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Introduction
The discovery of macrocyclic aromatic ether ketones

and ether sulfones has enabled ring-opening polymer-
ization to be investigated as an approach to the syn-
thesis and in situ fabrication of high-performance
aromatic polymers.1 However, beyond the ether-inter-
change reaction leading to polymerization,2 little is
known of the chemistry of these macrocycles.3,4 We now
report the synthesis of all-aromatic ring-chain poly-
(ether ketone)s by electrophilic polyaroylation of the
cyclic dimer formed by cyclo-condensation of resorcinol
with 4,4′-difluorobenzophenone.

Results and Discussion
The products of Scheme 1, from [2 + 2] cyclic dimer

to [16 + 16] cyclic hexadecamer, were identified by
MALDI-TOF mass spectrometry. Macrocycles 1-4 were
isolated chromatographically as pure compounds, al-
though the cyclodimer 1 (mp 381 °C, 12% yield) could
also be crystallized directly from the reaction mixture.
Single-crystal X-ray analyses5 of 1 and 3 confirmed the
cyclic nature of these oligomers (Figure 1).

The presence of two potentially reactive resorcinol
residues in 1 suggested that this molecule might
undergo linear polycondensation with bis-electrophiles
such as diaroyl chlorides. To test this idea, a model
reaction was carried out in which macrocyle 1 was
treated with 4-chlorobenzoyl chloride in the presence
of aluminum chloride (Scheme 2). Diaroylation of the
macrocycle occurred in high yield, affording equal
quantities of syn- and anti-isomers 5a and 5b, respec-
tively, which were separable by chromatography. The
slower-running compound was identified by single-
crystal X-ray analysis6 as the anti-isomer 5b (Fig-
ure 2).

This model reaction confirmed that macrocycle 1 can
behave as a difunctional reactant in electrophilic aro-
matic substitution, and so polymerization reactions
involving 1 and the diaroyl chlorides 4,4′-biphenyldi-
carbonyl chloride, 4,4′-hexafluoroisopropylidenediben-
zoyl chloride, and 4,4′-oxydibenzoyl chloride were next
attempted (Scheme 3). In all three cases polymer
precipitated in gel-like form during the reaction and left
a tough, transparent film on the walls of the flask. These
films gave well-resolved IR spectra showing no evidence
of aliphatic C-H groups, confirming the absence of
possible side reactions involving dichloroethane.7

Polymers 6-8 are soluble in aprotic solvents such as
dimethylacetamide (DMAc) and chloroform. Viscometric
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Figure 1. X-ray structures (a) of the [2 + 2] cyclic dimer 1
(top) showing the hydrogen-bonded trifluoroacetic acid and
(b) of one of the two independent molecules of the centrosym-
metric [4 + 4] cyclic tetramer 3 (bottom).

Scheme 1

8907Macromolecules 2000, 33, 8907-8909

10.1021/ma001261w CCC: $19.00 © 2000 American Chemical Society
Published on Web 10/28/2000



and GPC data demonstrated that high molar mass
polymers had been obtained, and DSC indicated that
the polymers were amorphous, with high glass transi-
tion temperatures (Tg ) 283 °C for 6, 257 °C for 7, and
244 °C for 8). 1H and 13C NMR data confirmed that the
macrocyclic ring structure had been retained in these
polymers and were consistent with chains containing
random sequences of syn- and anti-substituted macro-
cycles.

Experimental Section
Cyclo-polycondensation of Resorcinol with 4,4′-Di-

fluorobenzophenone. A solution of resorcinol (5.50 g, 0.05
mol) and 4,4′-difluorobenzophenone (10.90 g, 0.05 mol) in 70
cm3 of N-methylpyrrolidone (NMP) was added via syringe
pump (4 cm3/h) under nitrogen to a stirred, refluxing mixture
of toluene (40 cm3), NMP (90 cm3), and potassium carbonate
(15.0 g, 0.13 mol). Water was continuously removed during
the addition via a Dean-Stark apparatus, and reaction was
continued at 160 °C for a further 12 h. The solution was filtered
while hot, and after standing for 48 h crystals of the [2 + 2]
cyclic dimer 1 were filtered off and recrystallized from NMP

(1.65 g, 11.5% yield, mp 381 °C). The filtrate was added to
10% hydrochloric acid, and the resulting precipitate was
filtered off, washed with water and methanol, and dried (12.0
g). This material, (3.50 g) was chromatographed on silica gel
with 2% (v/v) ethyl acetate in dichloromethane to give [3 + 3]
cyclic trimer 2 (0.22 g, 5.2% yield, mp 267 °C), [4 + 4] cyclic
tetramer 3 (0.14 g, 3.3% yield, mp 278 °C), and [5 + 5] cyclic
pentamer 4 (0.03 g, 0.7% yield, amorphous).

Bis-chlorobenzoylation of Macrocycle 1. A dichlo-
romethane solution (25 cm3) containing macrocycle 1 (1.38 g,
0.0024 mol) and 4-chlorobenzoyl chloride (1.45 g, 0.0083 mol)
under nitrogen was cooled to -20 °C. Aluminum chloride (4.25
g, 0.032 mol) was added with stirring, and the temperature
was raised to 20 °C over 2 h. After a further 6 h the solution
was added to water (200 cm3), and the resulting suspension
was heated to drive off the dichloromethane. Macrocycle 5 (1.98
g, 97% yield) was recovered by filtration and characterized by
FAB-MS and by 1H NMR. The syn- and anti-isomers 5a and

Scheme 2

Figure 2. X-ray structure of the centrosymmetric anti-bis-
(4-chlorobenzoyl) macrocycle 5b.

Scheme 3
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5b were separated by column chromatography on silica gel
with dichloromethane as eluent, and the slower-runing anti-
isomer 5b was characterized by 1H and 13C NMR, FAB mass
spectrometry, and single-crystal X-ray analysis. Crystals of 5b
were grown by vapor diffusion of hexane into a solution in 1,2-
dichlorobenzene/trifluoroacetic acid.

Polycondensation of Macrocycle 1 with 4,4′-Hexa-
fluoroisopropylidenedibenzoyl Chloride. A solution con-
taining the cyclic dimer 1 (0.460 g, 0.8 mmol), aluminum
chloride (1.20 g, 9.0 mmol), 4,4′-hexafluoroisopropylidenedi-
benzoyl chloride (0.342 g, 0.8 mmol), and DMF (0.142 g, 1.95
mmol) in 1,2-dichloroethane (16 cm3) was stirred at -25 °C
for 20 min and then warmed to 25 °C over 2 h. After stirring
for a further 20 h a gel-like product had precipitated, and a
transparent film of polymer had formed on the walls of the
flask. The gel was separated, solidified by treatment with
methanol, milled to a powder, extracted with methanol at
reflux, and dried. The resulting polymer 7 (0.70 g, 94% yield)
had inherent viscosity (ηinh) 1.41 dL g-1 (0.2% w/v at 25 °C in
concentrated sulfuric acid) and was soluble in chloroform,
THF, and dimethylacetamide. Analysis by GPC (polystyrene
standards) gave Mw ) 67 000 and Mn ) 30 000. Reactions with
4,4′-biphenyldicarbonyl chloride and 4,4′-oxydibenzoyl chloride
were carried out under similar conditions and gave polymers
6 and 8, with ηinh ) 1.08 and 1.04 dL g-1, respectively.
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