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Introduction

Catenanes,’ along with their interlocked counterparts
rotaxanes,” are not only aesthetically pleasing molecules, but
are increasingly being used in nanotechnological applications3
many of which exploit the relative motion of their interlocked
components.4 Interlocked molecules have become accessible
to the synthetic chemist by the development of various
template synthesis methodologies that overcome the
entropically unfavourable association of multiple molecular
components that is required for their preparation. Templates
and templating interactions that have been used to prepare
catenanes and rotaxanes include: metal cations,5 anions,6 T-TC
stacking,7 hydrogen bonding8 and (very recently) halogen
bonding.9 While a large number of synthetic strategies have
been reported to date, many involve lengthy, multi-step
procedures to obtain the precursors required for the final
reaction step that leads to covalent capture of the interlocked
molecule. This represents a considerable hurdle for a chemist
wishing to investigate the properties and possible application
of catenanes and rotaxanes, and so the discovery of new
expedient synthetic routes to these molecules has the
potential to aid future studies.

Herein we report a serendipitously discovered [2]catenane
that was prepared via a short synthetic route (Figure 1). By
reacting a bis-amine (prepared in two steps) with commercially
available isophthaloyl chloride, an isophthalamide [2]catenane
was produced — in just three reaction steps. In addition to
being characterised by NMR and IR spectroscopies and mass
spectrometry, the structure of the catenane has been
unequivocally confirmed by solid state structural
determination. The X-ray structure reveals inter-ring hydrogen
bonds which it is believed template formation of the
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catenane may rotate relative to one another - a process that may be controlled by varying solvent or temperature.

interlocked catenane. NMR studies reveal the rings rotate

relative to one another in a process that, at room

temperature, is fast on the NMR timescale in dg-DMSO, while
OH OH

it is appreciably slower in chlorinated solvents.
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Figure 1: Schematic representation of the expedient three step synthesis of a
dynamic isophthalamide [2]catenane.

Results and Discussion

When attempting to prepare isophthalamide macrocycle 1
(Scheme 1) by reacting equimolar amounts of a previously
reported dimethanamine® and isophthaloyl chloride in
dichloromethane using semi-high dilution macrocyclisation
conditions (= 3 mmol/L), TLC analysis of the crude reaction
mixture revealed two closely eluting compounds. Careful silica
gel column chromatography allowed for the separate isolation
of these compounds. The characterisation (NMR spectroscopy
and mass spectrometry, see ESI) of the first eluted (i.e. less
polar) species was consistent with the structure of the
anticipated macrocycle 1 (in an isolated yield of 12%). The
growth of a single crystal allowed for solid state structure
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determination, which provided conclusive proof of macrocycle
formation (see ESI).
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Scheme 1: Synthesis of Macrocycle 1 and Catenane 2.
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Figure 2: "H NMR spectra of (a) macrocycle 1 and (b) catenane 2 (ds-DMSO, 400
MHz, 298 K). See Scheme 1 for atom labels.

The more polar compound 2 possessed a very broad '"H NMR
spectrum in CDCl; at room temperature, implying dynamic
processes that fall between the fast and slow NMR timescales,
and hinting at possible catenane formation (also isolated with
a yield of 12%). "H NMR spectra of 1 and 2 were then recorded
in  dg¢-DMSO, which consisted of sharp, well-resolved
resonances for both compounds (Figure 1). Comparing the
spectrum of 2 with that of 1, there are significant upfield shifts
in aromatic protons f and g, as well as the alkyl protons e, h, i
and j, which would be consistent with a freely-rotating
catenane structure, where the protons of one ring are able to
reside between the aromatic rings of the other macrocycle.
Amide proton d is also significantly upfield for 2 compared to
1. At first sight this might appear inconsistent with a catenane
structure for 2, as it is expected that in an interlocked
structure a carbonyl oxygen on one ring would hydrogen bond
to the isophthamide cleft of the other ring. However, we
rationalise the appearance of the 'H NMR spectra, by
suggesting that a DMSO solvent molecule would be able to
efficiently hydrogen bond to the isophthalamide cleft of
macrocycle 1 through its highly polarised S'~O" bond, but it
would not be able to for the more sterically congested
proposed catenane structure of 2.

2| J. Name., 2012, 00, 1-3

Unequivocal evidence for the interlocked topology of catenane
2 was provided by single crystal X-ray structure determination
(Figure 3). A single crystal was grown by slow evaporation of a
chloroform solution of the catenane, with the solved structure
revealing inter-ring hydrogen bonding involving each
isophthalamide cleft. As depicted in Figure 3, the
isophthalamide N-Hs of the left-hand ring are hydrogen
bonding to one of the carbonyl oxygen atoms of the right-hand
ring (N-H - - - O distances: 2.196 A and 2.465 A). In addition, an
N-H and the internal isophthalamide C-H of the right-hand ring
are hydrogen bonding to the central oxygen in the polyether
chain of the left-hand ring.

For catenane 2 to form implies that a templating interaction is
in operation during the reaction. The presence of inter-ring
hydrogen bonding in the X-ray structure of 2 provides evidence
to support the hypothesis that the formation of the
interlocked molecule is driven by hydrogen bond templation.
The proposed mechanism for catenane formation is that a
partially cyclized ring threads through macrocycle 1, templated
by formation of the inter-component hydrogen bonds to be
found in catenane 2, before reaction of the remaining acid
chloride and amine to close the second ring of the catenane.
At this point, it should be emphasised that other examples of
hydrogen bond templated catenanes have been discovered
serendipitously; first by Hunter®™ and V<'5gt|e8b and second by
Leighgc. In contrast to these previously reported systems,
catenane 2 possesses only one isophthalamide group per ring,
rather than two, and hence represents the first example of a

This journal is © The Royal Society of Chemistry 20xx
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Figure 3: X-ray structure of catenane 2. Hydrogen atoms (except N-Hs and isophthalamide internal C-Hs) and disorder in one of the rings are omitted for clarity.

new class of isophthalamide containing catenane produced by
hydrogen bond templation.

We have undertaken further investigations into the dynamic
behaviour of catenane 2 in solution by use of 'H NMR
spectroscopy. Upon varying the solvent composition from pure
CDCI; to 1:1 CDCl5:ds-DMSO at 298 K the 'H NMR spectrum of
catenane 2 notably sharpens (Figure 4). Increasing the
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Figure 4: H NMR spectra of catenane 2 recorded in CDCl;:de-DMSO solvent
mixtures (2.5 mM, 400 MHz, 298 K). See Scheme 1 for atom labels.

proportion of the hydrogen bond accepting dimethyl sulfoxide
creates a solvent mixture that disrupts the inter-ring hydrogen
bonds so that ring rotation becomes fast on the NMR
timescale.

We also looked at the effect of temperature upon the dynamic
behaviour of catenane 2 by use of VT 'H NMR spectroscopy in
CD,Cl, (see Figure 5). At 298 K, the spectrum is very broad,
except for the triplet attributed to proton a.
Tetrachloroethane, like chloroform, is a poor hydrogen bond
acceptor compared to dimethyl sulfoxide, and so ring rotation
is much slower than in dg-DMSO. However, heating the sample
to 318 K, results in the number of peaks reducing, and upon
continued heating to 378 K, all the peaks become sharp and
well-resolved, as the ring rotation once again becomes fast on
the NMR timescale.

This journal is © The Royal Society of Chemistry 20xx
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Figure 5: 'H NMR spectra of catenane 2 recorded at T = 298 K to 378 K in CD,Cl,
(400 MHz). See Scheme 1 for atom labels.
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Conclusions

In summary, a [2]catenane, where each ring possesses one
isophthalamide unit, has been synthesised in just three steps
from commercially available starting materials. The rings of the
catenane are able to rotate relative to one another; the rate of
this process may be modulated by solvent or temperature.
Further investigations into this new class of catenanes,
including the preparation of examples where the motion of the
rings may be controlled by chemical stimuli, are being
undertaken in our laboratories.
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Experimental

General Information

Commercially available solvents and chemicals were used
without further purification. Deionised water was used in all
cases. Analytical TLC was carried out on aluminium backed
silica gel sheets with fluorescent indicator (254 nm). Column
chromatography was carried out on silica gel with a 60 A
particle size.

IR spectra were recorded on an Agilent Technologies Cary 630
FTIR spectrometer. NMR spectra were recorded on a Bruker
400 MHz Ultra Shield Plus, with the NMR data for macrocycle 1
and catenane 2 reported below being assigned according to
the atom labels to be found in Figure 6. Mass spectra were
recorded on a Thermofisher LTQ Orbitrap XL at the EPSRC UK
National Mass Spectrometry Facility at Swansea University.
Melting points were recorded on a Gallenkamp capillary
melting point apparatus and are uncorrected.

Experimental Procedures

Preparation of Macrocycle 1 and Catenane 2:

Isophthaloyl chloride (242 mg, 1.19 mmol) dissolved in CH,Cl,
(100 mL) and the dimethanamine (410 mg, 1.19 mmol)
dissolved in CH,Cl, (100 mL) were added dropwise to a
solution of NEt; (482 mg, 0.66 mL, 4.76 mmol) in CH,Cl, (200
mL). The reaction was stirred under an Ar(,) atmosphere for 16
h. The reaction mixture was concentrated to 100 mL, then
washed with 1M HCl(,,, (1 x 100 mL) and 1M KOH,q (1 x 100
mL). The organic layer was separated, dried (MgSQ,), filtered
and concentrated to give a yellow oil. The crude material was
purified by silica gel column chromatography (90:10
EtOAc/CH,Cl,) to yield macrocycle 1 (R; = 0.55, 68 mg, 12 %)
and catenane 2 (R¢=0.50, 70 mg, 12 %) as white solids.
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Figure 6: Carbon atom labels used in the assignment of the NMR data.

Macrocycle 1. Mp 198-200 °C. Vpay / cm™ (neat) 3320 (N-H),
2860 (C-H), 1660 (C=0), 1630 (C=0), 1530 (N-H), 1080 (C-O).
SH(400 MHz; CDCls) 7.91 (2H, dd, */ = 7.7 Hz *J = 1.7 Hz, C*H),
7.80 (1H, s, C*H), 7.45 (1H, t, >J = 7.7 Hz, C'H), 7.21-7.27 (8H, m,
C®H & C°H), 6.85 (2H, t, >/ = 5.4 Hz, NH), 4.46-4.48 (8H, m, C°H
& C'H), 3.58-3.68 (8H, m, C*°H & C'*H). §C(100 MHz; CDCl;)
167.0 (C°), 137.6, 137.1, 134.6, 130.9, 129.5, 128.5, 128.1,
123.7 (8 Ar C environments), 72.8 (C*), 70.6, 69.4 (C** & C*3),
43.9 (C°). m/z (ES) 492.2480 ([M + NH,]", CgH34N30s5 requires
492.2493.

Catenane 2. Mp 224-226 °C. vy / cm™ (neat) 3350 (N-H),
2860 (C-H), 1650 (C=0), 1620 (C=0), 1510 (N-H), 1070 (C-O).
SH(400 MHz; dg-DMSO) 8.17 (2H, s, C*H), 8.04 (4H, br s, NH),
7.97 (4H, dd, ¥ = 7.7Hz % = 1.6 Hz, C*H), 7.59 (2H, t, J =
7.7 Hz, C'H), 6.92-7.04 (16H, m, C®H & C°H), 4.15-4.18 (16H, m,
C®H & C'H), 3.10 (8H, br s, OCH,CH,0), 2.93 (8H, br s,
OCH,CH,0). §C(100 MHz; dg-DMSO) 165.6 (C°), 137.3, 136.2,
134.2, 130.7, 128.6, 128.5, 124.9 (8 Ar C environments), 72.2
(c*), 69.3, 68.1 (C** & C*), 43.5 (C°). m/z (ES) 949.4374 ([M +
HIY, Cs6Hg1N4O4g requires 949.4382.
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