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The covalent synthesis of nanosized cage compounds is
easily performed in high yields using “click chemistry”
methodology through the Cu(I)-catalyzed ligation of adequate
polyalkyne and polyazide derivatives using (EtO);P+Cul as
catalyst.

Cage-type molecules' have attracted considerable research
interest from supramolecular chemists? considering their capa-
bility to act as molecular host, which can be exploited in
applications such as storage,® recognition,* delivery, > and
catalysis.® These molecular cages are unique as they normally
have finite and structurally well-defined intramolecular cavities
that can interact with either a cationic, anionic, or neutral guest
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through noncovalent interactions providing size- and shape-
dependent selectivity in addition to an insight into the molecular
recognition phenomena in a confined space that is prevalent in
nature.

The synthesis of three-dimensional shape-persistent molecules
is usually laborious, and different approaches have been
developed.'® These molecular containers can be made as single,
large covalently joined molecules but also as self-assembled
supramolecular constructs using noncovalent interactions. In this
last approach, the use of metal-directed assembling techniques’
provides a great deal of versatility in the construction of complex
geometries, while the formation of capsules via noncovalent
assembling® of molecules allows a templated assembly in
solution around the guests. Up to the present, most efforts have
been directed toward the construction of self-assembled su-
pramolecular cages having large cavities, and the efficient
covalent synthesis of nanosized cage compounds with high
symmetry still remains a challenge.

In this context, copper(I)-catalyzed azido-alkyne cycloaddition
(CuAACQ),’ nowadays the best reaction under the “click
chemistry” concept,'” appears as an appealing synthetic tool
for the construction of molecular nanocages considering its
efficiency, which has been validated by the numerous applica-
tions that this reaction has found in almost all areas of chemistry
(drug discovery,'' bioconjugation,'? polymer and science ma-
terials,"? and related areas '*) including supramolecular chem-
istry.!> Continuing our efforts in the applications of click
chemistry in the construction of multivalent structures'® and
materials'” with a well-defined architecture, we reported in the
preceeding contribution of this issue the successful implementa-
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tion of CuAAC in the synthesis of calixarene-based cavitands
and nanotubes.'® In the majority of the syntheses in which
CuAAC has found applications, the reactions are conducted
between monofunctional building blocks (monoalkynes and
monoazides) or between a polyfunctional substrate (polyalkynes
or polyazides) and a monofuncional complementary counterpart
(monoazides or monoalkynes, respectively). However, the
reported cases in which polyalkynes and polyazides have been
reacted are less abundant, having found application mainly in
the synthesis of polymers'> by means of intermolecular ligation
process. Our click synthesis of discrete calixarene-based mo-
lecular receptors evidenced'® that CuAAC of dialkyne and
diazide calixarene derivatives led exclusively to the formation
of cyclic compounds (cyclomonomers and cyclodimers) through
molecular connections formed by an inter-intramolecular tandem
process, the formation of the corresponding polymerization
compounds not being observed.

Taking into account these results, it was thought that click
chemistry should also allow the easy construction of three-
dimensional shape-persistent molecular nanocages containing
multiple connecting triazole spanners by the reaction of
complementary polyalkynes and polyazides with an equal degree
of multivalency higher than two (Figure 1). Such compounds
bearing more than two identical clickable functions have been
previously used mainly in the reaction with other multivalent
counterparts with a different degree of multivalency for the
construction of nonlinear molecular architectures such as gel
and polymer networks in which the click chemistry plays the
role of a highly efficient cross-linking reaction.'? This strategy
has been applied to small clickable molecules acting as
monomers and also to some homofunctional clickable telechelic
polymers acting as macromonomers that are cross-linked
through their end groups with complementary multifunctional
small molecules. However, to the best of our knowledge,
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FIGURE 1. Different possible pathways in the CuACC of triazides
with trialkynes.

SCHEME 1. Synthesis of Molecular Cages
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CuAAC of a pair of complementary homofunctionalized click
compounds with an equal degree of multivalency has been only
smartly used by Finn et al.'” to generate a cross-linked polymer
network with applications as an adhesive coating to glue copper
plates together by means of the noncovalent interactions exerted
by the acetylenes and formed triazoles. In order to construct
nanocages (structure C, Figure 1), the click intramolecular
ligation of polyalkynes and polyazides should be favored after
the first click over the intermolecular reactions that lead to
polymers (structure D, Figure 1). It was hypothesized that this
could be achieved by using polyvalent alkynes and azides
derived from aromatic molecules when performing the reactions
under high dilution conditions in an aromatic solvent such as
toluene that should enable a template effect by means of
m-stacking interactions. The cofacial m-stacking of aromatic
compounds is a fundamental noncovalent interaction that has
long been recognized as a central feature in nature and used on
a synthetic level in materials science, synthesis, molecular
recognition, and supramolecular chemistry.>®

For the implementation of our hypothesis, the trivalent triazine
and benzene derivatives 1—4 were selected considering their
easy preparation from the corresponding commercial precursors
and also their rigidity. To our delight it was found that the
reactions of the triazides 1'®® and 2%' with the complementary
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FIGURE 2. Calculated structures for hollow nanocage 5 (A) and for
the host—guest 5-toluene complex (B).

functionalized trialkynes 3 and 4 using toluene as solvent and
microwave irradiation led to the molecular nanocages 5—7 in
high yields (see Scheme 1). In order to assess the feasibility of
the coupling reactions when microwave irradiation is not used,
the coupling reaction of 1 and 3 was also performed using
refluxing toluene, and it was observed that slightly higher
reaction times (5 h versus 4 h) are required, the nanocage 5
being isolated in slightly lower yields (66% versus 78%).
However, the reactions were unproductive when DMF was used
as solvent, and in addition, the '"H NMR spectra of such
compounds (when registered at 80 °C using DMSO-ds as
solvent) indicated the presence of an encapsulated molecule of
toluene in the cavity of those cages that could be only removed
by a successive freeze-drying process of the solid materials using
DMSO—H,0 (1:1) as solvent. Both results reinforce our
hypothesis about the template effect played by toluene. These
cage compounds are highly insoluble solids at room temperature
in a wide variety of solvents (chloroform, dichloromethane, ethyl
acetate, dimethylformamide, pyridine, DMSO). The MS data
(FAB+) are in agreement with the proposed structures.

All of the cage-type molecules exhibited symmetric structures
in solution, as judged from their simple NMR spectra and from
the molecular modeling studies performed for 5 to assess the
feasibility of toluene being inside the boxes (Figure 2).
Geometrical minimization by molecular mechanics converged
at the same magnitude of energy with an improvement of 2
and 9 orders of magnitude for the hollow cages and the cage
hosting toluene, respectively. Further minimization with a
semiempirical quantum mechanism led to structures where the
toluene is placed inside the cage with the methyl group pointing
to the open side. The facts that the cage hosting toluene shows
lower energy than the hollow one and that the toluene is
arranged between the six-membered aromatic rings are compat-
ible with a stabilizing sz-stacking.

The ensemble of the reported results herein about the easy
synthesis of molecular containers by CuAAC are indicative of

the high steric tolerance of the click chemistry, which is in
accordance with previously reported® preparations of other high
sterically demanding structures.

In summary, we have implemented the click chemistry
concept in the synthesis of molecular cages by the chemical
ligation of adequate polyazides and polyalkyne derivatives using
the organic soluble copper(I) complex (EtO);P+Cul. The high
yields and exclusive formation of these compounds highlight
the efficiency of the approach.The synthetic strategy offers a
facile and highly convergent methodology extensible for the
modular preparation of supramolecular entities of diverse
architectures.

Experimental Section

Synthesis of Nanocage 5. Method A. A solution of triazide 1
(168 mg, 0.5 mmol), trialkyne derivative 3 (122 mg, 0.5 mmol),
DIPEA (797 uL, 4.46 mmol), and the copper catalyst [(EtO);P+Cul]
(27 mg, 0.073 mmol) in toluene (75 mL) was irradiated at 800 W
and 100 °C (4 h) in a Microwave Labstation until thin layer
chromatography and the IR spectra of the reaction mixture showed
complete disappearance of the starting materials (4 h). The resulting
solid was filtered and washed successively with toluene and dried
under vacuum at 50 °C, yielding 5 (226 mg, 78%): mp > 255 °C
(dec); IR (KBr) 1561, 1415, 1329, 1127 cm™!; 'H NMR (DMSO-
ds, 300 MHz) 6 8.31 (br's, 3 H), 5.47 (br s, 6 H), 4.78 (Br s, 12
H); 3C NMR (DMSO-ds, 75 MHz) 6 172.2, 172.1, 141.5, 125.6,
78.4, 67.0, 55.6, 48.3; HRMS (FAB+) m/z calcd for CyH,1N;504
579.1799, found 579.1798.

Method B. Reaction of 1 and 3 under refluxing toluene (75 mL)
for 5 h in the presence of DIPEA as base and (EtO);P+Cul as the
copper catalyst, using similar amounts of all reagents as those
described above for Method A, yields a solid that after filtering,
washing with toluene, and drying under vacuum at 50 °C was
characterized as compound 5 (191 mg, 66%).
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