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The synthesis and characterization of the first examples of cubane
containing interlocked molecules are reported. Catenanes and
rotaxanes have been prepared by hydrogen bond templation with
cubane-1,3-dicarboxamides replacing isophthalamide motifs.

Due to the geometric correlation between a cubane and a benzene
ring, there has been considerable interest amongst organic and
medicinal chemists into whether cubanes may act as bioisosteres for
benzene rings in biologically active compounds." With the notable
exception of a cubane analogue of a 1,4-benzene-dicarboxylic acid
containing metal organic framework,” cubanes have yet to be incor-
porated into self-assembled supramolecular structures—despite the
potential to exploit the three-dimensional vectors of the cubic
structure. Very recently, MacMillan®> and Coote® have disclosed
syntheses of cubane-1,3-dicarboxylic acid derivatives, which may be
considered structural isosteres of isophthalic acid derivatives (Fig. 1).
In the field of mechanically interlocked molecules (MIMs), following
upon the work of Hunter,’ Vogtle,® Leigh” and Philp,® Evans and co-
workers have prepared hydrogen bond templated catenanes and
rotaxanes that include isophthalamide macrocycles.”'® Here we
report that it is possible to synthesize and spectrally characterize
hydrogen bond templated MIMs where 1,3-substituted cubanes are
replacing isophthalic groups. These are the first reported examples
of cubane containing catenanes and rotaxanes.

We chose to investigate a range of hydrogen bond templated
catenane and rotaxane syntheses as reported by Leigh’*‘ and
Evans™¢ (Scheme 1). Our initial target was to prepare a cubane
analogue of Leigh’s serendipitous [2]catenane (Scheme 1a).”* To
allow for confident yield comparisons, Leigh’s original synthesis
was repeated; in our hands we obtained the previously reported
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all-isophthalamide [2]catenane in 17% yield (20% lit. yield, see
ESIt pp. S6 and S36). To prepare the cubane analogue, solu-
tions of cubane-1,3-diacyl chloride 1'* and p-xylylenediamine in
dry CHCI; were simultaneously added dropwise to a solution of
EtzN in CHCI; over three hours and then the reaction was
stirred for a further 16 hours. After work-up, rather than being
able to isolate a pure sample of the target [2]catenane 2, a crude
mixture was obtained, which by analytical silica TLC and
"H NMR analysis indicated the presence of at least two cubane
containing species. Silica gel column chromatography and
preparative TLC allowed for separation of an analytical sample
(isolated 4% yield) of [2]catenane 2 for spectral characteriza-
tion. In addition to detection of the molecular ion peak by
electrospray mass spectrometry (see ESIT p. S21), isolation of
[2]catenane 2 (rather than non-interlocked macrocycle) is evi-
denced by the "H NMR spectrum (Fig. 2). In particular, the
splitting of aromatic protons & (as well as protons 1 and 6)
indicates the presence of one macrocyclic ring passing through
the cavity of its interlocked partner.

The second target was to prepare a cubane analogue of
Leigh’s furamide [2]rotaxane (Scheme 1b).”° As for the cate-
nane, Leigh’s original synthesis was repeated; in our hands we
synthesized the all-isophthalamide [2]rotaxane in 75% yield
(calculated from the "H NMR spectrum of the purified rotaxane
contaminated with free axle, c.f. lit. yield: 97%). To prepare the
cubane analogue 4, solutions of cubane-1,3-diacyl chloride 1
and p-xylylenediamine in dry CHCI; were simultaneously added
dropwise to a solution of axle 3 and Et;N in a 9: 1 mixture of dry
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Fig. 1 lllustration of isosteric isophthalamide and cubane-1,3-dicarboxamide.
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Scheme 1 Synthesis of cubane containing interlocked molecules. Inset: X-ray structure of macrocycle 5.

CHCI;/CH;CN and then the reaction was stirred for a further
16 hours. After aqueous work-up, the crude material was then
subjected to careful silica gel column chromatography, which
allowed for the isolation of the target [2]rotaxane 4 in 35% yield.

Evidence for rotaxane formation is provided by comparison
of the 'H NMR spectra of axle 3 and [2]rotaxane 4 (see ESI{
p. S37): for example, there is a dramatic upfield shift in the sp>
C-H furamide axle protons consistent with shielding due to the
presence of the macrocyclic ring.'? Irrefutable demonstration
of interlocked structure formation was secured by the growth of

This journal is © The Royal Society of Chemistry 2024

single crystals of sufficient quality for X-ray diffraction from
chloroform/methanol solution. The solved crystal structure
(Fig. 3) reveals that the cubane-1,3-dicarboxamides are syn-anti
with hydrogen bonding of the axle amide oxygen atoms to a
cubane carboxamide N-H, while the oxygen atom of the other
cubane carboxamides are hydrogen bonding to the axle
amide N-Hs. This contrasts with Leigh’s report of the all-
isophthalamide analogue, where all four N-Hs of the syn-syn
isophthalamides hydrogen bond to axle amide oxygen atoms.”®
This variation in conformation is attributed to the differences
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Fig. 2 H NMR spectrum of [2]catenane 2 (1 : 1 CDCls/CDzOD, 400 MHz, 298 K).

Fig. 3 X-ray crystal structure of [2]rotaxane 4 (C—H bonds omitted for clarity).

in strength of the possible inter-component hydrogen bonds in
the [2]rotaxanes.

Our attention then turned to studying the use of cubane-1,3-
dicarboxamides in examples of Evans style hydrogen bond tem-
plated synthesis. We first sought to trial novel macrocycle 5 in the
synthesis of a [2]catenane using our recently published methodol-
ogy, specifically seeking to generate the cubane containing analo-
gue of the highest yielding reported example (afforded in a yield of
70%).% Following the published methodology, cubane macrocycle
5 and alkyne-azide 6° were dissolved in dry CH,Cl,, and stirred for
15 minutes to allow for the formation of the pseudorotaxane
complex. Then, Cu(CH;3;CN),BF,, TBTA and DIPEA were added,
and the reaction stirred for 16 hours under an inert atmosphere.
After aqueous work-up, the crude material was purified by silica gel
column chromatography and preparative TLC to afford the cubane
containing [2]catenane 7 in 23% yield.

The formation of cubane containing [2]catenane 7 is evident by
comparison of the "H NMR spectra of alkyne-azide 6, [2]catenane 7
and macrocycle 5 (Fig. 4). For example, the upfield shifts of both
sets of aromatic protons 8/9 and j/k are consistent with intercala-
tion of aromatic rings within the interlocked molecule. In addition,
cubane proton environments 1 and 3 split as the two faces of
cubane macrocycle 5 become inequivalent upon formation of the
mechanical bond, due to the second macrocycle being rotationally
asymmetric.'>
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Fig. 4 H NMR spectra of (a) alkyne—azide 6, (b) [2]catenane 7 and (c)
macrocycle 5 (CDClz, 400 MHz, 298 K).

Finally we targeted the synthesis of an Evans style [2]rotaxane,
specifically a cubane analogue of a single amide containing axle
[2]rotaxane (reported 47% yield).* Once again following the published
methodology, a pseudorotaxane was formed by stirring a solution of
cubane macrocycle 5 and azide 8* in dry CH,Cl, for 15 minutes.
Then, alkyne 9, Cu(CH,CN),BF,, TBTA and DIPEA were added, and
the reaction stirred for 16 hours under an inert atmosphere. The
reaction was then submitted to aqueous work-up and the crude
material purified by column chromatography and preparative TLC
to afford the cubane containing [2]rotaxane 10 in 10% yield."

In all cases, the yields were lower for the cubane-containing
MIMs in comparison with their all-isophthalamide analogues.'*"®
This is tentatively attributed to a combination of (i) the amides
being less optimally arranged spatially to support the hydrogen
bonding interactions required to create the necessary self-
assembled complexes prior to covalent capture of the interlocked
structure and (ii) the cubane-1,3-dicarboxamide N-Hs being less
acidic than the isophthalamide N-Hs."®

Evidence for weaker intercomponent hydrogen bonds in at least
one of the cubane-containing MIMs is provided by NMR spectro-
scopy. At room temperature, the all-isophthalamide analogue of
the Evans style cubane [2]catenane 7 has a broad '"H NMR spec-
trum in CDCl; indicating ring rotation occurs at a rate between that
of the fast and slow exchange regimes on the NMR timescale. In
comparison, the cubane-containing [2]catenane 7 has a sharp

This journal is © The Royal Society of Chemistry 2024
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'H NMR spectrum in CDCl; at room temperature, consistent
with ring rotation being in the fast exchange regime and weaker
inter-ring hydrogen bonding (see ESIt pp. S40 and S41).

While generated in modest yields, the successful preparation of
cubane containing MIMs is nevertheless exciting. It has been
demonstrated that Coote’s synthesis® does allow for production
of sufficient quantities of 1,3-disubstituted cubanes for useful
synthetic studies. Aided by further work optimizing the synthesis
of cubane-containing MIMs, we envisage incorporating cubanes
into more sophisticated MIMs for host-guest'” or catalytic'® appli-
cations that exploit the three-dimensional vector potential of the
cubane structure to augment the inherent three-dimensional
architectures of MIMs. In addition, an ability to alter the hydrogen
bonding interactions between interlocked components by substi-
tuting isophthalamide(s) for cubane dicarboxamide(s), provides
supramolecular chemists with another strategy to adjust the
dynamic co-conformational behaviour of future MIM-based mole-
cular machines."

NHE and SCC proposed the study. SRB and SCC conducted
the synthesis and characterization of materials (with contribu-
tions from NRH, GRA and NHE). NHE supervised SRB. SRB,
SCC and NHE wrote the manuscript. All authors discussed and
commented on the manuscript.
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