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Introduction. The NH group in 1,2-dihydro-4-(4-hydrox-
yphenyl)-1-(2H)-phthalazinone (1; DHPZ) behaves like a
phenolic OH group with the result thatDHPZ can react with
activated dihalo compounds to produce high molecular weight
polymers via combined C-N and C-O condensation reactions.
Poly(phthalazinone ether sulfone)s and poly(phthalazinone ether
ketone)s were first successfully synthesized in 19931 by classical
nucleophilic aromatic substitution reactions as shown in Scheme
1. Since then a family of high performance polymers has been
developed from this monomer: poly(phthalazinone ether)s,2-9

polyamides,10,11 polyimides,12,13 and polyesters.14 They all
possess excellent thermooxidative stability, high glass transition
temperature, reasonable solubility and outstanding mechanical
properties by virtue of the introduction of the rigid asymmetric
phenyl phthalazinone moiety into the polymer backbone.

The Ullmann condensation is one of the most well-established
reactions for aryl-oxygen and aryl-nitrogen bond formation.
The order of ease of halide replacement is I> Br > Cl . F.
This is the reverse of the order of the activated halide for
nucleophilic displacement polycondensation reactions. The harsh
reaction conditions, however, have forced chemists to develop
milder reaction conditions. Many modified synthetic methods
have been reported for the formation of these bonds.15,16 Most
noteworthy among them are the use of cesium carbonate as the
base in the presence of a catalytic amount of a copper(I) complex
in the application of the reaction to a wider variety of functional
groups, introduced by Buchwald and co-workers.17 Other
procedures involving various bases in combination with diverse
copper species, ligands and temperature have been developed
for the synthesis of small molecules.18-21 There are also several
reports about polyarylether formation via Ullmann C-O
condensation reaction of various biphenols with dibromides in
the presence of copper or cuprous salt with ligands.22-24 To
the best of our knowledge, no polymerization reaction via
combined Ullmann C-O and C-N condensation reactions in
a one-pot process has emerged. The similar reactivity of NH
and OH groups inDHPZ in the nucleophilic displacement
polycondensation reactions encouraged us to explore its use in
an Ullmann condensation reaction. Herein we report our research
results.

Results and Discussion.We initially utilized polyconden-
sation conditions following Burgoyne’s reaction protocol25 that
involved the reaction of the sodium salt of 9,9-bis(4-hydrox-
yphenyl)fluorene with dibromoarylene derivatives catalyzed by

cuprous chloride with quinoline as complexing agent in ben-
zophenone under nitrogen. Unfortunately, only a low molecular
weight poly(phthalazinone ether) was obtained.

In the preparation of the phthalazinone-containing poly(aryl
ether sulfone)3a and poly(aryl ether ketone)3b (as shown in
Scheme 1) by a classical nucleophilic polycondensation reaction,
the reactions were conducted by first preparing the potassium
salt of DHPZ in sulfolane using chlorobenzene for azeotropic
removal of the water formed. Reaction with the activated halide
at ca. 200°C successfully gave the high molecular weight
polymers. Using this methodology, to the solution of the
potassium salt ofDHPZ with 4,4′-dibromodiphenyl ether there
was added freshly prepared CuCl/quinoline catalyst25 (Scheme
2). Polymerization reactions were then carried out at different
temperatures (Table 1).

Higher polymerization temperature facilitated the formation
of higher molecular weight polymer. The highest molecular
weight polymer5a3, measured relative to polystyrene by gel
permeation chromatography (GPC) in CHCl3 as solvent on a
Water 510 HPLC, was obtained at a reaction temperature of
190-195°C. Raising the polymerization temperature to above
200 °C gave some gelation. This was presumably due an
oxidative coupling reaction of end-capped phenol groups by
traces of oxygen catalyzed by cuprous ion at the higher reaction
temperatures.26 The resulting polymer was isolated by precipita-
tion in methanol followed by redissolving in chloroform and
reverse precipitation with acetone. The polymer5a3 had an
inherent viscosity of 0.58 dL/g in NMP at 30°C and was soluble
in chloroform, N,N-dimethylacetamide (DMAC), NMP, and
DMSO at room temperature (Table 2). A tough, flexible film
was cast from its solution in chloroform. A glass transition
temperature (Tg) of 240°C was detected by differential scanning
calorimetry (DSC) and the temperature of 5% weight loss under
nitrogen was higher than 500°C, measured by thermogravi-
metric analyses (TG), indicating its excellent thermal stability.
The soluble portion of polymer obtained at 200-205 °C had
similar properties.

A series of polymers fromDHPZ and the five other
dibromides were then prepared under the above-described
reaction conditions (Table 2). High molecular weight polymers
with inherent viscosities of 0.32-0.63 dL/g in NMP at 30°C
were formed with the exception of polymers5c and 5d, that
prematurely came out of the solution during the reaction.
Although the inherent viscosity of polymer5b1 is lower than
that of polymer5a3, its film cast from chloroform was still
flexible and tough. Polymer5b1and5ghave solubilities similar
to polymer5a3, and their GPC analysis was carried out. Methyl
groups in polymers5e and5f improved their solubility in the
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reaction solvent with the result that high molecular weight
polymers were readily formed. Polymer5b1 has a higherTg

than polymer5a3due to its more rigid main chain, and polymers
5a3 and5g showed similarTgs as expected with their similar
structures. The lowerTgs of polymer5c and5d are attributed
to their lower molecular weights. Polymer5e exhibited the
highestTg. The temperatures for 5% weight loss in nitrogen
were in the range of 484 to 521°C, indicating their excellent
thermal stabilities. The structures of polymers5a3, 5b1,and
5e were confirmed by proton NMR (400 MHz in CDCl3).27

A number of other catalysts were screened and it was found
that Venkataraman’s air stable homogeneous copper catalyst
Cu(PPh3)3Br for the cross-coupling of aryl bromides with
phenols or amides28 showed reasonable activity in the synthesis
of small molecules. Difunctional aryl ether oligomers (C-O
coupling) had been synthesized using this method by Laskoski.23

The reaction betweenDHPZ and 4,4′-dibromobiphenyl was then
performed at around 190°C with 20 mol % of Cu(PPh3)3Br
and K2CO3 as the base in sulfolane after dehydration as usual.
Using this protocol, polymer5b2 with inherent viscosity 0.10
dL/g in NMP at 30 °C was produced. Its number-average
molecular weight was only 4.5 kDa even after the polymeri-
zation reaction time was prolonged to 72 h. A lower polymer-
ization reaction temperature 150°C was used on the assumption
that the catalyst Cu(PPh3)3Br is sensitive to the higher temper-
ature. The film of the resulting polymer cast in chloroform was
still brittle.

In conclusion, a new class of high molecular weight poly-
(phthalazinone ether)s has been successfully synthesized via the
Ullmann condensation reaction of 1,2-dihydro-4-(4-hydrox-
yphenyl)-1-(2H)-phthalazinone (1) and unactivated aromatic
dibromides catalyzed by cuprous chloride with quinoline as
ligand. The polymers haveTgs of more than 237°C andTd-5%s
of more than 484°C. They are soluble in common organic

solvents and can be cast into tough and flexible films. The
catalyst Cu(PPh3)3Br was less effective for the formation of
polymers derived fromDHPZ with unactivated aromatic
dibromides. Further work is in progress for their application in
optical waveguides.
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Table 1. Synthetic Conditions for Preparation of Poly(phthalazinone
Ether)s

GPC

polymera
reactionT

(°C) Mn (kDa) Mw (kDa) PDI film

5a1 170-175 7.3 25.3 3.49 fragile
5a2 180-185 9.0 39.4 4.37 fragile
5a3 190-195 18.4 51.5 2.79 toughb

5a4 200-205 14.5 42.7 2.96 toughc

a After 4 h of dehydration, the reaction mixture was cooled to 80°C,
then the stoichiometric amount of 4,4′-dibromodiphenyl ether was added.
The mixture was heated to the temperature listed in Table 1 (oil bath) with
the addition of freshly prepared CuCl/ quinoline catalyst. The reaction was
maintained at this temperature for 17 h with stirring. With the addition of
more CuCl, the reaction was continued for another 24 h. The solution was
quenched in a mixture of methanol and dilute hydrochloric acid. The
resulting polymer was purified by reverse precipitation from chloroform/
acetone.b Will withstand several 180° bends.c Soluble portion (70%).

Table 2. Properties of Poly(phthalazinone ether)s

GPC

polymer Mn (kDa) PDI
ηinh

b

(dL/g)
Tg

c

(°C)
Td-5%

d

(°C, N2) solubilitye

5a3 18.4 2.79 0.58 240 521 CHCl3, NMP
DMAC, DMSO

5b1a 12.0 2.70 0.32 284 519 CHCl3, NMP
DMAC, DMSO

5b2a 4.5 2.84 0.10 282 510 CHCl3, NMP
DMAC, DMSO

5c f 248
5d 247
5e g 0.63 293 493 NMP (heating)
5f 0.61 244 484 NMP (heating)
5g 25.4 3.77 0.58 237 510 CHCl3, NMP

DMAC, DMSO

a Reaction conditions :5b1: catalyst : CuCl/quinoline;5b2: catalyst:
Cu(PPh3)3Br. b Inherent viscosity was measured at a concentration of 0.5
dL/g in NMP at 30°C. c Second scan at a heating rate of 10°C/min under
N2 flow rate 160 mL/min.d 5% weight loss at a heating rate of 20°C/min
under N2. e At room temperature.f Insoluble in NMP. Solubility in chlo-
roform too low to be detected by GPC.
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