The template-directed synthesis of cyclobis(paraquat-4,4'-biphenylene)
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The self-assembly of a n-electron deficient
bipyridinium-based cyclophane around a m-electron rich
ferrocene-based polyether as template provides a relatively
simple method of self-assembling, in preparative yields, an
organic molecular square—namely,
cyclobis(paraquat-4,4'-biphenylene)—that is able to
recognise and bind m-electron rich guests.

In the last few years, a wide variety of abiotic self-assembling
systems have been described in the chemical literature.!
Recently, we have developed an efficient and simple approach?
to the construction of molecular assemblies, such as catenanes?
and rotaxanes,3# and supramolecular arrays, such as pseudo-
rotaxanes> and double helices.6 The methodology relies upon
the stereoelectronic complementarity that exists between -
electron rich aromatic rings (e.g. hydroquinone) and m-electron
deficient aromatic units (e.g. bipyridinium), which are located
strategically within these structures and superstructures. These
self-assembly processes are driven mainly by n—m stacking
interactions’ between the hydroquinone rings and the bipyr-
idinium units, augmented by hydrogen bonding® and edge-to-
face T-type interactions® between orthogonally-disposed aro-
matic ring systems. By employing these noncovalent bonding
interactions in template-directed syntheses, !0 we have been able
to self-assemble numerous catenanes, rotaxanes, and pseudo-
rotaxanes containing from two to five mechanically-interlocked
components.?

The [3]catenane 1-4PF¢, depicted in Fig. 1, has been self-
assembled?-!! in a yield of 25% by treating the dibromide 3 with
the dicationic salt 4-2PF¢ in the presence of bis-para-
phenylene-34-crown-10 (BPP34C10) in MeCN at room tem-
perature over 10 d. By contrast, the tetracationic cyclophane

mﬁf_\h 4PFg ﬁf_\m{_'\

N
) 363A
.N

+
0O O o0 o
e °\_;°\_;°u°\_/°
3.32A
-
Fe

Fig. 1 The interplanar separation between the two hydroquinone rings
residing inside the cavity of the tetracationic cyclophane within the
[3]catenane 1-4PF¢ and interplanar separation between the two cyclopenta-
dieny! rings of ferrocene 2

5-4PFs incorporated within the [3]catenane 1-4PF¢ can only be
obtained? (Scheme 1) in very low yield (2%) in the absence of
templating agents such as BPP34C10. Indeed, the self-
assembly of the [3]catenane 1-4PF¢ is much easier than is the
synthesis of its tetracationic cyclophane component! Intrigued
by the possibility of producing quantities of 5-4PFs—a
molecular square'? able to incorporate simultaneously within its
cavity two m-electron rich aromatic units—we went out in
search of a suitable template for 5-4PFg in order to improve its
meagre yield. The X-ray crystal structure of the [3]catenane
1-4PF¢ reveals3:1! the essential stereoelectronic features which a
suitable template has to possess. The interplanar separation
between the two hydroquinone rings (Fig. 1) included in the
cavity of the m-electron deficient cyclophane is 3.63 A. Contrast
this separation with the fact that the cyclopentadienyl rings in
ferrocene 2 are separated!? by 3.32 A. Furthermore, many
examples of charge transfer complexes between ferrocene-
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Scheme 1 The self-assembly of 5-4PF, templated by ferrocene 2 and the
1,1’-disubstituted ferrocene derivative 7
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based derivatives and m-electron deficient compounds have
been reported in the literature.!4 Therefore, we reasoned that, by
acting as second sphere coordinators, !5 ferrocene-based deriva-
tives should be able to promote the self-assembly of the
tetracationic cyclophane 5-4PF¢. Indeed, reaction of the di-
bromide 3 with the dication 4-2PF; in the presence of 22 equiv.
of 2, under otherwise identical conditions, afforded{ 5-4PF; in
an improved yield of 10%. In order to improve yet further upon
this yield, we synthesised (Scheme 2) the 1,1’-disubstituted
ferrocene derivativet 7 containing two polyether chains, both
capable of sustaining hydrogen bonding interactions with the
CH-acidic protons on the bipyridinium units of 5-4PFg.
Gratifyingly, reaction of the dibromide 3 with the dication
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Scheme 2 The synthesis of the 1.1’-disubstituted ferrocene derivative 7
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Scheme 3 The formation of the 1 : 1 adducts between 5-4PFg and ferrocene
2 and between 5-4PFs and the 1,1’-disubstituted ferrocene derivative 7
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4-2PF; in the presence of only 2 equiv. of 7 in MeCN at room
temperature during 14 d afforded cyclobis(paraquat-4,4’-bi-
phenylene) (5-4PF) in the acceptable yield of 32%. Here we
report (i) the X-ray crystal structure of 5-4PF, assess (ii) the
complexing ability of 5-4PF¢ towards both 2 and 7 by 'H NMR
spectroscopy in solution (Scheme 3) as well as establish (iii) the
formation of the pseudorotaxane [5-7]-4PF4 by FABMS.

The X-ray analysis} of 5:4PF shows (Fig. 2) the tetracationic
component to have an open box geometry very similar to that
observed3”!1 in the [3]catenane 1-4PF¢. Differences are
observed in the twist angles between the aromatic rings of the
bipyridinium and the biphenylene units as well as in the out-of-
plane bending existing within these units. The most noticeable
change is in the twist angles between the pyridinium rings
within the two bipyridinium units, which correspond to 27 and
24°, cf. 18° in 1-4PFq. The angles about the bond linking the two
phenylene rings of the biphenylene residues are only slightly
increased, 31 and 34°, ¢f. 29° in 1-4PFg. The angles subtended
between the N-~CH, bonds emanating from the bipyridinium
units are 20 and 21°, ¢f. 17° in 1-4PF, and those between C—
CH,, bonds of the biphenylene units are 19 and 21°, ¢f. 25° in
1-4PF¢. The overall internal dimensions of the free tetracationic
macrocycle 5-4PFg, as defined by the distances between the
centroids of the bonds linking the pyridinium rings in one
instance, and the centroids of the bonds linking the phenylene
rings in the other, are 10.87 and 10.96 A, respectively. These
compare with the distances of 10.75 and 11.24 A, respectlvely,
in 1-4PF, reflecting the ability of the cyclophane to ‘breathe’ in
order to facilitate the inclusion of guest species. The molecules
pack to form (Fig. 3) a sheet mosaic, with, in one direction, the
bipyridinium units of adjacent molecules in register and
separated by ca. 3.7 A. In the other direction, the biphenylene
units are offset such that only one of the two phenylene rings in
each unit is overlapped with its centrosymmetrically related
counterpart in the adjacent molecule. As a result of the absence
of a crystallographic centre of symmetry within each molecule,
two types of phenylene-phenylene sti—st stacking interactions
are observed within each sheet. The parallel inter-ring plane
separations are effectively the same at 3.35 and 3.36 A, but the
phenylene centroid—centroid separations differ at 3.56 and 3.69
A, respectively, as a result of the different degrees of stagger
w1thm each sheet. Adjacent sheets are separated by 7.8 A and
are offset such that one of the methylene carbon atoms of each
cyclophane within one sheet is positioned approximately over
the centre of a macrocycle in the next.

The 'H NMR spectrum recorded at room temperature in
CD;CN of the 1:1 adduct [5-2]-4PF¢ reveals (Table 1) rather
small changes in chemical shifts relative to 2 and 5-4PF¢—
presumably as a result of the relatively weak binding of

Fig. 2 Ball-and-stick representation of the molecular structure of the
tetracationic cyclophane 5+ in the crystal. The bipyridinium units are
depicted in blue.



ferrocene by the tetracationic cyclophane. However, when 7 is
mixed in equimolar amounts with 5-4PF, not only does a green
colour develop immediately as a result of the charge transfer
interaction between the cyclopentadienyl rings of 7 and the
bipyridinium rings of 5-4PFg, but the resonances corresponding
to the cyclopentadienyl protons in the 'H NMR spectrum of
[5-7]-4PF¢ recorded at room temperature in CD3;CN are shifted
upfield by ca. 1.5 ppm, consistent with a pseudorotaxane-like
geometry for the 1:1 adduct. Association constants of 80 and
1600 dm—3 mol—!, corresponding to binding energies of —2.6
and —4.4 kcal mol—! (1 cal = 4.184 J), were obtained for
[5-2]-4PF¢ and [5-7]-4PF, respectively, in CD3;CN at 25°C
using a 'H NMR titration procedure. The FAB mass spectrum§
of [5-7]-4PF¢ revealed a peak at m/z 1735 corresponding to the
‘molecular weight’ of the pseudorotaxane, together with
additional peaks at m/z 1589, 1443 and 1298, originating from
the loss of one, two and three hexafluorophosphate counterions
respectively, from the 1:1 adduct.

The self-assembly of cyclobis(paraquat-4,4’-biphenylene)
(5-4PF¢) around ferrocene-based templates opens up the
opportunity to complex two m-electron donating substrates

Fig. 3 Space-filling representation of part of one of the mosaic layers of the
cyclophane 5-4PFs, showing the two different types of phenylene—
phenylene stacking interactions

Table 1 '"H NMR Spectroscopic data for the 1:1 adducts [5-2]-4PF¢ and
{5-7]-4PF¢ and the reference compounds 2, 5-4PFs, and 7 recorded in
CD;CN at room temperature

Tetracationic component Neutral component

«-Bipy-H« 8-Bipy-H” CsHse
Compound 9 (Ad) d (AD) 8 (AD)
2 4.16
5-4PF¢ 8.94 8.25
[5-2]-4PFs  8.89 (—0.05) 8.12(—0.13) 4.08 (—0.08)
74 4.12,3.94
[5-71-4PF¢¢  8.95 (—0.01) 8.09 (—0.03) 2.63 (—1.49), 2.41 (—1.53)

« Protons attached to the bipyridinium units in the o position with respect to
the nitrogen atoms. » Protons attached to the bipyridinium units in the 8
position with respect to the nitrogen atoms. ¢ Protons attached to the
cyclopentadienyl rings. ¢ The 1,1’-disubstituted ferrocene derivative 7
comprises two pairs of constitutionally heterotopic protons for the two
equivalent cyclopentadienyl rings. These protons give rise in the 'H NMR
spectrum at room temperature to two broad resonances each centred upon
the & values reported in the Table.

simultaneously within the cavity of this rigid preorganised
receptor containing 7n-acceptor and hydrogen bond donor
recognition sites. These particular features raise the prospect of
self-assembling doubly interlocked molecular compounds as
well as constructing electrochemically controllable rotaxanes
and catenanes!® with redox-active ferrocene-containing com-
ponents.!”?
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Footnotes

¥ Spectroscopic data for 5-4PF: mp 194 °C (decomp.); FABMS 1107 (M
— PFg)*, 962 (M — 2PF¢)*+ and 817 (M — 3PFe)*; tHNMR (CD;CN) 4 8.95
(8H,d,J 7Hz),825(@8H,d,J7Hz), 7.66 (8 H,d, J 8 Hz), 7.54 (8 H, d,
J 8 Hz) and 5.82 (8 H, 5); 13C NMR (CD;CN) 8 150.8, 146.3, 141.6, 134.8,
130.8, 128.9, 128.5 and 65.8. For 7: EIMS 482 (M)*; 'H NMR
(CD3COCD3) 6 4.22 (4 H, br s), 3.88-4.05 (8 H, m) and 3.49-3.78 (22 H,
m); '3C NMR (CD3COCD3) 6 73.5,71.3, 71.1, 70.6, 70.5, 63.1, 61.9,61.8
and 56.5.

t Crystal data for 5-4PF¢-4MeCN: Single crystals, suitable for X-ray
crystallography, were grown by vapour diffusion of Pri;O into a MeCN
solution of 5-4PFg. Triclinic, a = 12.778(3), b = 14.548(3), ¢ = 16.667(3)
A, x = 89.80(3), B = 98.47(3), y = 91.79(3)°, V = 3063 A3, T = 213K,
space group = P1,Z =2,D. = 1.54 gem—3, w(Cu-Ka) = 22.2 cm—1,
7700 independent measured reflections, 5832 with [|Fo| > 40(]F,|),
26 < 100°] refined to R; = 0.083, wR, = 0.208. Siemens P4/RA
diffractometer, w scans, Cu-K« radiation (graphite monochromator). The
structure was solved by direct methods and refined anisotropically. Three of
the PFs~ anions are in general positions, whilst two are positioned on
independent symmetry centres. In a structure which contains disordered
solvent molecules and where the X-ray scattering is dominated by the PF¢—
anions, which are also subjected to disorder even at the reduced temperature
of this study, it is difficult to distinguish with confidence nitrogen from
carbon atoms. The assignment was based on comparing the crystallographic
R values obtained from refinements of the bipyridinium units as bipheny-
lenes and vice versa. The arrangement illustrated corresponds to the one that
gave the lower residual. The apparently unfavourable proximal relationship
between the bipyridinium units within each sheet mosaic is a result of a unit
lattice translation. It should be noted, however, that the separation between
these units is significantly greater than the more favourable m—m stacking
arrangement observed between phenylene rings in adjacent molecules. The
possibility of randomised orientations throughout the crystal cannot be
totally discounted in view of the overall isotropic shape of the cyclophane.
Hydrogen atoms positions are determined from AF maps and optimised.
Atomic coordinates, bond lengths and angles, and thermal parameters have
been deposited at the Cambridge Crystallographic Data Centre. See
Informations for Authors, Issue No. 1.

§ FABMS was carried out on a Kratos MS80RF mass spectrometer
(accelerating voltage 3 kV, resolution 1000) coupled to a DS90 data system
and off-line Sun Workstation for processing the raw data experiments. The
atom gun was an adapted saddlefield source (Ion Tech Limited) that
operated at ca. 8 keV and with a tube current of ca. 2 mA. Krypton was used
to provide a primary beam of atoms and the samples were dissolved in a
small volume of 3-nitrobenzyl alcohol which had previously been coated on
to a stainless steel probe tip. Spectra were recorded in the positive-ion mode
at a scan speed of 30 s per decade.
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