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Di-propoxycalix[4]arene is known to self assemble into a nanotube
in the solid state. The introduction of two bromine atoms at distal
positions across the upper-rim of the calixarene framework modu-
lates nanotube packing, a feature supported by complementary
halogen bonding interactions.

Controlled self-assembly remains a fundamental challenge for
the supramolecular chemist, especially when one considers
that many types of intermolecular interaction can play a role
in directing the final outcome. Calix[4]Jarenes (C[4]s) are cyclic
polyphenols, many of which adopt cone or pinched-cone con-
formations depending on the degree of functionalisation (e.g.
alkylation) at the lower-rim." C[4]s have played a pivotal role
in the development of supramolecular chemistry, and much
has been learned from detailed single crystal X-ray diffraction
(SCXRD) studies; an excellent example of this is the emer-
gence and understanding of porosity in the seemingly non-
porous sublimate of p-‘Bu-calix{4]arene.” In the vast majority
of cases, including the aforementioned example, SCXRD stud-
ies have revealed bi-layer arrangements in which the mole-
cules alternate in an up-down anti-parallel manner. This is
due to the formation of many non-covalent interactions (e.g.
CH--'n and m-stacking) between the constituent molecules
within these highly favourable arrangements (Fig. 1A).>
Although this is the case, there are a small number of
reported examples in which cone-shaped C[4]s buck the
trend, packing in an alternative parallel fashion to (typically)
afford spherical or tubular assemblies; parallel packing in-
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vokes curvature in any prevailing structure because of the
cone shape of the constituent building blocks (Fig. 1B).* Di-
propoxycalix[4]arene, 1, is a molecule that has been shown to
pack as a triply helical nanotube in the solid state (Fig. 1C).
The central core of the nanotube is compact, and the lower-
rim propoxy chains (that point inwards) are arranged such
that there is only a very small channel present. Neighbouring
nanotubes pack through ‘cog-like’ interdigitation, with sym-
metry equivalent (s.e.) molecules self-including as shown in
Fig. 1C; this interdigitation is stabilised by complementary
n-stacking and CH:-'m interactions within the cavities of s.e.
of 1. In previous work we showed that it was possible to mod-
ulate the packing of this nanotube motif through the intro-
duction of carboxylic acids at the upper-rim of 1.® Subse-
quent crystallisation from pyridine had the effect of
increasing inter-tubule spacing by from ~20 A to ~27 A due
to the formation of complementary host-guest hetero-
synthons between neighbouring nanotubes (Fig. 1D).

T

i = CH-mr or m-stacking

A)

i

win = CH-m or m-stacking

Fig. 1 A) Schematic of anti-parallel bilayer C[4] packing. B) Schematic
of parallel C[4] packing with induced curvature. C) Expanded structure
of 1 showing nanotube spacing and interdigitation.> D) Heterosynthon
formation between the p-carboxylato analogue of 1 upon
crystallisation from pyridine.® Dashed lines represent hydrogen bond-
ing interactions. H atoms omitted for clarity in C and D except for
those involved in H-bonding interactions. Colour code: C - grey, O -
red, N - blue, H - white. Figures not to scale.
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Halogen bonding has emerged as an excellent addition to
the toolbox of interactions that the supramolecular chemist
can exploit when seeking to control or influence self-
assembly and/or host-guest chemistry.” With this in mind,
we have begun to investigate how this type of interaction may
affect the assembly behaviour of C[4] building blocks, in par-
ticular those that exhibit preferences to form tubular assem-
blies. In this contribution we report our initial findings
concerning the effect of halogen introduction at the upper-
rim of the framework in 1, notably the ability to modulate
nanotube packing through the formation of complementary
halogen bonding interactions. We also present a concise
summary of these building blocks, some of which exhibit a
tendency to undergo parallel packing; this is with a view to
outlining the potential to utilise a range of intermolecular in-
teractions (including halogen bonding) to drive or control
the formation of such challenging assemblies.

Upper-rim halogenation of the C[4] framework can depend
on a number of different factors, an example being the pres-
ence or absence of directing groups at the lower-rim that sub-
sequently influence functionalisation. Given that the nano-
tube assembly of 1 was our target for modulation, we
synthesised readily accessible halogenated derivatives 2-4 as
shown in Fig. 2.5"* Crystallisation of 2 and 3 was undertaken
in a range of common laboratory solvents. Single crystals
were obtained in just one case, that being compound 2 from
acetone, although they were not found to be a solvate (vide in-
fra). In stark contrast, compound 4 was found to be poorly
soluble, and as such it was not possible to obtain single crys-
tals to monitor any effect of upper-rim iodination.

Colourless single crystals of 2 that were suitable for dif-
fraction studies were obtained upon dissolution in acetone
and standing over a number of weeks.i The crystals were
found to be of trigonal symmetry and structure solution was
carried out in the space group R3. The asymmetric unit com-
prises one molecule of 2, and symmetry expansion at the
upper-rim reveals that s.e. molecules self-include in a cog-
like manner (Fig. 3A) akin to that of 1 (Fig. 1C), despite the
fact that two H atoms at the upper-rim have been replaced
with bromines. Comparison of the self-included dimers in 1
and 2 reveals that the distance between centroids generated
between the lower-rim oxygens has increased from 8.85 A to
10.03 A respectively as a direct result of halogenation coupled

X Y

OH OPr" 2
2,X=H,Y=Br

3, X=Br,Y=H

4, X=1,Y=H

Fig. 2 Upper-rim halogenated derivatives synthesised and used in the
present study.
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Fig. 3 A) Self-included dimer found in the single crystal X-ray struc-
ture of 2. B) Cog-like interdigitation of nanotubes of 2 showing the
intertubule spacing of ~23 A. C) Picture from the Hirshfeld analysis
showing the Br---arene interaction found in the self-included dimer as
a red spot on the cavity interior surface. H atoms omitted for clarity in
A and B. Colour code: C - grey, O - red, H - white, Br - maroon. Fig-
ures not to scale.

with self-inclusion.” Further expansion of the structure shows
a concomitant increase in the intertubule spacing, moving
from ~20 A to ~23 A (compare Fig. 1C and 3B). This repre-
sents approximately half of the modulation achieved via the
introduction of carboxyl groups to the framework of 1 as
outlined above.®

Given the versatility observed for this nanotube system,
we thought it pertinent to survey the Cambridge Structural
Database (CSD) with a view to establishing how rare these
combined features are with respect to assembly. A search of
the CSD'* for all structures containing lower-rim di-alkoxy
C[4]s reveals that dimeric or cog-like self-inclusion is a rela-
tively common assembly motif (41 hits).>'*"> This self-
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inclusion phenomenon is also found to be tolerant towards
the presence or a variety of upper-rim groups, as long as they
are able to form complementary host-guest interactions with
the cavity of a s.e. molecule.

Hirshfeld analysis'® of 2 (see ESI{) reveals a crystallo-
graphically unique Br---m interaction as shown by the red
spot on the cavity interior surface in Fig. 3C; this occurs with
a Br---C distance of 3.486 A. Examination of the regions be-
tween the nanotubes reveals chains of Ar-H:--Br interactions
but little evidence of Br:--Br interactions. Given that there
were no directly relevant literature examples for structural
comparison with 2, we expanded our search criteria accord-
ingly as outlined below.

A search for C[4]s that are doubly substituted at the
upper-rim with distally positioned halogens returned just 11
hits, 5 of which deviate from the cone conformation and thus
are not useful for comparison. Four of the six remaining hits
(CSD codes GUDMEY, QADTUL, WAZZOO and XIGLEE) are
lower-rim tetra-substituted C[4]s,"” meaning that they neces-
sarily adopt pinched cone conformations in the solid state,
and as a consequence of this do not have cavities occupied
by either guest molecules or s.e. C[4]s. One of the two
remaining structures (KEHTEX) is a heterobimetallic cluster
in which a lithium ion and ligated THF occupy the C[4] cav-
ity,'® leaving just one relevant hit (XIGLAA) in which there is
a di-halogenated C[4] with an open cavity suitable for
forming host-guest interactions.’”? Inspection of this struc-
ture reveals that the upper-rim substitution pattern is analo-
gous to that of compound 3, as bromination has been
performed para- to the lower-rim hydroxyl groups rather than
the alkoxy groups; the C[4] in XIGLAA differs from 3 in that it
possesses lower-rim benzyloxy rather than propoxy groups.
Symmetry expansion of the ASU in XIGLAA reveals self-
inclusion (Fig. S1t) in an analogous manner to that found in
1, and not involving Br:--m interactions. Considering the
structure of 2, the self-inclusion in XIGLAA may be a direct
result of alternative halogenation positions, but this will re-
quire broader investigation.

Expansion of the search criteria to include C[4]s haloge-
nated at all four upper-rim positions returned a total of 17
hits."® Similar elimination of non-cone conformers reduced
this to 10 hits, 8 of which have the C[4] in a pinched-cone
conformation due to lower-rim tetra-substitution (CSD codes
FAJFAX, FOQDAR, HACYIU, HACYOA, KARNIB01, NIGPOI,
QADTOF and QUWLOK).'”'® The 2 remaining hits,
(CIPQEY*® and QEVBEZ*') both contain 5,11,17,23-
tetrabromo-25,27-dimethoxy-26,28-dihydroxycalix[4]Jarene. The
cavity of the C[4] in CIPQEY is occupied by a different guest
molecule so can be eliminated for the purposes of compari-
son with 2. Symmetry expansion of the ASU in QEVBEZ does
generate a self-included dimer and, interestingly, Hirshfeld
analysis'® reveals that there are no short Br--n interactions
(Fig. S27) as is the case for 2. This is surprising, and appears
to be due to slight shifting of the C[4]s such that they are
aligned in a more symmetric manner (i.e. less offset within
the confines of the cavity).
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Further expansion to include calix[4]arene and a halo-
benzene fragment returned 11 hits,"* none of which are rele-
vant or useful for comparison with the halogen interactions
present in the structure of 2. Finally, expansion of criteria to
include other halogenated guests, as well as other structurally
related hosts, returned a number of hits reported in a study
by Diederich and co-workers, all of which relate to the ele-
gant encapsulation of monohalo- and (t)-trans-1,2-
dihalocyclohexanes in enantiopure alleno-acetylnic cages.*
Although markedly different with respect to host structure,
these complexes are useful for comparison with the structure
of 2, as halogen--'n interactions occur to varying extents
depending on the particular guest being encapsulated. In
these examples, a Br---n distance of 3.6 A is recorded for a
well confined guest in the resorcinarene-based cavitand host,
and the average interaction distance can be correlated to po-
larizability of the halogen.

The shorter Br---n distance observed in 2 may be due to a
series of factors that likely includes the propensity of 1 to
pack in a parallel manner/in nanotubes. That said, a wide-
ranging study of halogenated C[4] derivatives, if one can over-
come solubility/synthetic issues, would provide great insight
into halogen polarizability effects with respect to self-
assembly with these multi-component systems.

Conclusions

To conclude, we have reported the modulation of a self-
assembled C[4] nanotube through the formation of halogen
bonding interactions. A detailed survey of the CSD reveals
that there is relatively little structural information available
for useful comparison, suggesting that much is yet to be
unearthed with respect to halogen bonding and its use in the
controlled self-assembly of C[4]-based building blocks. This
is particularly interesting as one may potentially utilise the
C[4] cavity in concert with synthetic alteration at various re-
gions of the molecular framework in order to promote the
construction of targeted assemblies. For example, the ability
to control or drive parallel packing of C[4]s in order to reli-
ably form nanotube or spherical assemblies is an extremely
challenging goal, but one that may be achieved once an en-
hanced understanding of how specific interactions within the
C[4] cavity guide assembly protocols. Future work will focus
on expanding our library of halogenated C[4] derivatives, ad-
dressing solubility issues, and using halogen bonding inter-
actions to promote the formation of systems that deviate
from anti-parallel bi-layer packing.
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