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ABSTRACT

JE :.[]

Solid-state structure

A template-directed strategy to forming a bis(diimide) macrocycle through an intermediate asymmetric [2]catenane is reported. Saponification
of the ester linkages within the crown ether component is much slower in the mechanically interlocked structure when compared to the free
crown. The predominance of a single translational isomer leads to a dimeric structure, resulting in the generation of infinite channels within

the crystal lattice.

Topological curiosities such as the [2]catendrebave

of useful materials and devices will lie in the control of their

attracted much attention in the areas of materials science andolid-state properties. The judicial choice of molecular

nanotechnology as a result of their ability to undergo
translational isomerism upon the input of an external stifhuli.

instructiort programmed into each component within these
mechanically interlocked molecules not only dictates the

Ultimately, however, the use of catenanes in the fabrication efficiency of the catenation process, the ratio and number
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of translational isomers present, and nature of the stimuli
needed to switch between states but also the nature of the
connectivity between individual molecular assemblies in the
solid state. Hence new permutations of donors, acceptors,
and linkers are useful in adding to the repertoire of aromatic-
based catenanes for the generation of novel materials.

We have been interested in employing naphthalene di-
imides (NDIs) as analogues to bipyridinium- and diazapy-
reniunf-containing cyclophanes because of their neutral
character, well-behaved redox properties, and chemical
flexibility.2” When we started this work, these types of
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systems were considered to be very difficult to synthe&fze. has been incorporated within the crown ether and subsequent
About 5 years ago, Sanders and Hamittetegantly dem- catenane. Second, is asymmetric with regard to its two
onstrated that such NDI cyclophanes could indeed be formedrecognition “stations® which allows the formation of two

in excellent yield &50%) facilitated by a template-directed translational isomers. Oxidative coupling wi#it (CuCl/
approach around a preformed macrocyéléleading to the CuCl) yields the desired [2]catenaBeas a purple solid in
formation of a [2]catenan¥. Employing this oxidative  62% yield after chromatography on neutral alumina. The [2]-
coupling method on a macrocyclic template able to undergo catenané has been characterized in solution by electrospray
a postcatenation modification, e.g., saponification, might ionization mass spectrometry (ESI, [M H]* = 1291 Da)
provide the desired cyclophan€s? Here we present a and by variable-temperatutél NMR spectroscopy?

working example of this methodology by illustrating the At 300 K the 300 MHZz*H NMR spectrum o6 in CDCl;
efficient preparation of a [2]catenaBédoearing ester linkages  (Figure 1) differs greatly from the sum of thél NMR

in the preformed (template) component, the unusual behaviorspectra of the two component4 { 5) in multiplicity and

of this [2]catenane in the solid state, and preliminary

hydrolysis results as evinced by NMR spectroscopy and mas_

spectrometry.
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a2 The elaboration o# into the [2]catenané occurs efficiently Process 2 o
via an oxidative coupling with the diimidg.

Process 1 0.0
four steps from 1,4-hydroquinone and ethyl valerate. Two H‘ m W -~ m °
aspects of the design df require mentioning. The first is m - Srarge ranster

that a valeric ester rather than a tetraethylene glycol group p interactions

62% yield 6 ﬁj
l T Process 2 l T
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chemical shift. The spectrum is also complicated by two sets 1 as a result of the extra interactions that need to be overcome
of signals (of different intensities) that are attributable to the in this system to induce the process.

two translational isomei8a,b resulting from the asymmetry Dark purple single crystals of suitable for X-ray

in 4. Integration of the relevant probe protons of both isomers analysi$> were grown by vapor diffusion of hexane into
indicates that at 300 K the rat@n:6bis 4:1. This exchange  chloroform solutions 06. The molecular structure of a dimer
betweerbaand6b is slow on the NMR time scale. Cooling  Of 6ais shown in Figure 2, and the macromolecular structure
the sample to 213 K causes a change in the rat@adbbto

9:1, consistent with the expected bias toward the better_

recognition site in a lower energy environment.
At 300 K, the naphthalene diimide units within the major

isomer6a exist as two doubletsd(= 8.20 and 8.052] = ?’" ?"’
7.5 Hz) in fast exchange between their respective positions

inside and outside the cavity dfon the NMR time scalé? }—

The doublet splitting pattern between thgho protons of }_

the NDI as well as the AB system centeredyat.81 ¢J =

13 Hz at 288 K) attributable to the NGHrotons is a result

of the asymmetric environment induced by the 1,5-dioxo-
naphthalene unit iMl. The resonances attributable to the
-OCsH4- appear as a singlet at 5.68. The significant
differences in chemical shifts>(0.5 ppm) between reso-
nances attributable t4 and 6a can be rationalized on the
basis of the overlap between the aromatic units in both
components (vide infra). This overlapofelectron-rich and  of the arrays formed by dimers 6& are shown in Figure 3.
-deficient aromatic units is also responsible for the deep The solid-state structure of the [2]catenane shows the 1,5-
purple color of the sample. Heating a solution of the [2]- dioxonaphthalene of the crown etf&to be positioned inside
catenané from 300 to 333 K leads to the identification of the cavity of the newly formed bis-NDI macrocycle. This is
Process 2, which involves the circumrotation of the crown consistent with th¢ HNMR studies over the range 260
ether component through the diimide component. The 300 K. The [2]catenane is stabilized by-{-7] interactions
difference in onset of this process betwegmand 6b (AT

= 15 K) is a result of the different binding affinities between _

the hydroquinone and dioxonaphthalene units with respect

to the NDI unit. This process is higher in energy than Process a)

Figure 2. Schematic representation of that portion of the X-ray
structure of6a illustrating the dimeric nature of the [2]catenane.
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(13) Selected Spectroscopic Data. Data for42H NMR (300 MHz,
CDCls) 6 7.82 (d,J 8.6 Hz, 2H, NQ-H), 7.25 (dd] 7.6, 8.6 Hz, 2H, NQ- b)
H), 6.73 (d,J 7.6, 2H, NQ-H), 6.59 (s, 4H, HQ-H), 4.32 ,3.0 Hz, 4H,
OCHp), 4.22 (t,J 3.0 Hz, 4H, OCH)), 3.97 (t,J 3.0 Hz, 4H, OCH), 3.84
(t, 3 3.0 Hz, 4H, OCH)), 3.71 (t,J 6.0 Hz, 4H, O®,CH,CHy), 2.39 (t,J
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for 6a: 'H NMR (300 MHz, CDC}) 6 8.18 (d,J 7.56 Hz, 4H, ND-H),

8.06 (d,J = 7.52 Hz, 4H, NDI—H), 6.66 (tJ 7.91 Hz, 2H, NQ-H), 6.41

(d, J = 8.25 Hz, 2H, NQ-H), 5.83 (dJ = 7.5 Hz, NQ-H), 5.68 (s, 4H,
HQ-H), 4.81 (s, 8H, NCH), 4.57 (d,J 3.9 Hz, 4H, OCH), 4.03—3.98 (q,

8H, OCH), 3.80 (d,J 4.9 Hz, 4H, OCH) 3.50 (t,J 6.2 Hz, 4H, OCH-
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125.3, 125.1, 124.9, 124.4, 123.2, 114.3, 113.6, 111.0, 104.3, 69.9, 68.2,
66.9, 64.2, 34.1, 30.4, 30.1, 29.7, 28.4, 22.4; ESIM&¢) m/z1291 [M

+ H]*, 1313 [M + NaJ*, 1329 [M + K]™.

(14) The process is most likely a circumrotation of the hydroquinone . . .
unit around the periphery of the NDI macrocycle, which requires the Figure 3. (a) A perspective view of the porous framework of an

interruption to only one set of interactions. A broadening of the resonances aray of 6a down the crystallographi@-axis showing regular
attributable to the alkyl groups of componehbelow 220 K is consistent ~ channels, and (b) a view proximal to theaxis.
with the slowing down of this process on the NMR time scale.
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between the planes of the four aromatic rings, giving rise to illustrates the effectiveness of the [2]catenane to resist
regular distances of 3.4 A between each aromatic plane. Twodegradation. The ester linkages in the crahare hydrolyzed
notable features of the crystal structure are (a) the offsetin >85% in 24 h at 300 K by'H NMR spectroscopy. In
orientation of the hydroquinone ring with respect to the three contrast, the [2]catenane $20% hydrolyzed after 260 h
other aromatic components and (b) the proximity of chlo- under these same conditions. Electrospray ionization mass
roform solvent molecules with respect to the outside NDI spectrometry confirms that hydrolysis is taking place within
unit (NDI-+-Cl closest distances= 3.4, 3.6 A). Further  the [2]catenane. The ESI mass spectruné @§ dominated
inspection reveals that the catenane resides in a dimericby peaks am/z1291 ([6 + H]*, 20%), 1313 (§ + Na]*,
structure displaying an unusual polar stacking motif in which 100%), and 1329 ([6+ K], 40%) and a signal ah/z611
the two offset hydroquinone units within the dimer yield an ([4 + H]*, 80%). Upon exposure to the reaction conditions
aromatic plane that interacts with the two inside NDI units described above the intensity of the signals chandgi€sifa
within the two respective [2]catenanes. The result is a = 1:2; 4:6ina = 2:1) and a new signal a/z681 ([6—4+
peculiar donor (D)acceptor (A) stack (represented by H]*, 10%) appears. This new signal is attributable to the
A-+Dg+-A-++(DyUDy)+A-+-D¢--A; s = strongerz-electron desired bis-NDI cyclophane. The differences in reactivity
donor, w= weakerm-electron donor) terminated by chlo- betweend and6 can be accounted for by two factors. The
roform solvent molecules. The packing of the hydroquinone mechanically interlocked nature & combined with the
units is almost zipperlike, though no significant interactions dynamic processes undertaken by the two rings (Figure 1b)
between the ester linkages within the crown component may create a situation whereby steric problems exist for the
occur. There is, however, a strong interaction between aincoming reagents. The ability @fto act as a better phase
carbonyl group within componend and a chloroform transfer agent under the conditions employed may also play
molecule, giving rise to a C=0---Cl distance of 2.82 A. an important role. Whatever the mechanisms involved, the
A view down the crystallographia-axis shows that the resistance 06 to hydrolysis may provide a useful approach
[2]catenane array has an extremely open structure (Figureto slow-release drug delivery.
3) dominated by a hydrophobic cavity. The chloroform  |n conclusion we have synthesized a novel [2]catenane
molecules within the channels are ordered and packed in suchhat exhibits unusual solid-state behavior. A proof-of-concept

a way that they alternate in order to maximize the-Cll to forming cyclophanes using [2]catenanes as a precursor
contacts (distances 3.4—3.9 A). The solid-state structure has also been illustrated.

of 6 differs from the numerous Joatenane structures in that

the common D--+A:-D---A---D pattern is not observed. This  Acknowledgment. This work was supported in part by
example illustrates a potential to fine-tune not only the the Australian Research Council's Discovery Scheme and
translational isomerism within but also the solid-state through the Specia] Research Centre for Green Chemistry

behavior of a [2]catenane. (scholarship to M.A.-P.L).
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(0%(F))~L Crystallographic data (excluding structure factors)dbias been [2]catenanes under the reaction conditions. The solubility problems of the
deposited with the Cambridge Crystallographic Data Centre as supplemen-catenane are inherent in the bis(diimide) macrocycle, which has been
tary publications no. CCDC-220655. Copies of the data can be obtained difficult to isolate. It seems that isolation of these macrocycles in any useful
free of charge on application to CCDC, 12 Union Road, Cambridge quantity will require the catalytic reduction of the acetylenic bridging groups
CB21EZ, UK (fax (+44)1223-336-033; e-mail deposit@ccdc.cam.ac.uk). to improve the solubility.

658 Org. Lett., Vol. 6, No. 5, 2004



