly coordinating solvent CD3NO2 was essential for
coordination of the secondary metal ion. The addition of 15%
(v/v) DMSO-d6 to the 0.42 mM solution of 2a containing 120
equiv of AgBF4 (relative to the sphere concentration) resulted in
the immediate return of the proton signals of the central pyridine
ring to the positions observed for the free M12L24 sphere (Figure
3f).
Single crystals of 2a·24Ag+ were grown by vapor diffusion of

1,2-dimethoxyethane into a mixture of 2a and 240 equiv of
AgBF4 (relative to the sphere concentration) in CD3NO2. The X-
ray structure (Figure 4) clearly shows the 24 Ag+ ions
coordinated to the central pyridine rings within the spherical
framework structure. The occupancy of each Ag+ ion is around
80%.

Similar coordination of Ag+ ions at the exterior of 2b was also
examined (see the Supporting Information). Sphere 2b did not
form as a single product in pure CD3NO2,

21 so the experiments
were conducted in a 19:1 mixture of CD3NO2 and DMSO-d6. In
this case, addition of 240 equiv of AgBF4 resulted in immediate
precipitation of an off-white solid. We propose that this occurred
as a result of the formation of an insoluble network of spheres 2b
bridged by the linear coordination of Ag+ to the central pyridine
rings.
In summary, we have demonstrated the self-assembly of

M12L24 spherical complexes containing 24 free pyridine binding
sites on their interior or exterior surfaces. Through coordination
of metal ions to these binding sites, we have developed a non-
covalent method for the functionalization of M12L24 spherical
complexes. We envisage that varying the secondary metal ion or
non-covalent interactions will allow the synthesis of a variety of
endo- and exohedrally functionalized spherical complexes from a
single spherical platform, thereby simplifying the functionaliza-
tion and application of this class of self-assembled complexes.
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Figure 4. X-ray crystal structure of 2a with 24 Ag+ ions coordinated to
the central pyridine rings on the interior surface of the framework.
Counterions and solvent molecules have been omitted for clarity.
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