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A Self-organised Layered Superstructure of Arrayed [2]Pseudorotaxanes
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A [2]pseudorotaxane, built up from a macrocyclic cyclophane containing two aromatic m-acceptors and an acyclic
molecule containing three aromatic n-donors, has the ability to undergo self-organisation on crystallisation to form a

layered superstructure of arrayed [2]pseudorotaxanes.

The recent surge of interest in the control of molecular
arrangements in the solid state—often referred to as crystal
engineering!—has led researchers to take cognisance of the
importance of weak non-covalent intermolecular forces. This
facet of supramolecular chemistry? has so far centred princi-
pally upon the hydrogen bond? as the mediator of intermole-
cular recognition and organisation. These interactions have
permitted the assembly of one-4, two-* and three-¢ dimen-
sional networks. Here, we describe the self-assembly’ in
solution of a [2]pseudorotaxane,t which, upon crystallisation,
undergoes self-organisation to give an extended two-dimen-
sional network of nt-donors and n-acceptors, oriented by both
aromatic face-to-face8 and edge-to-face® interactions. This
discovery adds a further dimension to the extensively charac-
terised m—m stacking motifs we have observed (Fig. 1) in (¢) a
molecular complex, !0 (b) a [3]catenane!! and (c) two [2]cate-
nanes!2-t3 and a [2]pseudorotaxane. 4

When the multi-n-donor guest 3NP. incorporating three
1.5-dioxynaphthalene residues, was mixed (Scheme 1) in
equimolar proportions with the tetracationic host!s [BBIPY-
BIXYCY][PF,], in MeCN solution, an intense purple colour
developed immediately.§ A spectrophotometric titration con-
firmed the formation of the 1:1 complex [BBIPY-
BIXYCY.3NP][PF;).. the stability constant being 11 000 + 200
mol dm~3, i.e. corresponding to a —AG® value of 5.6 kcal
mol~! (1 cal = 4.184 J). Evaporation of the MeCN afforded a
purple-coloured powder, which, on analysis by FABMS,
revealed peaks at m/z 1932 and 1787, corresponding to the loss
of one and two hexafluorophosphate counterions, respec-

tively. from the intact [2]pseudorotaxane, [BBIPY-
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BIXYCY-3NP][PFly. Vapour diffusion of Pri;O into a solu-
tion of the [2]pseudorotaxane in MeCN yielded crystals
suitable for X-ray structural analysis.] In the solid state [Fig.
2(a)], 3NP is not only inserted through the centre of the
[BBIPYBIXYCY]#* tetracation, such that the middle 1,5-
dioxynaphthalene unit is encircled, but its polyether chains
also curl back on themselves around the cyclophane, enabling
the other two m-donors to stack against the sides of the
m-accepting bipyridinium residues; the [2]pseudorotaxane has
crystallographic C; symmetry. In the crystal lattice [Fig. 2(b)],
the [2]pseudorotaxanes are arranged to form infinite two-
dimensional sheets sustained by a combination of -7 stacking
and aromatic [CH---x] interactions| that extend to create a
grid-like pattern [Fig. 1(d)]. The sheets are in register with
respect to the crystallographic a direction which is perpendi-
cular to the sheet plane. The PF¢~ counterions are located
between the sheets.

Although the 400 MHz 'H NMR spectrum of [BBIPY-
BIXYCY:3NP][PF,],, recorded in CD;CN solution at room
temperature, exhibits. some line broadening as a result of
exchange processes (vide infra), on cooling the solution down
to —30°C, the signals become well-resolved and can be
interpreted in terms of only one translational isomer, undergo-
ing a degenerate equilibration process involving switching of
the ‘alongside’ 1,5-dioxynaphthalene units, as shown in
Scheme 1. Aside from this dynamic property, it is analogous in
its gross features to the superstructure observed [Fig. 2(a)] in
the solid state. An 'H-'H COSY experiment, performed
under the same conditions, allowed the assignments of signals
listed in Table 1 to the protons, other than the OCH; protons,
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Fig. 1 Schematic representation of the arrangements of a-donors and
m-acceptors so far observed in (@) a molecular complex, {b) a
[3]catenane, (¢) two [2]catenanes and a [2]pseudorotaxane, and (d) in
the [2]pseudorotaxane. {BBIPYBIXYCY 3NP]++

in the [2]pseudorotaxane to be deduced for the numerous and,
in some cases, overlapping resonances. The appearance of two
resonances in each case for the bipyridinium «-CH and -CH.
aromatic C¢H, and NCHj; protons of the [BBIPYBIXYCY]+*+
component of the [2]pseudorotaxane can be rationalised by
the inclusion of the central 1,5-dioxynaphthalene residue
within the cavity of the macrocycle such that this residue in the
guest imparts its averaged Cy, symmetry on the host com-
ponent of the superstructure. Large upfield shifts are observed
for the signals for the bipyridinium «-CH (Ad —0.18 and
—0.74 ppm) and NCH; (Ad —0.19 and —0.31 ppm) protons,
reflecting the powerful ring current shiclding effect of the
naphthalene rings in the “alongside” positions of the [2]pseudo-
rotaxane. The even more dramatic upfield shifts of the
resonances for the -CH protons (Ad —1.53 and —1.59 ppm)
are commensurate with the positioning of these protons
between the m-surfaces of the ‘alongside” and included
naphthalene rings of 3NP within the [2]pseudorotaxane. The
chemical shift changes observed (Table 1) from the proton
resonances of the 3NP component are also indicative of the
n~m stacked superstructure proposed (Scheme 1) for the
[2]pseudorotaxane in solution. By far the largest shift changes
are observed for the H-4/8 protons (Ad —5.41 ppm) of the
included naphthalene ring. This large Ad value is consistent
with the location of these protons considerably less than 3.0 A
from the mean planes of the para-xylyl units in the {BBIPY-
BIXYCY[]*+ component. The observation of cross-peaks
arising from meta-couplings between the pairs of «-CH and
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Table 1 Partial 'H NMR chemical shift data for compounds or
components in CD;CN at 400 MHz

Compound or

component Proton Ou 0(—30°Cy  Ad
BBIPYBIXYCY*+ o-CH¢ 8.86 8.68 —0.18
8.12 ~0.74
p-CH¢ 8.16  6.63 -1.53
6.57 —1.59
CoH, 752 7.84 +0.32
7.71 +0.19
CH,N~* 574 5.53 —0.21
5.43 —0.31
3NP *Alongside’H-4¢ 7.77  7.32 —0.45
‘Alongside’H-8¢  7.79  7.33 —{.46
*Alongside’ H-7¢ 7.34  7.16 —0.18
‘Alongside’ H-3¢  7.32  7.07 —-0.25
‘Alongside” H-6c 6.88  6.69 ~0.19
‘Alongside” H-2¢  6.82  6.40 —0.42
Included H-2/H-6  6.95 5.90 —1.05
Included H-3/H-7 7.34 5.60 —1.74
Included H-4/H-8 7.82 2.41 —5.41

@ dyc is the chemical shift in the "H NMR spectrum of the resonances
for each component (ca. 4 X 103 mol dm~3) in the uncomplexed
state,  0.(—30°C) is the chemical shift in the 'H NMR spectrum of the
resonances for the 1 : 1 complex [BBIPYBIXYCY-3NP]|[PF,], (ca. 4 X
10~ moldm~3). ¢ Ad = d(~30°C) —9,.. Although the O values are
quoted at ambient temperature, it has been shown that they are close
to invariant (£0.01 ppm) at temperatures as low as —40°C for
[BBIPYBIXYCY]{PF.]; and down to —20°C for 3NP, where this
component starts to become insoluble in CD;CN. ¢ Relative to the
bipyridinium ring nitrogen atoms (see Scheme 1). ¢ The assignments
(Scheme 1) of the resonances of the “alongside’ naphthalene protons
follow from the identification of H-2 at 0 6.40 by an NOE difference
experiment in which the benzylic methylene protons of 3NP resonat-
ing at O 4.89 were irradiated.

Table 2 Kinetic and thermodynamic parameters obtained from the
temperature-dependent '"H NMR spectra recorded on {BBIPY-
BIXYCY 3NP][PF], in CDsCN

B-CH 24.0 53 +30 15.4
C.H. 52.0 116 +41 15.5

« Undergoing site exchange in the [BBIPYBIXYCYJ+*+ component.
b Calculated from the approximate expression. A. = ma(Av)/212,
¢ Temperature measured using an electronic thermometer and
thermocouple. Calculated using the Eyring equation.

Scheme 2
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Fig. 2 The X-ray crystal structure of (a) the [2]pseudorotaxane. [BBIPYBIXYCY-3NP}**. and (b) the arrangement of the tetracations in

the crystalline state

{-CH protons within the bipyridinium rings of this component
in the 'H-'H COSY experiment provides further evidence for
the enforcement of averaged C,;, symmetry upon the super-
structure of the [2]pseudorotaxane.** The averaged symmetry
of the superstructure is increased if the central naphthalene
unit of the 3NP component is ejected from the cavity of the
{BBIPYBIXYCY}*~ component and then returned to the
cavity such that it assumes the alternative orientation (Scheme
2). Observation (Table 2) of the coalescence of the signals,
arising from the bipyridinium $-CH and the C¢H, protons of
the [BBIPYBIXYCY[*+ component. has afforded a AG# value
of 15.45 kcal mol~! for this reorientation process.

A [2]pseudorotaxane, which not only exhibits a high
stability and a remarkable degree of internal organisation but
also provides the ingredients in the form of appropriately sited

m-acceptors and m-donors to generate supramolecular order
on the nanometre scale in the crystalline state, has thus been
identified. Two-dimensional arrays in which the molecules
and ions of an aromatic nature form continuous networks,
could ultimately play a role in the construction of nanosystems
containing molecular machinery.!¢
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Footnotes

+ The name rotaxane derives (G. Schill. Catenanes. Rotaxanes and
Knots. Academic Press. New York., 1971) from the Latin rora
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meaning wheel and axis meaning axle. The addition of the prefix
pseudo indicates that the wheels are free to dissociate from the axle as
in a more conventional type of complex.

% 3NP (mp 122-125°C) was obtained by alkylating (NaH-THF)
1.5-bis-[2,(2-hydroxyethoxy)ethoxy|naphthalene, prepared from
reacting (K,CO;-DMF) 1,5-dihydroxynaphthalene with 2-(2-chloro-
ethoxy)ethanol, with 2 molar equivalents of 1-{2-[2-(p-tolylsulfony!)
ethoxy]ethoxy}-5-benzyloxynaphthalene, prepared from 1,5-dihy-
droxynaphthalene in a sequence of reactions which involves (i)
monobenzylation (PhCH,Br-K,CO3-Me,CO), (ii) reaction (K-CO3-
MeCN) of l-benzyloxy-5-hydroxynaphthalene with 2-(2-chloro-
ethoxy)ethanol, and (iii) tosylation (TsCl-Et;N-CH,Cl;) of the
alcohol to afford the required tosylate (vide supra).

§ For an explanation of the acronym employed for the tetracationic
cyclophane, see ref. 12(b). The descriptor 3NP indicates an acyclic
polyether incorporating three naphthalene units.

9 Crystal Data: CogHygN,O2-4PF¢-7(MeCN), M = 2365.0. Mono-
clinic, a = 13.822(2). b = 21.517(4), ¢ = 20.288(3) A, p = 101.23(2)°,
U =5918(2) A3, space group P2,/n. Z=12,D. = 1.33gem=3, u = 14.5
cm~!, F(000) = 2452. 7450 independent reflections (0 < 55°) were
measured on a Siemens P3/PC diffractometer with Cu-K« radiation
(graphite monochromator) using w-scans. 3832 had |F,| > do(|F,|)
and were considered to be observed. The structure was solved by
direct methods. There is severe disorder in the PF¢~ counterions. This
disorder was resolved into two partial occupancy orientations in one
case, but could not be resolved in the other. There is also disorder in
the polyether linkages and in the chain OCH,Ph termini. Two
acetonitrile solvent molecules are also disordered. Refinement was by
full-matrix least-squares. Because of the shortage of observed data,
only the major occupancy counterions and the major occupancy atoms
of the polyether chain were refined anisotropically. The remaining
atoms were refined isotropically: the tetracationic cyclophane is
comparatively rigid and does not usually display appreciable aniso-
tropy. The final R-values are consequently somewhat high with R =
0.125, R, = 0.129 [w~! = ¢X(F) + 0.0005 F?]. Computations were
carried out on a 486 PC using the SHELXTL-PC program system.
Atomic coordinates, bond lengths and angles, and thermal paramet-
ers have been deposited at the Cambridge Crystallographic Data
Centre. See Notice to Authors, Issue No. 1.

|| The mean interplanar separations between the naphthalene 7-don-
ors and bipyridinium st-acceptors are 3.4 A within each [2]pseudo-
rotaxane. In addition, there are pairs of [CH---m] interactions
(H---ring centroid distance, 2.54 A) between H-4/8 and the para-xylyl
bridging units of the cyclophane. A n-m stacking interaction also
exists (mean planar separation. 3.5 A) between the ‘alongside’
naphthalene rings of one [2]pseudorotaxane and the para-xylyl
bridging units of a symmetry-related [2]pseudorotaxane. These
interactions extend in two essentially perpendicular directions in the
crystals.

** A 2D-NOESY experiment, likewise performed in CD;CN at
=30°C, also revealed the presence of cross peaks arising from
through-space correlations between H-2 and H-6 on the ‘alongside’
naphthalene rings in the 3NP component and the two resonances of
the [BBIPYBIXYCY]*+ component, providing yet more evidence for
the existence of a - stacked superstructure for the [2]pseudorotax-
ane in solution.
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