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’ INTRODUCTION

Some of the most fundamental mechanisms of molecular
biology (notably replication, transcription, and translation of
nucleic acids) depend on supramolecular recognition of mono-
mer sequence-information in linear copolymers.1,2 There is no
reason, in principle, why such recognition processes should not
also be accessible in synthetic copolymer systems. However,
despite tremendous advances in supramolecular and polymer
chemistry in recent decades, work on the recognition of
sequence-information in high molar mass copolymers has re-
mained focused largely on biomacromolecules.3 Some related
work with synthetic copolymers has been described, however,
including site-specific polyrotaxane formation,4 and “self-sorting”
whereby different small-molecule receptors bind to different
complementary side groups on a copolymer chain.5,6 It has also
been shown that specific imide-centered triplet sequences in
linear aromatic copolyimides can be bound with high selectivity
by electron-rich “tweezer molecules”.7,8 Sequence-recognition
by such tweezer-molecules depends on complementary π�π
stacking interactions,9 polymer chain-folding,10 and hydrogen
bonding of amide groups, present in the tweezer-molecule,
to the pyromellitimide units.7,11�13 Two different approaches
to sequence-selective binding have been described in these sys-
tems, on the basis of either the introduction of sterically hindered
environments around some of the pyromellitimide units,7 or the
use of comonomers such as 4,40-(hexafluoroisopropylidene)-
diphthalic anhydride which introduce specifically nonbinding
diimide residues into the copolymer chain.12

In the present paper we describe a new and more subtle
expression of sequence-information in synthetic copolymer
systems, whereby the conformational preferences of groups
adjacent to the pyromellitimide residue modulate, but do not
eliminate, the binding capability of diimide-centered triplet
sequences. It is known that the lowest-energy conformation of
a diarylsulfone residue corresponds to an “open book” geo-
metry, with the aromatic rings normal to the C�S�C plane
(Figure 1a),14,15 whereas diarylketone groups prefer a “twisted”
conformation, with a range of twist angles, generally averaging
ca.(30�, relative to the bridging C�C�C unit (Figure 1b).14,16

A consequence of the preferred “open-book” conformation at
the diarylsulfone unit is thatmacrocylic ether-imide-sulfones such
as 1 and 2 (Chart 1) have internal cavities flanked by parallel,
electron-poor diimide and 4,40-biphenylenedisulfone residues,

Figure 1. Representations of the conformational energy-minima for
diarylsulfone and diarylketone residues: torsion angles (a) C�C�S�
C ≈ 90�, (b) C�C�C(O)�C ≈ ( 30�.14
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ABSTRACT: The different triplet sequences in high molecular weight aromatic
copolyimides comprising pyromellitimide units (“I”) flanked by either ether-
ketone (“K”) or ether-sulfone residues (“S”) show different binding strengths
for pyrene-based tweezer-molecules. Such molecules bind primarily to the
diimide unit through complementary π�π-stacking and hydrogen bonding.
However, as shown by the magnitudes of 1H NMR complexation shifts and
tweezer�polymer binding constants, the triplet “SIS” binds tweezer-molecules
more strongly than “KIS” which in turn binds such molecules more strongly than “KIK”. Computational models for
tweezer�polymer binding, together with single-crystal X-ray analyses of tweezer-complexes with macrocyclic ether-imides, reveal
that the variations in binding strength between the different triplet sequences arise from the different conformational preferences of
aromatic rings at diarylketone and diarylsulfone linkages. These preferences determine whether or not chain-folding and secondary
π�π-stacking occurs between the arms of the tweezer-molecule and the 4,40-biphenylene units which flank the central diimide
residue.
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lying perpendicular to the mean ring-plane and separated by ca.
8 Å.17,18 This “parallel-wall” geometry (Figure 2, at right) enables
the macrocyclic imide-sulfone to act as a strongly binding
receptor for planar, electron-rich aromatic substrates such as
pyrene and perylene and their derivatives, via multiple, comple-
mentary π�π-stacking.17,18 Extrapolation of these binding
characteristics to homologous poly(imide-sulfone)s led to our
discovery of triplet-sequence recognition by tweezer-mole-
cules.7,11�13 Given the “twisted” ground state conformation of
the diarylketone unit,14,16 it seemed possible that triplet se-
quences comprising diimide residues flanked by diarylketone
groups would be a poorer fit to tweezer-molecules such as 3
and 4, and so have different binding characteristics from those of
sulfone-based systems. This idea is confirmed in the present
paper, through studies of tweezer-binding to both macrocyclic
and polymeric ether-imide systems.

’RESULTS AND DISCUSSION

Cyclo-condensation of the ether-ketone-diamine 5 with pyr-
omellitic dianhydride and with naphthalene-1,4,5,8-tetracarb-
oxylic dianhydride, under pseudo-high-dilution conditions, af-
forded the novel macrocycles 6 and 7, respectively (Scheme 1),
albeit in very low yields (<2%). Such yields contrast with the
corresponding syntheses of the sulfone-based macrocycles 1 and
2 (Chart 1), for which yields of >20% are reported,18 suggesting
that the preferred torsion angle at the ketone linkage (C�
C�C�C ≈ 30�)14,16 makes ring-closure less facile than the
corresponding angle at sulfone (C�C�S�C ≈ 90�).14,15

Chart 1. Macrocyclic Ether-Imide-Sulfones 1 and 218 and Tweezer-Molecules 3 and 47

Figure 2. X-ray structures of macrocycles 6 and 1. The space-filling
representations show that, in the solid state, the 4,40-biphenylene and
pyromellitimide residues fill the cavity of 6 almost completely, as a result
of their near-parallel orientation relative to the ring-plane. In contrast,
these residues lie near-perpendicular to the ring-plane in macrocycle
1.17,18 Inter-ring torsion angles about the sulfone units in 1 are 89�, 77�,
88�, 80� (mean 84�), and about the carbonyl groups in 6 are 61�, 5�, 41�,
21� (mean 32�).

Scheme 1. Syntheses of the Macrocyclic Ether-Imide-
Ketones 6 and 7 via Cyclo-Imidization

Figure 3. X-ray structures of 1:1 macrocycle�tweezer complexes: (a)
[4 + 6] (this work) and (b) [3 + 2].20 Tweezer-molecules are shown in
blue and hydrogen bonds (for [4 + 6]: NH 3 3 3OC = 2.22, 2.26 Å and
N�H�O= 151, 156�) in magenta. In [4 + 6] the aromatic carbon atoms
of the outer pyrenyl unit lie, on average, some 3.35 Å from themean plane
of the pyromellitimide unit, compared with 3.24 Å for the carbons of the
inner pyrenyl group. However, there is only limited geometric overlap
between the “inner” pyrene and the pyromellitimide residue in [4 + 6],
owing to the 4,40-biphenylene residue restricting tweezer access to the
macrocyclic cavity (see also Supporting Information).
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Nevertheless, sufficient amounts of6 and7were obtained to allow
binding studies with tweezer-molecules 3 and 4. Addition of an
equimolar amount of 3 to a solution of macrocycle 6 (4 mM) in
CDCl3/trifluoroacetic acid (6:1, v/v) resulted in a marked upfield
shift (ca. 2.3 ppm) of the pyromellitimide 1HNMR resonance. This
large complexation shift arises from extensive aromatic ring-current

shielding of the pyromellitimide protons by the pyrenyl tweezer-arms
and so indicates relatively strong complexation of the two compo-
nents. A charge-transfer absorption resulting from complexation is
observed at 492 nm, and this absorption was used to determine the
binding constant (Ka = 7500M

�1 in chloroform/hexafluoropropan-
2-ol, 6:1 v/v) for complex [3+ 6] by theUV�vis dilutionmethod.19

Scheme 2. Synthesis of Homopolymers 9 and 10 and Their Random 1:1 Copolymer 11
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The corresponding binding constant for the sulfone-based
macrocyclic complex [3 + 1], at 9200M�1,20 is some 20% greater
than for [3 + 6]. Since the standard error in binding constants
determined by the UV�vis dilution method is only ca. 10%,19

this result indicates that replacing the sulfone linkages in macro-
cycle 1 by ketone groups, as in macrocycle 6, does indeed lower
the binding constant for tweezer-molecule 3. Single crystal X-ray
analysis of 6 provided a ready explanation for this effect since, as
shown in Figure 2, both the 4,40-biphenylene unit and the
pyromellitimide residue in 6 lie essentially parallel to the mean
plane of the macrocycle rather than, as in 1, perpendicular to it.18

Macrocycle 6 is thus “self-filling”: in the solid state there is
virtually no cavity at all.

However, it is clear from NMR and UV�vis absorption data
that complexation between 3 or 4 and the ketone-based macro-
cycle 6 does occur in solution, and in fact we were able to isolate
deep red crystals of a 1:1 complex between macrocycle 6 and the
pyridine based tweezer-molecule 4. These crystals were of
considerably better quality than crystals of the corresponding
complex with tweezer-molecule 3 and so were chosen for single-
crystal X-ray analysis. The X-ray structure of complex [4 + 6] is
shown in Figure 3a, from which it is evident that the macrocycle

binds to the tweezer-molecule by virtue of a ca. 90� rotation of
the pyromellitimide residue out of the macrocyclic plane. This
rotation allows the tweezer to access both faces of the diimide,
and to form two convergent hydrogen bonds (NH 3 3 3OdC)
from the tweezer amide groups to a pyromellitimide carbonyl
oxygen. The 4,40-biphenylene residue, however, remains parallel
to the macrocyclic plane and so prevents the tweezer-molecule
from fully accessing the cavity. This macrocycle-geometry greatly
restricts the degree of complementary π�π-overlap achievable
between host and guest. The structure of [4 + 6] should
be contrasted with that of complex [3 + 2],20 where one of
the tweezer-arms is able to slide past the 4,40-biphenylene residue
into the macrocyclic cavity and so achieve a high degree of π�π-
overlap with the diimide unit (Figure 3b). Moreover, in complex
[3 + 2], the contraction of the macrocycle on binding17,18

indicates that π�π-stacking interactions between the 4,40-bi-
phenylene-disulfone and pyrenyl units must be attractive, and
these interactions are clearly absent in [4 + 6]. Replacing the
sulfone linkages with ketone groups in this system thus leads to
two conformational effects on tweezer binding: (a) blocking
access to the pyromellitimide unit and (b) losing π�π-stacking
between a tweezer-arm and a 4,40-biphenylene unit. This analysis
suggested that tweezer-molecules such as 3 and 4 should be able
to distinguish between the different imide-centered triplet se-
quences present in copolyimides with ether-ketone and/or ether-
sulfone groups flanking the diimide residues: the anticipated
reduction in binding constant for ketone-containing triplets
should enable a degree of sequence-selectivity to be achieved
through preferential binding of the tweezer to sulfone-containing
sequences.

The appropriate polyimides were therefore synthesized by
polycondensation of pyromellitic dianhydride with diamines 5

Figure 4. 1HNMR titration (250MHz, CDCl3/hexafluoropropan-2-ol
6:1 v/v) of copolymer 11 against tweezer-molecule 3, showing the large,
but significantly different, upfield complexation shifts for pyromelliti-
mide protons (#) in the triplet sequences “SIS”, KIS/SIK”, and “KIK”.
Chain-folding at “S” is indicated by the smaller but still significant
complexation shift (ca. 0.7 ppm) of the corresponding biphenylene
resonance (∞), and unfolding at “K” by the absence of such a com-
plexation shift (§). Molar ratios represent diimide-residues/tweezer-
molecules.

Figure 5. Local energy-minima for the binding of tweezer molecule 3 to
different sequences in copolymer 11: (a) “SIS”, showing a good
complementary fit between the tweezer and the doubly folded polymer
chain;7,21 (b) “KIS” folded at both “S” and “K”, showing that the ether-
ketone residue disrupts tweezer π-stacking with the diimide residue
(cf. Figure 3a), and (c) “KIK”, unfolded at both “K” residues, enabling
complementary π-stacking to be re-established. The tweezer molecule is
shown in blue, and hydrogen bonds are indicated in yellow. A black
background is used to emphasize that these images represent models,
not X-ray structures.
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and 8, both separately and as a 1:1 mixture (Scheme 2), affording
homopolymers 9 and 10 and copolymer 11. The latter contains
equal numbers of ketone and sulfone linkages distributed ran-
domly within the polyimide chain, as indicated by the 1:2:1 ratio
of integrated 1H NMR intensities for resonances associated with
the sequences KIK, KIS/SIK, and SIS (Figure 4).

Addition of tweezer-molecule 3 to solutions of homopolymers
9 and 10 resulted in large (>1 ppm) upfield complexation shifts
(Δδ) for the corresponding pyromellitimide resonances in the
1H NMR spectrum (see Supporting Information). There was,
however, a significantly greater complexation shift (Δδ = 1.50
ppm at an equimolar ratio of tweezer to diimide units) for the
sulfone-based polymer 10 than for its ketone-analogue 9 (Δδ =
1.35 ppm at the same mole ratio). This reflects a significantly
higher binding constant for tweezer 3 with polymer 10 (8600
M�1)7 than with polymer 9 in the same solvent (6500M�1 in 6:1
CHCl3/hexafluoropropan-2-ol; this work, see Supporting In-
formation). Thus, the idea that, for conformational reasons,
ketone-based units flanking the central diimide residue might
destabilize tweezer-binding relative to sulfone-based sequences
was fully confirmed. Since 1H NMR resonances assignable to
bound and unbound sequences are not observed, it is evident
that, as in other systems of this type,7,11,12 tweezer-exchange
must be rapid on the NMR time scale. A further key observation
is that a doublet resonance for the ketone-based homopolymer 9
assigned to the protons ortho to the biphenyl linkage shows no
complexation shift whatever, indicating that the bipheny-
lene units in 9 play no part in tweezer-binding. In contrast, the
same biphenylene resonance in the analogous, sulfone-based
homopolymer 10 showed a substantial upfield complexation
shift (1.36 ppm) under analogous conditions.7 This earlier
result provided evidence (confirmed both computationally and
crystallographically)21 that chain-folding in 10 brings the 4,40-
biphenylenedisulfone groups within π�π-stacking distance of
the pyrenyl tweezer-arms, so providing additional contributions
to tweezer-binding.

In the present work, NMR observations for copolymer 11
were fully consistent with those for the individual homopolymers
9 and 10. Thus, as shown in Figure 4, the three pyromellitimide
resonances (at 8.4�8.5 ppm) assigned to triplet sequences KIK,
KIS/SIK, and SIS in copolymer 11 all showed upfield complexa-
tion shifts in the presence of tweezer-molecule 3. The resonance
assigned to SIS was found to shift furthest (Δδ = 1.62 ppm at
equimolar 3 and pyromellitimide), KIS/SIK was next furthest
(Δδ = 1.46 ppm), and KIK showed the smallest complexation
shift (Δδ = 1.30 ppm). The doublet at 7.70 ppm assigned to the
protons ortho to biphenyl in the sequence “SIS” also showed a
significant upfield shift, consistent with a chain-folded binding
conformation. As in homopolymer 9, the corresponding doublet
at 7.83 ppm, assignable to the triplet “KIK” in copolymer 11,
showed no complexation shift in the presence of the tweezer
(Figure 4).

Computational model-building (molecular mechanics with
charge-equilibration) showed that the sequence “KIS” can adopt
a low-energy chain-folded conformation analogous to that pre-
viously established for “SIS” (Figure 5a).7,21 However, in the
tweezer-complex with “KIS”, the 4,40-biphenylenedicarbonyl
residue is oriented so that (as in macrocycle complex [3 + 6])
one of the pyrenyl tweezer-arms is prevented from achieving
completeπ-overlap with the pyromellitimide unit (Figure 5b). In
this situation, chain-folding at the “K” residue is evidently de-
stabilizing for tweezer-binding, and a significantly lower (ca. 10%

lower) energy-minimum was found in which the polymer chain
rotates away from the tweezer to produce an “unfolded” chain
conformation so that tweezer-overlap with the diimide unit can
once again be maximized. Finally, an analogous computational
result was found for tweezer-binding to the all-ketone homo-
polymer 9, which leads to a completely unfolded chain confor-
mation at “KIK” (Figure 5c). This analysis is based on the appli-
cation of a simple molecular mechanics force-field (Dreiding II)22

that includes electrostatic terms arising from charge-equilibration
across all molecules in the system. Although this methodology
incorporates no high-level calculations and is essentially a
computational analogue of model-building,23 we have found it
to be a surprisingly robust method for identifying low-energy
structures in supramolecular systems based on complementary
π�π-stacking and hydrogen bonding.12,13,17,21 In the present
work, the conformations identified in Figure 5a,c are entirely
consistent with the 1H NMR data noted above, in which, for
example, the resonance assigned to the 4,40-biphenylenedicarbo-
nyl protons of polymer 9 (Figure 5c) shows no complexation shift
whatever in the presence of tweezer-molecule 3.

’CONCLUSIONS

Supramolecular recognition, by tweezer-molecules, of imide-
centered triplet sequences in aromatic copolyimides is modu-
lated by the conformational preferences of adjacent monomer
residues. Diaryl sulfone linkages in such residues promote chain-
folding and additional tweezer-binding through π�π-stacking of
the pyrenyl tweezer-arms with 4,40-biphenylenedisulfone units.
Conversely, diaryl ketone linkages promote unfolding of the
copolymer chain in the presence of the tweezer-molecule, to
enable π�π-overlap between the tweezer-molecule and max-
imization of the central diimide binding site. As a result, tweezer-
molecules bind preferentially to copolymer triplet sequences in
which the central diimide units are flanked by diarylsulfone rather
than diarylketone residues.
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