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Synthesis of upper rim calix[4]arene carcerands
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Abstract

The synthesis of novel tetra-olefinic calix[4]arene carcerands is described using a synthetic strategy involving palladium catalysed
Heck coupling followed by imine formation.
� 2007 Published by Elsevier Ltd.
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Carcerands have been defined by Cram as molecules
that form a closed, hollow shell derived from the Latin
word for prison.1,2 Carcerands are defined by the size of
their inner cavity and form fascinating container molecules
for application in supramolecular chemistry.

We recently reported on the synthesis of upper rim tetra-
olefin substituted calix[4]arenes using the palladium cataly-
sed Heck reaction.3,4 In subsequent work, we demonstrated
that tetra-acrylamido calix[4]arenes form dimeric mole-
cular capsules through a series of eight hydrogen bonds
between two preorganised macrocycles.5,6 Following this
observation it appeared evident that two such geometri-
cally preorganised macrocycles might form a covalently
linked capsule, or in other words a carcerand, through a
series of covalent bonds between two appropriately func-
tionalised macrocycles. In this Letter, we report on the syn-
thesis of such carcerands.

To achieve the goal of carcerand synthesis we extended
our recently developed Heck coupling methodology to pre-
pare deep-cavity tetraformyl calix[4]arene acrylates 2a,b
and 3a,b from tetraiodo calix[4]arenes 1a,b and 3- or
4-formylphenyl acrylate using palladium acetate and 1,3-
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bis-(diphenylphosphino)propane as a co-ligand. The cou-
pling proceeded as expected to give the deep cavity calix[4]-
arenes 2 and 3 in good yields as the all-trans isomers. All
spectroscopic data were in agreement with the structures.
The chemical shifts of the calix[4]arene methylene protons
provided evidence for the presence of a deep-cavity as dis-
cussed previously.4–6 The four formyl groups at the upper
rim were chosen to allow covalent linkage of two comple-
mentary calix[4]arene units (see Fig. 1).

With the tetra-formyl calix[4]arenes 2a and 3a in hand,
we investigated their covalent linking. For linking two
calix[4]arenes we chose imine formation7 and reacted 2a

and 3a with a selection of various diamines 4–7. A 1:2 stoi-
chiometry was used in all cases and the progress of the reac-
tions was monitored by 1H NMR and ESI-MS. Table 1
summarises the results.

Reaction of 2a and 3a with diamines 4–6 revealed no
evidence of carcerand formation. The ESI mass spectra
showed the presence of a complex mixture of products.
Furthermore, the 1H NMR spectra of the crude reaction
mixtures showed a mixture of compounds with extremely
broad lines indicative of oligomerisation and polymerisa-
tion processes. Reaction of 2a and 3a with 1,4-diamino-
benzene 7, however, revealed the formation of single
carcerands 8a and 9a according to 1H NMR spectroscopy
and ESI mass spectroscopy. The predicted m/z of the above
carcerands approaches the mass boundary for low
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Fig. 1. Synthesis of calix[4]arenes 2a,b and 3a,b.

Table 1
Yields of the reactions of calix[4]arenes 2a,b and 3a,b with diamines 4–7

Calix[4]arene Diamine Yield (%) Calix[4]arene Diamine Yield (%)

2a 4 0 (Polymer) 3a 6 0 (Polymer)
2a 5 0 (Polymer) 3a 7 86 (9a)
2a 6 0 (Polymer) 2b 7 85 (8b)

2a 7 84, (8a) 3b 7 85, (9b)
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resolution LSIMS and ESI-MS (m/z �3000) for the
instrumentation available in our laboratory and hence no
diagnostic molecular ion was observed (see Fig. 2).

As a direct consequence, calixarenes 2b and 3b were pre-
pared possessing a calix[4]arene-n-propyl ether in good
yields and reacted with diamine 7 to afford the carcerands
8b and 9b in good yields.

The 1H NMR spectra of all four carcerands obtained
showed broad lines as expected for compounds with mole-
cular weights around 3000 g/mol. Surprisingly, all the car-
cerands showed two sets of signals in the 1H NMR spectra
for the four repeating units indicative of a reduced sym-
metry as opposed to the expected C4 symmetry.8,9 This
evidence strongly suggests a pinched cone structure of
reduced symmetry (structure 9a in Fig. 3) in the form of
two sets of doublet signals as opposed to one set of doublet
signals for the narrow rim Ar–CH2–Ar protons. The differ-
ence Dd between the two diastereotopic Ar–CH2–Ar calix-
arene protons was reported as a good measure for the
overall geometry of the calix[4] basket.8,9 1H–1H COSY
spectroscopy allowed unambiguous identification of the two
non-equivalent individual CH2 groups and revealed Dd
values of Dd1 = 0.4 ppm and Dd2 = 1.4 ppm. The existence
H2N NH2

OH
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Fig. 2. Diamines used in carcerand formation.
of two sets of well-defined olefinic doublets suggests that two
sides in the 1,3-position are pinched together causing those
olefinic protons to be equivalent, with the remaining two
sides in the 2,4-position pulled outwards leading to a differ-
ent proton environment for the second set of four olefinic
protons. Although it is very difficult to assign the individual
aromatic protons, the number of non-equivalent aromatic
protons again reinforce the idea of reduced molecular sym-
metry. The presence of two imine proton signals suggests
two non-equivalent imine protons. The rudimentary geom-
etry optimisation of 8b also suggests the orientation may
resemble a basic parallelogram (when viewed from above).
This is further supported by observations of similar calixa-
rene capsules, which are shown to possess this particular
pinched cone structure.10–12

ESI-MS in positive ion mode at 200 �C showed several
peaks, which correlated to the carcerands 8b and 9b includ-
ing molecular ions + Na at m/z 2887.9 LSIMS gave a com-
plex fragmentation pattern with a signal indicative of a
molecular ion M+H+2H2O at m/z 2901, which might
occur through water inclusion in the carcerand cavity.

Molecular modelling allows an insight into the overall
dimensions of the carcerands. For compounds 8a,b the dis-
tance between the two calix[4]arenes (measured as the dis-
tance between C-5 and C-50) was 270 pm. The diameter of
the carcerand as measured by the distance between the two
opposing aromatic rings furthest apart is 170 pm. The total
volume of the carcerand 8a can, therefore, be estimated to
be 4.6 nm3 making these compounds the largest carcerands
synthesised to date, to the best of our knowledge.

Interestingly, the molecular model also showed the
existence of a large cleft of around 700 pm between the



Fig. 3. Structures of carcerands 8a,b and 9a,b and the MM-2 minimised structure of 9a.
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aromatic rings of two proximal diamine linkers suggesting
that small inclusion molecules could enter and leave the
carcerand without difficulty.
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