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Halo functionalisation of calix[4]tubes has been investigated through both derivatisation of individual calix[4]arenes
and calix[4]tubes, using classical synthetic methods, to allow preparation of a series of novel derivatives. The solution
and solid state properties are in accordance with the constituent calix[4]arenes adopting flattened cone arrangements
which on complexation with potassium simplify to a regular cone. Electrospray and 1H NMR studies, combined with
molecular modelling have been used to ascertain the metal binding of this new series of cryptand like ionophores,
demonstrating their retained selectivity for binding potassium over other Group 1 metals and the dependence on
counter anion in the weak binding of silver.

Introduction
Calix[4]tubes, bis calix[4]arenes joined at the lower rim by ethyl-
ene linkers, have garnered considerable interest due to their
exceptional selectivity for potassium over both Group 1 and 2
metals.1–6 The rate of this metal complexation can be fine-tuned
by the introduction of a variety of alkyl and aryl substituents
at the upper-rim of the calix[4]arenes and the preparation
of asymmetric calix[4]tubes (Fig. 1) featuring two different
calix[4]arene subunits.2 More recently we have also demon-
strated the versatility of the family in its binding of silver ions
within the oxygen donor cryptand like cavity 7 and thallium() in
the arene array.8

We were interested in extending the chemistry of calix-
[4]tubes further in the development of ditopic receptors and
metal ion dependent self assembled polymers. Ditopic recep-
tors, in which binding sites are available for both cations and
their associated anions, are of interest both in enhancing anion
binding through utilisation of the cation charge and in pro-
moting solubilisation and extraction of metal salts.9 The con-
formational change in calix[4]tubes on binding of potassium
and silver is readily observed by 1H NMR and results in a

Fig. 1 Calix[4]tubes.
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concomitant change in the arene array, in which the calix-
[4]arenes alter symmetry from C2v to C4v. This offers the
possibility of development of ditopic receptors based on calix-
[4]tubes in which selectivity in binding of an anion at an upper-
rim binding site is affected allosterically by inclusion of either
K� or Ag� ions. Equally this structural alteration on cation
binding could be exploited in promoting the formation of self
assembled hydrogen-bonding polymers based on ureas at the
calix[4]tube upper rim.10

To this end we were interested in introducing either amino
functionality to the calix[4]arenes, for the preparation of upper-
rim ureas, or carboxylates for development of amide based
anion binding sites. Although a number of synthetic routes to
such appended calix[4]arenes have been reported 11 the intro-
duction of halogen substituents is particularly attractive as it
enables entry to both desired products. Thus Gabriel method-
ology can be utilised for conversion of iodo to amino,12 or
lithiation for introduction of carboxylic acids.13 Additionally
such functionalisation opens up the possibility of alkene
derivatisation through the Heck reaction.14

In this study we report on the suitability of a number of
methods for the preparation of halo calix[4]tubes, their struc-
tures and their metal ion complexation behaviour using both
experimental and theoretical approaches.

Results and discussion

Synthesis

Two approaches to the introduction of functionality to the
upper rim of calix[4]tubes can be considered. The first, more
convergent approach, is to combine two calix[4]arenes (one
appended) in the tube forming step, whilst the second relies on
regioselective reactions of asymmetric calix[4]tubes (Fig. 2).

Initial studies focused on the introduction of substituents
prior to tube formation. Two sites are available for such func-
tionalisation and the more remote site (unit A) was chosen in
order to affect least the subsequent tube forming step. Bromin-
ation of calix[4]arenes has proved readily accessible, using
either bromine or N-bromosuccinimide (NBS).15 Standard NBS
methodology gave derivative 5 from the calix[4]arene tetra-
tosylate 4 16 in 80% yield. However, treatment of 5 with calix-
[4]arene in the presence of potassium carbonate in refluxingD
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Fig. 2 Routes to functionalised calix[4]tubes.

xylene, using our standard tube forming conditions,2 failed to
yield the expected calix[4]tube 6 (Scheme 1). A wider range of
alkylation conditions including acetonitrile, DMF and mixtures
thereof with xylene, were investigated to improve solubility, but
proved not conducive to tube formation and no evidence was
obtained for the formation of dimer intermediates.

However, as the calix[4]tube forming reaction has been effi-
ciently optimised to enable efficient preparation of the asym-
metric calix[4]tubes 7, 8 and 9 in excellent yield 2 a second route
using post tube formation was investigated.

Bromination of the asymmetric tubes was initially investi-
gated. Treatment of calix[4]tube 7 with NBS in 2-butanone at
room temperature for 3 days resulted in an intractable mixture
of the di, tri and tetra brominated species.

However, treatment for 5 days at elevated temperature (65 �C)
with a large excess of N-bromosuccinimide (12 equivalents)
proved successful, resulting in the isolation of pure tetra-bro-
minated calix[4]tube 10, through repeated crystallisation from
ethanol, albeit in low yield (18%). The yield could be increased
through heating at reflux as shown by the conversion of asym-
metric calix[4]tube 7 to the bromo-derivatised calix[4]tube 12
(30%) (Scheme 2).

As bromination proved only low yielding, iodination was also
investigated and in contrast was found to allow rapid and high
yielding preparation of halo functionalised calix[4]tubes.
Treatment of calix[4]tubes 7, 8 and 9 with iodine in the presence
of silver trifluoroacetate in refluxing chloroform 17 gave the
respective tetra- and di-iodo derivatives 11, 13 and 14 in 62–
75% yield after only 2 hours (Scheme 2).

The NMR spectra of these halo derivatives show an extreme
frozen approximate C2v structure for each calix[4]arene unit and

Scheme 1 Reagents and conditions: (i) NBS, n-butanone, 24 h, 50 �C.
(ii) K2CO3, xylene, 4 d, reflux. a trans-gauche-trans arrangement of the ethylene linkers similar

to that of the parent calix[4]tubes (Fig. 3). Interconversion of
the two equivalent C2v structures through the C4v intermediate is
slow; the structure being maintained on heating to 55 �C. How-
ever conversion is somewhat faster than for the alkyl calix-
[4]tubes e.g. Kobs = 2.5 s�1 (12) cf. 0.9 s�1 (1) at 328 K,18 although
considerably slower than the interconversion of the analogous
thia calix[4]tube.3

In the case of tube 14, the structure with the iodo units
occupying the vertical positions, is the preferred conformer
(1.3 : 1) and exchange is, as expected, slower (1.1 s�1 at 328 K)
than for the tetra substituted calix[4]tubes. The steric require-
ments of the iodo groups are greater than for the protons in the
parent calix[4]tube accounting for the similarity in energy of
the two conformers and the slightly reduced preference between
conformers (the ratio of conformers for 9 being 1.6 : 1).2

X-Ray crystallography

The structure of these functionalised calix[4]tubes has been
further elucidated by X-ray crystallography. Single crystals of
X-ray quality of 11 and 12 were grown from chloroform–
methanol–acetone solvent mixtures and the structures of the
two calix[4]tubes are shown in Figs. 4 and 5 together with the
atomic numbering scheme. The structures can be compared
with those of other calix[4]tubes which have been reported,
e.g. 1 1 and 2.2

Scheme 2 Reagents and conditions: (iii) NBS, n-butanone, 5 d, 65 �C.
(iv) I2, AgCF3CO2, CHCl3, reflux
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Fig. 3 Expansion of aromatic region of 1H NMR spectrum of 14
showing the relative intensities of the two conformers.

Fig. 4 The structure of 11 with ellipsoids at 30% probability.

Fig. 5 The structure of 12 with ellipsoids at 30% probability.

In the calix[4]tubes, the conformation can be quantified by
the –O–CH2–CH2–O torsion angles and the angles made by the
phenyl rings with the plane of the four linking methylene
groups. In 11 and 12, the four torsion angles are �157.8, �48.2,
�157.5 and �40.3� and �153.0, �43.8, �161.8, �40.3�
respectively, thus the links contain two gauche and two trans
torsion angles. This type of conformation has been established
theoretically 7 as the lowest energy conformation for calix[4]-
tubes in the absence of an encapsulated metal, and has also
been found in the crystal structures of 1 and 2 where the torsion
angles are 161.2, �47.8, �161.2, and 47.8� and �0.5, 161.6,
0.5 and �154.9� respectively although in this latter structure the
ethylene link is disordered.

The angles of intersection between the phenyl rings and the
four linking methylene groups in 11 are 40.1, 81.7, 43.3 and
87.1� at the tert-butyl end of the tube and 34.4, 86.4, 35.0,
83.4� at the iodide end of the tube and in 12 39.4, 87.9, 35.5,
89.6� at the tert-octyl end and 34.6, 86.5, 35.0, 88.7� at the
bromide end. These angles show that all the calix[4]arene
elements of the calix[4]tubes have the distorted flattened
cone conformation with two rings parallel to the tube axis
and two rings pseudo-horizontal. Whilst these angles are
very similar to those found for 1 and 2 (43.7, 89.6, 41.3,
87.3 and 31.2, 83.2, 37.4, 88.9� respectively within struc-
tures with crystallographic centres of symmetry) it is notable
that the flattening is more pronounced in the halo calix[4]arene
residues. In all cases the gauche linkages are bonded to the two
phenyl rings that are nearly vertical, parallel to the cage axis,
while the trans linkages lead to the semi-horizontal phenyl
rings.

Complexation studies

Potassium binding. Calix[4]tubes have proved to be some of
the most selective potassium complexants over other Group 1
metals known. In this study the complexation behaviour for the
Group 1 alkali metals of the synthetic intermediates 10–14 has
been investigated using a combination of 1H NMR and electro-
spray mass spectrometry techniques. Complexation of potas-
sium is slow on the NMR time scale allowing the kinetic uptake
of potassium from potassium iodide, using a solid–liquid
extraction method,9 to be investigated through the concomitant
spectral simplification from C2v to C4v (illustrated for 14 in
Fig. 6).

A series of quantitative complexation experiments were
undertaken in which a 1mM solution (0.5 ml) of a calix[4]tube
in chloroform–methanol (4 : 1) was added to 20 eq. (10 µmol)
of solid potassium iodide and a NMR spectrum recorded at
1 hour intervals for 15 hours. The uptake of the metal cation
could then be measured by direct integration of peaks for
complexed and uncomplexed species (Table 1).

Fig. 6 Spectrum of 14 after pre-complexation with 20 eq. KI in
chloroform–methanol 4 : 1 for 48 h. � potassium complex,
� uncomplexed host
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Not surprisingly, introduction of the halide residue has a
marked effect on the degree of complexation of potassium
(Table 1), all new halo-derivatised tubes showing reduced
uptake in comparison to their alkyl appended parent tubes.2

Calix[4]tube 14 featuring only two iodo substituents shows the
fastest rate of potassium complexation of the functionalised
tube series with more than 40% conversion over 15 hours. How-
ever, the tert-butyl tetra-bromo and -iodo calix[4]tubes 10 and
11 show only slight uptake over the 15 h observation period,
less than for calix[4]tube 3 in which no para substituents are
present. Although over a longer time span of 9 days more than
10% of these tubes exist as the potassium complex.

When considering the calix[4]tubes which are tetra substi-
tuted with halo residues it is interesting to note that the
calix[4]tubes featuring tert-octyl units are more tolerant to the
introduction of halo residues; showing relatively faster kinetic
uptake than the corresponding tert-butyl tubes. This is in con-
trast to the results observed with the parent tubes 7 and 8
in which tert-butyl calix[4]tubes show faster rates of uptake.2

Additionally, in all cases the specific halo residue introduced
does not significantly alter the rate of potassium uptake, being
only slightly faster for the bromo derivatives.

In an attempt to rationalise these findings the proposed
mechanism of potassium complexation by calix[4]tubes should
first be considered. Extensive NMR complexation studies (1H
and 205Tl), X-ray structural analyses and molecular modelling
investigations suggest potassium complexation proceeds via an
axial route through the calix[4]arene annuli of the tubular
structure. The crystal structures of 1, 2�Tl2

2� and 1�K� shown
in Fig. 7 illustrate the three stages in the introduction of metals
into the cavity. First in (a), the structure of the calix[4]tube is
shown, then as in (b) the metal enters the top of the calixarene
and forms an intermediate complex interacting with the aro-
matic rings and then the metal proceeds into the centre of the
calix[4]tube and is complexed by the eight oxygen donor atoms
(c).

In (a), the calix[4]tube has a conformation with alternate
O–C–C–O torsion angles trans and gauche (tgtg). In this par-
ticular conformation the central cage composed of eight oxygen
atoms cannot form an inclusion complex because of the two
trans linkages. In (b) the metal ions have entered the calix[4]tube
and while the polyether conformations remain the same, the
metal ions now interact with the phenyl rings at each end in an
intermediate position. In (c) a metal ion has reached the centre
of the calix[4]tube and this has been accompanied by a change

Fig. 7 The three stages of metal encapsulation within calix[4]tubes
illustrated by the crystals structures of 1, 2�Tl2

2� and 1�K�.

Table 1 % Uptake of potassium by calix[4]tubes after 15 hours a

3 11%
10 6.5%
11 3%
12 20%
13 18%
14 42%

a CDCl3–CD3OD 4 : 1, 20 eq. KI. 

in conformation of the polyether cage so that all four torsion
angles are now gauche thus enabling all eight oxygen atoms to
bond to the metal ion. Concomitantly the conformations of the
individual calix[4]arenes in the calix[4]tube both change to a
cone.

As Table 1 illustrates the electron withdrawing halogen sub-
stituents of the new halo-derivatised calix[4]tubes serve to dis-
favour the rate of potassium complexation. Assuming an axial
route of entry this suggests that the intermediate π-cation com-
plex will be weaker for the halo-derivatised calix[4]tubes as
compared to the tert-butyl and tert-octyl electron donating
substituents of the parent calix[4]tubes. It is noteworthy that
with calix[4]tube 11 molecular modelling studies reveal that the
potassium cation preferentially enters through the tert-butyl
end of the tubular structure (vide supra).

Group 1 selectivity studies. The selectivity of these new
members of the calix[4]tube family for potassium over other
Group 1 metal ions was also investigated through competitive
electrospray mass spectrometry techniques. This approach has
recently been developed for study of host–guest complex-
ation as the ions in the gas phase have been demonstrated
to reflect accurately the solution situation.2,19 Pre-treatment of
calix[4]tubes 10–14 with 20 eq. of each alkali metal iodide
in a 4 : 1 chloroform–methanol mixture for 24 hours gave
rise to mass spectra in all cases in which the potassium cryptate
was the dominant species. Thus demonstrating that introduc-
tion of electron withdrawing substituents at the upper rim does
not affect the selectivity of calix[4]tubes for potassium
complexation.

Silver binding. The silver binding properties of these halo-
derivatised tubes were also investigated. This is of particular
interest given the importance of the counter-ion in binding of
the cation 7 and the use of silver during our synthetic studies to
promote iodination. Halo calix[4]tubes when treated with 20 eq.
of AgPF6 in CDCl3–CH3OD showed immediate complexation
within the cryptand-like cavity as demonstrated by spectral
simplification to an approximate C4v symmetry (Fig. 8). It is
interesting that the signals are considerably broadened in com-
parison to those of the potassium complex suggesting a weaker
binding process which may involve shuttling between a sub-set
of the eight oxygen array. These results are in agreement with
our molecular modelling results in which the conformations of
the polyether linkages rapidly change even when the metal is
bound (vide supra).

In contrast, with silver trifluoroacetate under identical
conditions, no spectral simplification was observed, demon-
strating that the metal ion is not bound within the polyether
cavity. No evidence was observed for binding within the
arene array; the shifts for arene protons remained identical to
those of the parent tube. These results suggest that during the
iodination reaction silver is not bound within the oxygen array
or the arenes and that the calix[4]tube remains in a C2v

symmetrical arrangement with the calix[4]arenes in extreme
flattened cones. This is in line with our previous studies with
AgI where no binding was observed but in contrast to Stibor
and co-workers 4 who have reported binding of silver within the
arene array, based on spectral shifts, when the counter-ion is
triflate.

Molecular modelling. The formation of metal complexes of
the tetra iodinated calix[4]tube 11 with the three guest metal
ions (Ag�, K� and Tl�) was also modelled to investigate how
the change in substituent from tert-butyl to iodine affected the
likelihood of metal insertion within the calix[4]tube in com-
parison to our earlier studies on 1.2,7 We were also interested in
establishing whether the metal ions were more likely to enter
the calix[4]tube through the tert-butyl or iodo calix[4]arene
annulus.
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The simulations were carried out on 11�M� using a starting
model obtained from the crystal structure of 11, that is with
alternate O–CH2–CH2–O torsion angles trans and gauche. The
metal was positioned inside the calix tube adjacent to the
phenyl rings (the intermediate position) first (a) at the tert-butyl
end and then (b) at the iodo end, and each model was sub-
sequently energy-minimised. The starting models were then
subjected to molecular dynamics simulations at a range of tem-
peratures appropriate to the metal included in the simulation;
that is at a temperature at which the metal ion does not spon-
taneously move to the central cavity. The results were character-
ised via plots of the four O–CH2–CH2–O torsion angles against
time.

In the case of K� at 400 K (Fig. 9) during a short period of
time, the conformational change tgtg  tggg  gggg occurs
and concomitantly the metal ion enters into the central cavity
of the calix[4]tube. This event occurs at 58 ps in (a) and 390 ps
in (b), thus suggesting that the metal ion is more likely to enter
the calix[4]tube from the end with the four tert-butyl groups
rather than the end with the four iodine atoms. This result can
be compared with previous simulations in which the K� ion
entered the centre of calix[4]tube 1 at 400 K after 152 ps. In
both simulations, apart from the major change in conformation
from trans to gauche of the two O–C–C–O link torsion angles,
there is also variation in the sign of the torsion angles. These
angles were found to change relatively easily and the various
conformations for 11�K� were found from energy minimisation
to be very similar in energy (gggg, 275.88, gggḡ, 278.89, ggg ̄ ḡ,
279.28, gg ̄ gg ̄, 281.55 kcal mol�1)

The simulations were then repeated with the smaller ion Ag�.
The metal ion rapidly entered the cavity at 300 K with concomi-
tant conformational change from t̄ ḡ t̄ ḡ to ḡ ḡḡḡ, after 2 ps from
the tert-butyl side and 15 ps from the iodide side (Fig. 10).

Fig. 8 Expansion of the aromatic region of the 1H NMR of 14
in chloroform–methanol 4 : 1 a) uncomplexed host b) in the presence of
20 eq. of AgCF3CO2 c) in the presence of 20 eq. of AgPF6.

However in both cases during the remaining period of the simu-
lation one of the torsion angles changed frequently from gauche
to trans and an alternation of those two conformations is
observed suggesting that the macrocyclic cavity is too small to
retain the metal centre bonded to all eight oxygen atoms and
that the ions enter and leave the cavity rapidly. This is in line
with the broad NMR signals observed in our complexation
studies with AgPF6.

With the larger Tl� cation it had been previously observed
that the metal only entered the cavity of 1 after 295 ps at 600 K.

Fig. 9 Plot of the four O–C–C–O torsion angles during the 800 ps
simulation for 11�K� at 400 K and snapshots showing changes in
conformations. (a) shows the metal starting at the tetra-tert-butyl end
and (b) the metal starting at the tetraiodide end.20,21

Fig. 10 Plot of the four O–C–C–O torsion angles during the 500 ps
simulation for 11�Ag� at 300 K and snapshots of the relevant events
(or conformations). (a) shows the metal starting at the tert-butyl end
and (b) the metal starting at the iodide end.20,21
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However with 11, in two simulations the metal was found
to enter the cavity after 124 and 218 ps respectively from
the tert-butyl end. However it proved necessary to increase
the temperature to 700 K to enable the metal to enter the
cavity from the iodide end which it then did after 142 ps
(Fig. 11).

From these simulations it is clear that the mechanism of
encapsulation of metals within 11 is equivalent to that estab-
lished for 1 and shown in Fig. 7. However with 11, as previously
discussed there are two possible routes by which the metal can
enter the cavity and all our simulations indicate that the metal
preferentially enters through the tert-butyl end which may be
due to the relative stabilities of the π-metal cation intermediate
complex. When the metal enters via the tert-butyl end, the
intermediate complex is stabilised by metal phenyl interactions
while when the metal enters the calix[4]tube from the end with
the four iodine atoms the intermediate complex is relatively
weakened as a consequence of the electron withdrawing halo
substituents.

Conclusions
Halogenation, of asymmetric calix[4]tubes, affords rapid entry
into the functionalised series 9–12, with iodination proving the
most facile approach. Whilst these functionalised tubes retain
their selectivity for complexation of potassium over other
Group 1 metals, the introduction of halo substituents is detri-
mental to the complexation rate observed by 1H NMR studies.
Molecular modelling techniques suggest that destabilisation
of the π-metal cation arene bound intermediate due to the
electron withdrawing halogen substituents may account for the
decreased rate of uptake into the oxygen array. Silver complex-
ation studies demonstrate the role of counter anion in deter-
mining the binding mode of the cation. 1H NMR studies show
unequivocally that silver can bind within the oxygen array, in
the case of hexafluorophosphate but not in the case of
trifluoroacetate.

Fig. 11 Plot of the four O–C–C–O torsion angles during the 500 ps
simulation for 11�Tl� and snapshots of the relevant events
(or conformations). (a) shows the metal starting at the tert-butyl end at
600 K and (b) the metal starting at the iodide end at 700 K.20,21

Experimental
All chemicals were commercial grade and used without further
purification unless otherwise stated. Solvents were pre-dried,
purified by distillation and stored under nitrogen where
appropriate. Xylene was stored over calcium hydride and tri-
ethylamine was distilled from potassium hydroxide.

Nuclear magnetic resonance spectra were recorded using
either a 300 MHz Varian VXWorks spectrometer, a 500 MHz
Varian Unity spectrometer or 400 MHz Bruker DPX400 . Elec-
trospray mass spectra were recorded using Micromass LCT
equipment and MALDI on a Micromass TofSpec 2E Reflec-
tron MALDI MS.22

Tetrakis[(4-methylphenyl)sulfonyloxyethoxy]-p-bromocalix-
[4]arene 5. N-Bromosuccinimide (1.5 g, 10.84 mmol) was added
to a suspension of calix[4]arene tetra tosylate (1.0 g, 0.82 mmol)
in n-butanone (20 ml) and the resulting mixture stirred at 50 �C
for 24 h. The reaction was quenched with 10% sodium metabi-
sulfite (50 ml) and the organic layer separated, washed with
water and dried. Evaporation yielded crude material which was
re-crystallised from dichloromethane–ethanol to give 5 as a
white solid (1.0 g, 80%).

1H NMR (300 MHz [D]CHCl3 18 �C): δ = 2.45 (s, 12H;
Ar–CH3), 2.99 (d, 2J = 14 Hz (H, H), 4H; Ar–CH2–Ar), 4.14
(br s, 8 Hz; ArOCH2), 4.28 (d, 2J = 14 Hz (H, H), 4H; Ar–CH2–
Ar), 4.37 (br s, SO3CH2), 6.72 (s, 8H; Ar–H ), 7.35 (d, 3J = 8 Hz
(H, H), 8H, tosyl 2,4), 7.74 (d, 3J = 8 Hz (H, H), 8H, tosyl 3,5);
13C NMR (75 MHz, [D]CHCl3, 18 �C): δ = 21.69 (CH3 (tosyl)),
30.42 (Ar–CH2–Ar), 69.51 (SO3CH2), 71.96 (OCH2), 116.02
(Ar–Br), 127.82 (tosyl 2,4), 129.99 (tosyl 3,5), 131.20 (Ar–
H(ortho)), 132.46 (Ar–CH3), 135.94 (Ar–CH2), 145.14 (Ar–S),
154.14 (Ar–O); MS (MALDI): m/z: 1554.89 [M � Na].

Calix[4]tube 10. N-Bromosuccinimide (0.55 g, 3.06 mmol)
was added to a suspension of calix[4]tube 7 (0.30g, 0.26 mmol)
in n-butanone (10 ml) and the resulting mixture stirred at 65 �C
for 5 days. The resulting precipitate was collected and then tri-
turated with ethanol to give a white solid (0.07 g, 18%). 1H
NMR (300 MHz [D]CHCl3 18 �C): δ = 0.80 (s, 18H; (CH3)3),
1.31 (s, 18H; (CH3)3�), 3.24 (d, 2J = 13 Hz (H, H), 4H; Ar–CH2–
Ar (Br�)), 3.28 (d, 2J = 11 Hz (H, H), 4H; Ar–CH2–Ar (t-Bu�)),
4.39 (s, 8H; OCH2), 4.45 (d, 2J = 13 Hz (H, H), 4H; Ar–CH2–Ar
(t-Bu)), 4.50 (d, 2J = 14 Hz (H, H), 4H; Ar–CH2–Ar (Br)), 4.92
(m, 4H; OCH2�), 6.50 (s, 4H; Ar–H (t-Bu)), 6.58 (s, 4H; Ar–H
(Br)), 7.12 (s, 4H; Ar–H(t-Bu�)), 7.25 (s, 4H (Br)�); 13C NMR
(75 MHz, [D]CHCl3, 18 �C): δ = 30.95 ((CH3)3), 31.68
((CH3)3�), 31.90 (Ar–CH2–Ar), 32.08 (Ar–CH2–Ar), 33.55
(CH(CH3)3), 34.13 (CH(CH3)3�), 72.04 (OCH2), 72.32
(OCH2(t-Bu)�), 72.58 (OCH2), 73.18 (OCH2 (Br)�), 115.01
(Ar–C(Br)�), 115.65 (Ar–C(Br)), 124.99 (Ar–C(t-Bu)), 125.62
(Ar–C(t-Bu)�), 131.07 (Ar–C(ortho)(Br)), 131.60 (Ar–C(meta)-
(t-Bu)), 131.76 (Ar–C(ortho)(t-Bu)), 134.53 (Ar–C(meta)(t-Bu)),
134.99 (Ar–C(meta)(Br)), 137.355 (Ar–C(meta)(Br)), 144.64 (Ar–
C(t-Bu)), 145.17(Ar–C(t-Bu)�), 152.31 (Ar–C(para)(t-Bu)), 154.21
(Ar–C(para)(Br)), 155.77 (Ar–C(para)(t-Bu)�), 157.46 (Ar–C(para)-
(Br)�); MS (MALDI): m/z: 1515.25 [M � Na].

Calix[4]tube 12. As for synthesis of 4 from calix[4]tube 8 with
reaction mixture heated at reflux. Yield = 30%, 1H NMR (300
MHz [D]CHCl3 18 �C): δ = 0.56 (s, 18H; (CH3)3), 0.80 (s, 26H;
(CH3)3� � (CH3)2), 1.34 (s, 12H; (CH3)2� � CHCH2), 1.74 (s,
4H; CHCH2(t-Oct)�), 3.27 (d, 2J = 14Hz (H, H), 8H; Ar–CH2–
Ar (t-Oct �Br)), 4.38 (m, 8H; OCH2), 4.48 (d, 2J = 13 Hz (H,
H), 4H; Ar–CH2–Ar (t-Oct)�), 4.55 (d, 2J = 13 Hz (H, H), 8H;
Ar–CH2–Ar (Br)�), 4.99 (m, 4H; OCH2�), 5.17 (m, 4H; OCH2�),
6.49 (s, 4H; Ar–H (t-Oct)), 6.60 (s, 4H; Ar–H (Br)), 7.07 (s, 4H;
Ar–H (t-Oct)�), 7.27 (s, 4H; Ar–H (Br)�); 13C NMR (75 MHz,
[D]CHCl3, 18 �C): δ = 30.81((CH3)2 (t-Oct)), 31.55 ((CH3)3

(t-Oct)�), 31.75 ((CH3)2 (t-Oct)� � Ar–CH2–Ar), 32.19 ((CH3)3
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(t-Oct) � Ar–CH2–Ar), 32.40 (CH(CH3)3), 32.48 (CH(CH3)3),
37.53 (CH(CH3)2), 38.11 (CH(CH3)2�), 56.79 (CH2CH�),
57.17 (CH2CH), 72.42 (OCH2), 72.74 (OCH2), 73.46
(OCH2(Br)�), 114.98 (Ar–C(Br)�), 115.65 (Ar–C(Br)), 125.84
(Ar–C(ortho)(t-Oct)), 126.41 (Ar–C(ortho)(t-Oct)�), 131.11 (Ar–
C(ortho)(Br)), 131.18 (Ar–C(meta)(t-Oct)�), 131.78 (Ar–C(ortho)(Br)�),
134.52 (Ar–C(meta)(t-Oct � Br)), 137.36 (Ar–C(meta)(Br)�), 143.76
(Ar–C(t-Oct)�), 144.48 (Ar–C(t-Oct)), 152.70 (Ar–C(para)(t-Oct)),
154.21 (Ar–C(para)(Br)), 155.91(Ar–C(para)(t-Oct)�), 157.66-
(Ar–C(para)(Br)�); MS (MALDI): m/z: 1739.06 [M � Na].

General synthesis of iodocalix[4]tubes. Calix[4]tube 7,8 or 9
(0.14 mmol) in chloroform (15 ml) was added to a refluxing
suspension of silver trifluoroacetate (3 eq. per iodo unit) in
chloroform (15 ml). The mixture was refluxed for 30 minutes
and then an excess of iodine was added until the solution
retained a purple colour. After a further 45 minutes at reflux the
mixture was cooled and filtered through Celite®. The solution
was washed three times with a 10% solution of sodium thio-
sulfate, water and brine. After removal of the solvent in vacuo
the pure iodocalix[4]tube was precipitated from chloroform–
ethanol.

Calix[4]tube 11. Yield = 69%,1H NMR (300 MHz [D]CHCl3

18 �C): δ = 0.79 (s, 18H; (CH3)3), 1.30 (s, 18H; (CH3)3�), 3.21
(d, 2J = 14 Hz (H, H), 4H; Ar–CH2–Ar (I�)), 3.23 (d, 2J = 13 Hz
(H, H), 4H; Ar–CH2–Ar (t-Bu�)), 4.38 (s, 8H; OCH2), 4.43 (d,
2J = 13 Hz (H, H), 8H; Ar–CH2–Ar (t-Bu � I)), 4.87 (m, 4H;
OCH2�), 5.16 (m, 4H; OCH2�), 6.50 (s, 4H; Ar–H (t-Bu)), 6.74
(s, 4H; Ar–H (I)), 7.12 (s, 4H; Ar–H (t-Bu�)), 7.43 (s, 4H (I)�);
13C NMR (75 MHz, [D]CHCl3, 18 �C): δ = 30.95 ((CH3)3), 31.68
((CH3)3�), 31.40 (Ar–CH2–Ar), 32.03 (Ar–CH2–Ar), 33.54
(CH(CH3)3), 34.12 (CH(CH3)3�), 72.00 (OCH2), 72.24
(OCH2), 72.51 (OCH2), 73.14 (OCH2), 86.07 (Ar–C(I)�), 86.54
(Ar–C(I)), 124.99 (Ar–C(t-Bu)), 125.60 (Ar–C(t-Bu)�), 131.59
(Ar–C(meta)(t-Bu)), 134.95 (Ar–C(meta)(t-Bu � I)), 137.12 (Ar–
C(ortho)(I)), 137.72 (Ar–C(ortho)(I)), 137.89 (Ar–C(meta)(I)), 144.61
(Ar–C(t-Bu)), 145.15 (Ar–C(t-Bu)�), 152.27 (Ar–C(para)(t-Bu)),
155.03 (Ar–C(para)(I)), 155.75 (Ar–C(para)(t-Bu)�), 158.28 (Ar–
C(para)(I)�); MS (MALDI): m/z: 1702.84 [M � Na].

Calix[4]tube 13. Yield = 75%, 1H NMR (300 MHz [D]CHCl3

18 �C): δ = 0.55 (s, 18H; (CH3)3), 0.79 (s, 26H; (CH3)3� �
(CH3)2), 1.34 (s, 12H; (CH3)2� � CHCH2), 1.74 (s, 4H;
CHCH2(t-Oct)�), 3.21 (d, 2J = 13 Hz (H, H), 4H; Ar–CH2–
Ar(I)), 3.23 (d, 2J = 13 Hz (H, H), 4H; Ar–CH2–Ar (t-Oct)),
4.33 (m, 4H; OCH2), 4.35 (m, 4H; OCH2), 4.43 (d, 2J = 13 Hz
(H, H), 4H; Ar–CH2–Ar (t-Oct)�), 4.46 (d, 2J = 13 Hz (H, H),
4H; Ar–CH2–Ar (I)�), 4.92 (m, 4H; OCH2�), 5.18 (m, 4H;
OCH2�), 6.49 (s, 4H; Ar–H(t-Oct)), 6.76 (s, 4H; Ar–H (Br)),
7.24 (s, 4H; Ar–H (t-Oct)�), 7.45 (s, 4H; Ar–H (Br)�); 13C NMR
(75 MHz, [D]CHCl3, 18 �C): δ = 30.80 ((CH3)2 (t-Oct)), 31.40
(Ar–CH2–Ar), 31.53 ((CH3)3 (t-Oct)�), 31.74 ((CH3)2 (t-Oct)�
� Ar–CH2–Ar), 32.19 ((CH3)3 (t-Oct) � (CH(CH3)3), 32.40
(CH(CH3)3), 37.52 (CH(CH3)2), 38.11 (CH(CH3)2�), 56.76
(CH2CH�), 57.17 (CH2CH), 72.42 (OCH2), 72.66 (OCH2),
73.43 (OCH2(I)�), 86.04 (Ar–C(I)�), 86.54 (Ar–C(I)), 125.84
(Ar–C(ortho)(t-Oct)), 126.39 (Ar–C(ortho)(t-Oct)�), 131.17 (Ar–
C(meta)(t-Oct)�), 134.52 (Ar–C(meta)(I)), 134.94 (Ar–C(meta)(t-Oct)),
137.16 (Ar–C(ortho)(I)�), 137.75 (Ar–C(meta)(I)�), 137.90 (Ar–
C(meta)(I)�), 143.72 (Ar–C(t-Oct)�), 144.48 (Ar–C(t-Oct)), 152.67
(Ar–C(para)(t-Oct)), 155.04 (Ar–C(para)(I)), 155.92 (Ar–C(para)-
(t-Oct)�), 158.52 (Ar–C(para)(I)�); MS (MALDI): m/z: 1927.88
[M � Na].

Calix[4]tube 14 (Fig. 12). Yield = 62%, 1H NMR (300 MHz
[D]CHCl3 18 �C): δ = 0.79 (s, 9H; 22), 0.80 (s, 9H; 26�), 0.87 (s,
9H; 24�), 1.30 (s, 9H; 26), 1.31 (s, 9H; 22�), 1.35 (s, 9H; 24), 3.21
(d, 2J = 13 Hz (H, H), 4H; 3B � 3B�), 3.25 (d, 2J = 13 Hz (H, H),
4H; 8B � 8B�), 4.36 (br s, 8 H, 5/6/15�/16�), 4.41 (br m, 8H;

5/6/15�/16�), 4.47 (d, 2J = 13 Hz (H, H), 4H; 3B � 8B), 4.56 (d,
2J = 12 Hz (H, H), 4H; 8B� � 3B�), 4.98 (m, 2H; 16), 5.05 (m,
2H; 6�), 5.11 (m, 2H; 15), 5.20 (m, 2H; 5�), 6.47 (s, 2H; 12�), 6.48
(s, 2H; 9), 6.49 (s, 2H; 19�), 6.67 (s, 2H; 2), 7.06 (s, 2H; 12), 7.1
(s, 2H; 19), 7.11 (s, 2H; 9�), 7.44 (s, 2H; 2�); 13C NMR (75 MHz,
[D]CHCl3, 18 �C): δ = 30.97 (26� � 22), 31.12 (24�), 31.66 (24),
31.69 (22� � 26), 31.84 (3B�), 32.14 (3B � 8B�), 32.16 (8B),
33.54 (25� � 21), 33.66 (23�), 34.10 (21� � 25), 34.21 (23), 72.10
(5/6/6�/15�/16/16�), 72.34 (5/6/6�/15�/16/16�), 72.51 (5/6/6�/15�/
16/16�), 72.66 (5/6/6�/15�/16/16�), 72.95 (15), 73.05 (5�), 84.80
(1�), 86.12 (1), 124.88 (12�), 124.91 (9), 125.06 (19�), 125.54 (9�
� 19), 125.88 (12), 130.99 (3�/13�), 131.69 (8/18), 131.74 (8/18),
134.51 (3/13), 135.08 (8� � 18�), 136.03 (3/13), 136.92 (2),
137.22 (2�), 138.61 (3�/13�), 144.42 (10/20�), 144.45 (10/20�),
144.81 (20), 144.89 (10�), 145.04 (11�), 145.22 (11), 152.50 (7),
152.57 (17�), 152.87 (14�), 154.97 (4), 155.85 (7�/14), 156.01
(17), 158.37 (4�); MS (MALDI): m/z: 1564.28 [M � Na].

Crystallography§

Crystal Data 11, 2.58H2O, CH2Cl2, 0.5CH2Cl2, C81.50 H91.16 Cl4

I4O11.58, M = 1905.46, triclinic, spacegroup P-1, a = 11.413(17),
b = 13.296(17), c =32.14(4) Å, α = 81.61(1), β = 81.64(1),
γ = 67.08(1)�, U = 4423 Å3, Z = 2, dm = 1.431 Mg m�3, µ = 1.583
mm�1

Crystal Data 12, 7H2O, C109 H116Br4O8, M = 1873.66, mono-
clinic, space group C2/c, a = 32.85(4), b = 13.692(17), c =
47.55(6) Å, β = 98.55(1), U = 21151 Å3, Z = 8, dm = 1.177 Mg
m�3, µ = 1.573 mm�1.

Intensity data were collected with Mo-Kα radiation using the
MARresearch Image Plate System The crystals were positioned
at 90 mm from the Image Plate. 100 frames were measured at 2�
intervals with a counting time of 5 min to give for 11, 19032
reflections of which 10452 were independent (R(int) = 0.0523)
and for 12, 21070 reflections of which 11253 were independent
(R(int) = 0.0910). Data analyses were carried out with the XDS
program.23 The structures were solved using direct methods
with the Shelx86 program.24 In both structures the majority of
non-hydrogen atoms were refined with anisotropic thermal
parameters. In 12, some of the octyl groups appeared dis-
ordered but suitable models could not be found and atoms were
refined isotropically with distance constraints. Both molecules
contained several solvent molecules, many of which were dis-
ordered with reduced occupancy. The hydrogen atoms were
included in geometric positions and given thermal parameters
equivalent to 1.2 times those of the atom to which they were
attached. Empirical absorption corrections were carried out
using DIFABS.25 The structures were refined on F 2 using
SHELXL.26 The final R values were R1 0.0903 and wR2 0.2431
for 7311 data and 0.1232, 0.3094 for 3433 data respectively,

Fig. 12 Numbering scheme for NMR assignment of calix[4]tube 14.

§ CCDC reference numbers 98704. See http://www.rsc.org/suppdata/
ob/b2/b211303a/ for crystallographic data in .cif or other electronic
format.
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both with I > 2σ(I ). The largest peaks and holes in the final
different Fourier maps were 0.849, �1.116 and 0.815, �0.348
eÅ�3 respectively.

Computational chemistry

Gas phase MD simulations were carried out at a variety of
temperatures within the NVE ensemble using Cerius 2.27 Poten-
tial parameters for the study of Tl�, K� and Ag� within calix-
[4]tubes were taken from the UFF 28 except for Tl� which we
derived in an earlier study. The atoms in the O–CH2–CH2–O
links were given charges taken from Ref. 29 and partial atomic
charges for atoms in the calix[4]tube were calculated using the
Gasteiger method and then adjusted to give a neutral tube. The
metals were given a �1 charge and the charges on the calix-
[4]tube were kept unchanged. The time step was 1.0 fs and the
simulation was carried out for 500 ps unless otherwise stated.
The set of atomic positions was saved every 250 time steps (0.25
ps) leading to trajectory files with 2000 conformations.
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