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Over the years, evidence has accumulated that a solvent-free
synthesis promoted by grinding can be an interesting alternative to
classical solution-based methods.1 Obvious benefits are the reduced
economic and ecological costs when working without a solvent. In
addition, a solvent-free synthesis may display an increased rate and
yield and a better selectivity.1 From a practical point of view, it is
advantageous to perform such syntheses in a ball mill, which allows
efficient and fast grinding without physical efforts. Recent examples
of reactions performed in a ball mill include asymmetric organo-
catalytic aldol reactions,2 Knoevenagel condensations,3 oxidative
aminations of aldehydes,4 Mn(OAc)3-mediated cycloadditions,5 and
the syntheses of protected nucleosides,6 glycosyl azides,7 and
nitrones.8 Despite its success in organic synthesis, there are only a
few reports about the utilization of grinding techniques for the
construction of molecularly defined nanostructures.1 Otera and co-
workers, for example, have reported that the assembly of Pd(II)-
and Pt(II)-based metallamacrocycles and cages can be accelerated
by performing the reaction in the solid state using a mortar and
pestle.9 More recently, the Chiu group has used ball-milling for
the synthesis of a rotaxane.10 Below we describe the syntheses of
two molecular cages. They were obtained by polycondensation of
11 building blocks in a ball mill. Evidence is presented that the
ball mill syntheses are faster, cleaner, and more efficient than the
corresponding solution-based reactions.

Our group is interested in the synthesis of complex molecular
architectures based on boronic acids.11,12 In this context, we have
recently reported a macrobicyclic structure that can be formed by
a one-pot [6+3+2]-condensation reaction of 4-formylphenylboronic
acid (1), Pentaerythritol (2), and tris(2-aminoethyl)amine (tren).11a

The solid state structure of the macrobicycle revealed a “collapsed”
geometry with no accessible space inside the cage. To make larger
and more expanded cage structures, we decided to exchange the
flexible tren building block for the more rigid 1,3,5-trisaminomethyl-
2,4,6-triethylbenzene (3).13 Furthermore, we wanted to test the
incorporation of the extended biphenyl-based building block 4-(4-
formylphenyl)phenylboronic acid (4).14 When 4-formylphenylbo-
ronic acid (1), Pentaerythritol (2), and the triamine 3 were heated
for 2 h in ethanol using a Dean-Stark trap, we were able to isolate
the desired cage 5 in 56% yield. Attempts to increase the yield by
variation of the concentrations, the reaction time, or the workup
procedure were not successful. Since alcohols are potentially
problematic solvents for boronic acid-diol condensations,15 we
investigated the same reaction in a mixture of THF and toluene
(1:2). The heating of 1, 2, and 3 for 2 h under reflux using a
Dean-Stark trap resulted in a significant amount of an insoluble
product along with cage 5 (24% yield), which was contaminated
with an incomplete condensation product. For reactions with the
more elongated boronic acid 4, we were also able to produce the
desired cage 6 as evidenced by NMR spectroscopy and mass

spectrometry. But regardless of the solvent employed, the yield was
low (<40%) and the product was always contaminated with a
significant amount of an incomplete condensation product.

Boronate esters16 as well as imines17 can be prepared by solid-
sate reactions. This prompted us to investigate whether a ball mill
could be used for the synthesis of cages 5 and 6. And indeed, when
the formylboronic acid 1 was ball-milled with the tetraol 2 and the
triamine 3 for 1 h at 20 Hz, cage 5 was formed almost quantitatively
(Scheme 1; for NMR and IR data, see the Supporting Information).
The pure product was obtained in 94% yield after an additional
heating step to remove the byproduct water (1 h at 80 °C in
vacuum), followed by extraction with chloroform. Similarly, the
larger cage 6 was formed in good yield by ball-milling for 1 h and
subsequent heating. Small amounts of side products were easily
separated by an extraction step with toluene to give 6 in an isolated

Scheme 1. Synthesis of the Cages 5 and 6 by Multicomponent
Reactions in a Ball Mill
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yield of 71%. The ball-milling procedures were thus by far superior
to the solution-based methods that we have tested. The advantage
is particularly important for the larger cage 6, for which we were
not able to obtain a pure product by reactions in solution.

The isolated cages 5 and 6 were characterized by multinuclear
NMR spectroscopy and mass spectrometry. In addition, it was
possible to obtain single crystals from 1,2-dichloroethane (5) or
toluene solutions (6). Due to the size of the molecules, the lack of
heavy atoms, and the presence of large amounts of disordered
solvent molecules, the quality of the X-ray diffraction data was
unfortunately low. But the overall geometry of the cages was clearly
established (Figure 1). Both molecules have the shape of prolate
spheroids with nearly coplanar triethylbenzene groups at the end
of the molecules. The size of the small cage 5 is 1.7 nm × 2.3 nm
(max. C-to-C distance) and that of the larger cage 6 is 1.9 nm ×
3.1 nm. With its length of more than 3 nm, cage 6 is, to best of our
knowledge, the largest macrocyclic structure based on boronic acids,
which has been characterized by X-ray crystallography to date. Both
compounds cocrystallize with significant amounts of solvent
molecules. For compound 5, it was possible to locate eight 1,2-
dichloroethane molecules, six of which are found inside the cage.
For cage 6, the residual electron density points to the presence of
at least eight cocrystallized toluene molecules. Due to severe
disorder problems, the solvent-related electron density was treated
with the SQUEEZE algorithm.18

The syntheses of cages 5 and 6 require the formation of 18
covalent bonds between 11 building blocks. The fact that such
complicated multicomponent reactions based on dynamic covalent
chemistry19 can be performed in a ball mill shows the potential of
this technique for the construction of large nanostructures. It should
be pointed out that the assembly of organic nanostructures via
formation of imine20,21 or boronic ester bonds12,22 has received
considerable interest in recent years. So far, these structures were
generated almost exclusively by classical solution-based reactions.
The results described above suggest that ball milling should be
considered as a potentially very attractive alternative.
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Figure 1. Molecular structures of the cages 5 (left) and 6 (right) in the
solid state. Color coding: C, H: gray; O: red; N: blue; B: green. The
cocrystallized solvent molecules are not shown for clarity.
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