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A macrobicyclic ether-ketone oligomer containing twenty aro-

matic rings has been isolated from the products of nucleophilic

condensation between 4,40-(9-fluorenylidene)diphenol and 1,3,5-

tris(40-fluorobenzoyl)benzene. Reduction of all six carbonyl

groups to methylene units yields a derivative which exhibits

non-covalent dimerisation in the crystalline state via shape-com-

plementary interlocking of fluorenylidene-containing ‘‘ loop ’’

regions.

At the quaternary level of molecular structure, proteins and
polypeptides frequently associate into dimers or higher-level
assemblies via non-covalent binding between externally acces-
sible ‘‘ loop’’ regions of the interacting chains.1 Examples of
this are found in the enzyme HIV 1 protease, which comprises
two nearly-identical polypeptide chains,2 and in the antibiotic
vancomycin, where the tricyclic glycopeptide dimerises by
quadruple hydrogen-bond formation between identical regions
of two molecules.3 In synthetic oligomer systems, Cram and
co-workers have reported non-covalent homo-dimerisation of
polycyclic ‘‘velcrands ’’, both in solution and in the crystalline
state, driven by a combination of shape-complementary van
der Waals interactions and solvophobic effects.4 Macrocyclic
phenylene–ethynylene oligomers have also been shown to
aggregate into rather less well-defined assemblies via p–p stack-
ing interactions,5 and in the present communication we
describe a striking example of shape-complementary, non-
covalent dimerisation in a new and fully-defined, macropoly-
cyclic aromatic oligomer system.
It has recently been reported that nucleophilic aromatic

polyetherification reactions which would normally lead to
highly cross linked network-polymer structures can also, if car-
ried out under pseudo-high dilution conditions, afford pre-
viously unknown types of macrobicyclic and macropolycyclic
cage-molecules.6 Here we describe the cyclo-condensation of
1,3,5-tris(4-fluorobenzoyl)benzene with 4,40-(9-fluorenylidene)-
diphenol (Scheme 1) and the isolation, from a complex mixture
of products, of the cage-type compound 1 in ca. 3% yield. Both
spectroscopic (1H and 13C NMR, IR and MS) and elemental
analyses are fully consistent with the proposed structure, as
is the extraordinarily high melting point of 1 which, at
528 �C (determined by DSC), is indicative of an extremely rigid
molecular structure.
Single crystals of 1 suitable for X-ray analysis proved elusive

and so, in an attempt to obtain a more tractable derivative, the
carbonyl groups were reduced with triethylsilane and trifluor-
oacetic acid to give the methylene bridged cage-compound 2 in
70% isolated yield. Crystals of this compound grown from
dichloromethane/acetonitrile—though displaying an unusual

tubular habit—were of much better quality than those of 1,
and ultimately enabled the X-ray structure of 2 to be deter-
mined. As shown in Fig. 1, the molecule adopts a conforma-
tion in which two arms of the cage lie in very close
proximity to one another, with the third arm forming a rather
open and accessible ‘‘ loop’’ having a substantial free pathway.
The most remarkable feature of the structure however is that
molecules of 2 form mutually-interpenetrating, non-covalent
dimers, in which the two components are related by a crystal-
lographic inversion centre (Fig. 2). The fluorenylidene residue
of each ‘‘ loop-region’’ passes completely through the corre-
sponding loop of a second, symmetry-related molecule, so that
the two molecules become deeply interlocked. The shape of the
fluorenylidene residue is evidently complementary to that of
loop region in which it is embedded, and inspection of inter-
molecular contacts reveals that the dimer is in fact stabilised

Scheme 1 Synthesis of oligomer 1 by nucleophilic cyclo-condensa-
tion under pseudo-high dilution conditions.
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by the cumulative effects of six C–H� � �p interactions, with
H� � �pcentroid distances in the range 2.70 to 3.01 Å. Despite
the largely aromatic nature of compound 2, there is no evi-
dence for p–p stacking interactions between the associating
molecules. It is also significant that, even though the hexafluoro-
isopropylidene analogue of 2 adopts a rather similar overall
molecular conformation,6 no interlocking is observed in this
case, perhaps because of the absence of shape-complementar-
ity with the loop region which here is provided by the fluore-
nylidene residue.

The present structure represents a particularly dramatic case
of molecular interpenetration leading to non-covalent dimeri-
sation, but it is possible that this type of behaviour will not
prove uncommon for large and relatively rigid macrocyclic sys-
tems. The loops and cavities of such molecules cannot be filled
by conformational collapse (as occurs in more flexible macro-
cyclic systems such as the crown ethers7 and macrocyclic
alkanes8) so that, where a degree of shape-complementarity
exists, mutual interpenetration and non-covalent dimerisation
will be favoured. A monocyclic aromatic ether-sulfone con-
taining 12 aromatic rings has for example also been shown
to form dimers in the solid state, each comprising a closely-
interpenetrating pair of molecules which are themselves folded
approximately into the shape of a tennis-ball seam.9

Although evidence for shape-complementary macrocyclic
dimerisation of the type reported here, and in ref. 9, is cur-
rently limited to the solid state, the reduction of non-polar sur-
face area achieved by dimerisation suggests that solvophobic
effects in polar solvents should also favour solvent-dependent

dimerisation in solution.4c This possibility is now under inves-
tigation.

Experimental

Synthesis of 1

A solution of 1,3,5-tris(4-fluorobenzoyl)benzene (2.10 g, 4.72
mmol) and 4,40-(9-fluorenylidene)diphenol (2.48 g, 7.10 mmol)
in dimethylacetamide (DMAc, 120 mL) was added over 30 h
using a syringe pump to a refluxing suspension of anhydrous
potassium carbonate (2.56 g, 18.52 mmol) in a mixture of
DMAc (200 mL) and toluene (100 mL) under nitrogen. The
mixture was refluxed for a further 4 h and then filtered while
hot to remove insoluble salts. Deionised water (800 mL) con-
taining HCl (1 mL) was added slowly to the solution, giving
a yellow solid, which was collected by filtration and dried
under vacuum at 70 �C. Gradient elution chromatography
with DCM/EtOAc (99/1 to 90/10 v/v) on silica gel enabled
isolation of the macrobicyclic ether-ketone 1 (0.13 g, 3% yield).
Compound 1 showed a m.p. of 528 �C by DSC, and in the
mass spectrum (MALDI-TOF, CF3CO2Na cationising agent)
gave a molecular ion at 1843.3 [M+Na]+. Calc. for
C129H78O12Na, 1843.0. 1H NMR (CDCl3 , 250 MHz) d
(ppm): 6.87 (d, J ¼ 8.7 Hz, 12H), 7.0 (d, J ¼ 8.7 Hz, 12H),
7.2 (d, J ¼ 8.3 Hz, 12H), 7.2–7.4 (m, 18H), 7.73 (d, J ¼ 6.8
Hz, 6H), 7.77 (d, J ¼ 8.7 Hz, 12H), 8.26 (s, 6H). 13C NMR
(CDCl3 , 62.5 MHz) d (ppm): 64.9 (aliphatic fluorenylidene
carbon), 118.07, 119.9, 120.8, 126.4, 128.2, 128.32, 130.1,
131.5 (C ortho to carbonyl and meta to ether), 132.8 (C ipso
to carbonyl and para to ether), 134.2, 138.7, 140.5, 142.6,
151.2, 154.6, 162.3, 194.1 (C carbonyl). IR (KBr) 1667
(nC=O), 1592, 1497, 1243 (nC–O) cm�1. Anal. calc. for
C129H78O12�0.5CH2Cl2 : C, 83.52; H, 4.24. Found: C, 83.79;
H, 4.24%.

Synthesis of 2

A mixture of macrobicycle 1 (0.060 g, 0.033 mmol), trifluoro-
acetic acid (2.5 mL) and dichloromethane (0.7 mL) was
magnetically stirred under nitrogen for 30 min, during which
time the compound dissolved completely to give a light yellow
solution. Triethylsilane (383 mL, 2.37 mmol) was added

Fig. 1 X-Ray structure of one molecule of the reduced macrobicycle
2 (hydrogen atoms are omitted for clarity).

Fig. 2 Space-filling representation of the non-covalent dimer of 1,
formed by double-interlocking of loops and fluorenylidene residues
in the crystalline state. (The second interlocking region, involving a
‘‘yellow’’ loop and a ‘‘blue ’’ fluorenylidene unit, is not visible in this
view.) The overall dimensions of the dimer are ca. 32� 20� 17 Å.
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dropwise over 10 min and the mixture was stirred at 20 �C for
48 h. Methanol (10 mL) was then added to the solution and the
precipitated white solid (2) was collected by filtration and dried
under vacuum (70% yield). The mass spectrum (MALDI-TOF)
of 2 showed a molecular ion at 1759.8. [M+Na]+, Calc. For
C129H90O6Na, 1759.1. 1H NMR (CDCl3 , 250 MHz) d
(ppm): 3.9 (s, 12H), 6.8 (d, J ¼ 8.7 Hz, 12H), 6.85 (s, 6H)
6.92 (d, J ¼ 8.7 Hz, 12H), 7.10 (d, J ¼ 8.6 Hz, 12H), 7.15
(d, J ¼ 8.9 Hz, 12H), 7.23–7.42 (m, 18H), 7.8 (d, J ¼ 7.3
Hz, 6H). 13C NMR (CDCl3 , 62.5 MHz) d (ppm): 41.4, 64.7,
118.2, 119.84, 120.6, 126.4, 127.7, 127.9, 128.2, 129.7, 130.5,
136.5, 140.4, 140.7, 141.8, 151.7, 155.4, 156.9. IR (KBr)
1599, 1498, 1238 cm�1. Anal. Calc. For C99H84O6�0.5CH2-
Cl2 : C, 87.47; H, 5.12. Found: C, 87.62; H, 5.44%. Single
crystals of 2 were grown by slow evaporation of a solution
in dichloromethane/acetonitrile.

Crystal data for 2

C129H90O6�5CH3CN�CH2Cl2 , Mr ¼ 2026.21, triclinic, P1̄,
a ¼ 14.5841(12), b ¼ 18.0586(12), c ¼ 22.677(2) Å, a ¼
69.951(6), b ¼ 77.476(6), g ¼ 89.341(7)�, V ¼ 5464.1(7) Å3,
T ¼ 203 K, Z ¼ 2, Dc ¼ 1.232 g cm�3, m(CuKa) ¼ 1.018
mm�1, F(000) ¼ 2128. Independent measured reflections
151814. R(int) ¼ 0.0382. R1 ¼ 0.0557, wR2 ¼ 0.1522 for
11 912 independent observed reflections [2y� 120�, I > 2s(I)].
One of the solvating acetonitrile molecules and the dichloro-
methane were so disordered that their individual atomic posi-
tions were not resolvable. The number of solvent molecules
and their contribution to the structure factors was estimated
using the program PLATON/SQUEEZE.10

CCDC reference number 192519. See http://www.rsc.org/
suppdata/nj/b2/b208002h/ for crystallographic data in CIF
or other electronic format.
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