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ABSTRACT: New AB; type monomers, with a various number of phenylene units, were prepared and
converted to hyperbranched poly(ether ketones) by polymerization. Four kinds of AB;, type monomers,
4-hydroxy-3',5'-bis(4-fluorobenzoyl)-biphenyl, 1, 4-hydroxy-3",5"-bis(4-fluorobenzoyl)-p-terphenyl, 2, 4-hy-
droxy-3'"",5""-bis(4-fluorobenzoyl)-p-quarterphenyl, 3, and 4-hydroxy-3'",5""-bis(4-fluorobenzoyl)-p-quin-
quephenyl, 4, were synthesized in a stepwise manner starting from 3,5-bis(4-fluorobenzoyl)phenol, 5,
repeating a series of conversions of the hydroxy group to the triflate, cross-coupling reaction of the triflate
with (p-methoxyphenyl)boronic acid, and cleavage of the methyl ether. Four kinds of hyperbranched
poly(ether ketones) were prepared by the polymerization of the four AB, type monomers. Obtained
hyperbranched poly(ether ketones) from 1 and 2 were soluble in various organic solvents including
N-methyl-2-pyrrolidone, m-cresol, chloroform, and tetrahydrofuran, but those from 3 and 4 were insoluble
in organic solvents. The thermal properties of these hyperbranched poly(ether ketones) depended on
the number of the phenylene units. The values of the glass transition temperature increased with
increasing number of the phenylene units, and only hyperbranched poly(ether ketone) from 5 showed
crystalline character. The thermal properties of these hyperbranched poly(ether ketones) were compared
with those of hyperbranched poly(ether ketones) having various numbers of phenylene units in the chain

ends.

Introduction

Hyperbranched polymers are generally prepared by
one-step synthesis of AB, type monomers and have
received considerable attention recently.! The charac-
teristics of these polymers are a branched structure with
a large number of chain end groups as dendrimers.2
However, there is distinct difference between hyper-
branched polymers and dendrimers, since the synthetic
approach of hyperbranched polymers is different from
that of dendrimers. Dendrimers have a perfectly
branched and monodispersed structure based on the
stepwise synthesis,® but hyperbranched polymers are
irregular and polydispersed structure due to one-step
synthesis. Because of the easy one-step synthesis,
hyperbranched polymers are more available at lower
costs than dendrimers.

In the course of examining properties of dendrimers
and hyperbranched polymers, interesting physical prop-
erties of these polymers have been observed, for ex-
ample, low melting temperature, and low intrinsic
viscosity® despite their high molecular weight, which is
generally ascribed to low ability of forming intermo-
lecular entanglements. To confirm this point, it is
interesting to prepare hyperbranched polymers with
very rigid structures in the backbone and to examine
the properties of these polymers. Moreover, it is inter-
esting to compare the properties of these polymers with
those of hyperbranched polymers having very rigid
structure in the chain ends, as the properties of the
hyperbranched polymer have been reported to be heavily
dependent on the nature of the chain end groups.®

In this paper, we prepared a series of hyperbranched
poly(ether ketones) having various numbers of phe-
nylene units in the backbone. Miller” and Hawker®
have first prepared this kind of polymer. Miller pre-
pared hyperbranched poly(ether ketone) from 3,5-bis-
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(4-fluorobenzoyl)phenol, 5, as starting molecules. On
applying their synthetic methods to a series of new AB;
type monomers derived from 5, we obtained hyper-
branched poly(ether ketones) with rigid phenylene units
in the backbone. The characteristics of the hyper-
branched poly(ether ketones) such as solubility and
thermal properties were discussed on the basis of
phenylene chain length and compared with those of
hyperbranched poly(ether ketones) having various num-
bers of phenylene units in the chain ends.

Experimental Section

1H- and 3 C-NMR spectra and IR spectra were recorded on
a JNM-GSX-400 FT-NMR spectrometer and a Shimadzu IR
435 spectrophotometer, respectively. Gel permeation chro-
matography (GPC) was performed with an apparatus using a
Polymer Laboratories analytical column, PL gel 5 MIXED-C,
and tetrahydrofuran (THF) as eluent. X-ray diffraction and
differential scanning calorimetry (DSC) were performed with
a Rigaku RAD-B System and a Rigaku thermal analysis
station, TAS 100, respectively. The measurements of DSC
were made at a heating rate of 10 °C min~! in nitrogen, and
the sample weights used for the measurement were 5.0 mg.

3,5-Bis(4-fluorobenzoyl)phenol, 5,° and (4-methoxyphenyl)-
boronic acid® were prepared according to the literature meth-
ods.

3,5-Bis(4-fluorobenzoyl)phenyl Triflate, 6. A solution
of trifluoromethanesulfonyl anhydride (15.99 g, 57 mmol) in
dichloromethane (50 mL) was added dropwise to a mixture of
3,5-bis(4-fluorobenzoyl)phenol (16.92 g, 50 mmol) and pyridine
(10 mL) in dichloromethane (200 mL) at 0 °C. After being
stirred at 20 °C for 2 h, the mixture was poured into ice—water.
The organic layer was collected, and the aqueous layer was
extracted twice with 50 mL of dichloromethane. The combined
extract was dried over anhydrous magnesium sulfate. After
evaporation of the solvent, the residue was dried in vacuo and
recrystallized from methanol to give white crystalline solids.
Yield: 20.23 g (86%). Mp: 100—101 °C. IR(KBr): 3040, 1660
(C=0), 1595, 1500, 1420 (S=0), 1415, 1320, 1295, 1265, 1250,

© 1998 American Chemical Society

Published on Web 08/15/1998



6000 Morikawa

1230, 1165 (Ar—F), 1140, 1120, 1005, 985, 880, 855, 760 cm™1.
H-NMR (CDCls, ppm): 7.23 (m, 4H, aromatic ortho to fluoro
groups), 7.86 (m, 4H, aromatic meta to fluoro groups), 7.89 (d,
2H, J = 1.5 Hz, aromatic ortho to TfO group), 8.16 (t, 1H, J =
1.5 Hz, aromatic para to TfO group). *C-NMR (CDClz, ppm):
116.1 (d, J = 22 Hz), 118.7 (g, J = 320 Hz), 125.9, 130.1, 132.2
(d, J =3 Hz),132.8 (d, J = 10 Hz), 140.1, 149.1, 166.0 (d, I =
256 Hz), 191.8. Anal. Calcd for C»H1:05FsS: C, 53.63; H,
2.36. Found: C, 53.56; H, 2.34.
4-Methoxy-3',5'-bis(4-fluorobenzoyl)biphenyl, 7. (4-
Methoxyphenyl)boronic acid (9.12 g, 60 mmol), 6 (18.82 g, 40
mmol), potassium carbonate (16.58 g, 120 mmol), and deoxy-
genated toluene (150 mL) were added to a flask equipped with
a reflux condenser. The flask was flushed with nitrogen, and
tetrakis(triphenlyphosphine)paladium (Pd(PPhs).) (0.3 g) was
added to the reaction mixture. After the mixture was stirred
at 90 °C for 8 h, salts were removed by filtration, and the
solvent was evaporated. The residue was dissolved in hot
ethanol with activated charcoal and recrystallized to give a
white crystalline product. Yield: 14.39 g (84%). Mp: 134-—
135 °C. IR (KBr): 3040, 2920 (CH3), 1670 (C=0), 1595, 1515,
1505, 1460, 1445, 1410, 1330, 1265, 1230, 1180, 1165 (Ar—F),
1125, 1095, 1035, 1010, 845, 830, 750 cm™*. 'H-NMR (CDCls,
ppm): 3.86 (s, 3H, OCHj3), 7.01 (d, 2H, J = 8.8 Hz, aromatic
at positions 3 and 5), 7.19 (m, 4H, aromatic ortho to fluoro
groups), 7.58 (d, 2H, J = 8.8 Hz, aromatic at positions 2 and
6), 7.90 (m, 4H, aromatic meta to fluoro groups), 8.00 (t, 1H,
J = 1.5 Hz, aromatic at position 4'), 8.16 (d, 2H, J = 1.5 Hz,
aromatic at positions 2’ and 6'). **C-NMR (CDCls, ppm): 55.4,
114.6, 115.8 (d, J = 22 Hz), 128.3, 128.8, 131.2, 131.3, 132.7
(d, 3 = 10 Hz), 133.2 (d, J = 3 Hz), 138.3, 141.6, 160.0, 165.7
(d, J =254 Hz), 194.4. Anal. Calcd for C,7H1503F,: C, 75.69;
H, 4.23. Found: C, 75.50; H, 4.10.
4-Hydroxy-3',5'-bis(4-fluorobenzoyl)biphenyl, 1. 7 (14.14
g, 33 mmol) was heated together with pyridine hydrochloride
(50 g) at reflux temperature for about 30 min. After the
reaction mixture was homogeneous, it was poured into water
(1000 mL). The precipitated solid was collected by filtration,
washed thoroughly with water, dried under vacuum, and
distilled under reduced pressure (glass tube oven) to give 1.
Yield: 12.99 g (95%). Bp: 320 °C (1 Torr). Mp: 205.5—206.5.
IR(KBr): 3400—3300 (OH), 3040, 1670 (C=0), 1595, 1515,
1505, 1445, 1430, 1405, 1345, 1270, 1235, 1210, 1180, 1165
(Ar—F), 1100, 1005, 860, 840, 750 cm~t. 'H-NMR (DMSO-ds,
100, ppm): 6.90 (d, 2H, J = 8.8 Hz, aromatic at positions 3
and 5), 7.43 (m, 4H, aromatic ortho to fluoro groups), 7.61 (d,
2H, J = 8.8 Hz, aromatic at positions 2 and 6), 7.85 (t, 1H, J
= 1.5 Hz, aromatic at position 4'), 7.95 (m, 4H, aromatic meta
to fluoro groups), 8.16 (d, 2H, J = 1.5 Hz, aromatic at positions
2" and 6'), 9.75 (s, 1H, OH). *C-NMR (DMSO-ds, 100, ppm):
115.2 (d, 3 = 22 Hz), 115.7, 127.2, 127.6, 128.7, 129.5, 132.0
(d, 3 =10 Hz), 132.9 (d, J = 3 Hz), 137.6, 140.7, 157.6, 164.5
(d, J =250 Hz), 193.2. Anal. Calcd for C;sH1603F2: C, 75.36;
H, 3.89. Found: C, 75.15; H, 3.62.
3',5'-Bis(4-fluorobenzoyl)biphenyltriflate, 8. 8 was pre-
pared by the same procedure as that for the synthesis of 6
using 1 (12.43 g, 30 mmol), trifluoromethanesulfonyl anhydride
(9.65 g, 34 mmol), pyridine (10 mL), and dichloromethane (150
mL). Pure 8 was obtained by silica gel chromatography eluted
by dichloromethane. Yield: 13.77 g (84%). Mp: 105.5—107
°C. IR (KBr): 3040, 1660 (C=0), 1595, 1500, 1435, 1425 (S=
0), 1410, 1335, 1290, 1275, 1250, 1235, 1210, 1165 (Ar—F),
1140, 1020, 1000, 940, 880, 845, 765 cm~*. 'H-NMR (CDCls,
ppm): 7.21 (m, 4H, aromatic ortho to fluoro groups), 7.41 (d,
2H, J = 8.8 Hz, aromatic at positions 3 and 5), 7.73 (d, 2H, J
= 8.8 Hz, aromatic at positions 2 and 6), 7.92 (m, 4H, aromatic
meta to fluoro groups), 8.09 (t, 1H, J = 1.5 Hz, aromatic at
position 4'), 8.18 (d, 2H, J = 1.5 Hz, aromatic at positions 2'
and 6'). 3C-NMR (CDCls, ppm): 115.9 (d, J = 22 Hz), 118.7
(9, 3 = 320 Hz), 122.1, 129.2, 130.1, 131.7, 132.7 (d, J = 10
Hz), 133.0 (d, J = 3 Hz), 138.7, 139.4, 140.2, 149.6, 165.8 (d,
J = 256 Hz), 193.9. Anal. Calcd for C;7H1505FsS: C, 59.35;
H, 2.77. Found: C, 59.15; H, 2.75.
4-Methoxy-3",5"-bis(4-fluorobenzoyl)-p-terphenyl, 9. 9
was prepared by the same procedure as that for the synthesis
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of 7 using 8 (13.66 g, 25 mmol), (4-methoxyphenyl)boronic acid
(5.77 g, 38 mmol), potassium carbonate (10.50 g, 76 mmol),
deoxygenated toluene (150 mL), and Pd(PPhs)4 (0.19 g). Pure
9 was obtained by distillation under reduced pressure (glass
tube oven). Yield: 10.34 g (82%). Bp: 320 °C (1 Torr). Mp:
200—201 °C. IR (KBr): 3040, 2920 (CHs), 1665 (C=0), 1590,
1490, 1430, 1405, 1340, 1250, 1235, 1175, 1165 (Ar—F), 1090,
1050, 1000, 855, 825, 765 cm™t. 'H-NMR (CDCls, ppm): 3.86
(s, 3H, OCHg), 7.00 (d, 2H, J = 8.8 Hz, aromatic at positions
3 and 5), 7.20 (m, 4H, aromatic ortho to fluoro groups), 7.57
(d, 2H, J = 8.8 Hz, aromatic at positions 2 and 6), 7.67 (d, 2H,
J = 8.8 Hz, aromatic at positions 2' and 6'), 7.69 (d, 2H, J =
8.8 Hz, aromatic at positions 3' and 5'), 7.92 (m, 4H, aromatic
meta to fluoro groups), 8.06 (t, 1H, 3 = 1.5 Hz, aromatic at
position 4"), 8.24 (d, 2H, J = 1.5 Hz, aromatic at positions 2"
and 6"). 3C-NMR (CDCls, ppm): 55.4, 114.4, 115.8 (d, J =
21 Hz), 127.4,127.6, 128.1, 129.4, 131.5, 132.8 (d, J = 10 Hz),
132.7, 133.2 (d, J = 3 Hz), 137.1, 138.5, 141.0, 141.6, 159.5,
165.7 (d, J = 254 Hz), 194.3. Anal. Calcd for C33H2,03F2: C,
78.56; H, 4.39. Found: C, 78.40; H, 4.28.

4-Hydroxy-3",5"-bis(4-fluorobenzoyl)-p-terphenyl, 2. 2
was prepared by the same procedure as that for the synthesis
of 1 using 9 (10.09 g, 20 mmol) and pyridine hydrochloride
(40 g). Pure 2 was obtained by distillation under reduced
pressure (glass tube oven). Yield: 9.03 g (92%). Bp: 330 °C
(1 Torr). Mp: 247-248 °C. IR (KBr): 3400—3000 (OH), 3040,
1665 (C=0), 1590, 1495, 1430, 1405, 1340, 1250, 1235, 1190,
1175, 1165 (Ar—F), 1090, 1000, 855, 825, 765 cm~t. 'H-NMR
(DMSO-ds, 100, ppm): 6.87 (d, 2H, J = 8.8 Hz, aromatic at
positions 3 and 5), 7.42 (m, 4H, aromatic ortho to fluoro
groups), 7.55 (d, 2H, J = 8.8 Hz, aromatic at positions 2 and
6), 7.71 (d, 2H, J = 8.8 Hz, aromatic at positions 2' and 6'),
7.81 (d, 2 H, J = 8.8 Hz, aromatic at positions 3' and 5'), 7.92
(t, 1H, 3 = 1.5 Hz, aromatic at position 4"), 7.95 (m, 4H,
aromatic meta to fluoro groups), 8.25 (d, 2H, J = 1.5 Hz,
aromatic at positions 2" and 6'"). 3C-NMR (DMSO-ds, 100,
ppm): 115.2 (d, J = 22 Hz), 115.5, 126.2, 126.8, 127.2, 128.2,
129.8, 130.1, 132.1 (d, J = 10 Hz), 132.9 (d, 3 = 3 Hz), 135.7,
137.7,139.9, 140.3, 157.0, 164,6 (d, J = 250 Hz), 193.2. Anal.
Calcd for C3H2003F2: C, 78.36; H, 4.11. Found: C, 78.16; H,
3.99.

3" 5"-Bis(4-fluorobenzoyl)-p-terphenyl triflate, 10. 10
was prepared by the same procedure as that for the synthesis
of 6 using 2 (8.83 g, 18 mmol), trifluoromethanesulfonyl
anhydride (5.79 g, 21 mmol), pyridine (10 mL), and dichlo-
romethane (100 mL). Pure 10 was obtained by silica gel
chromatography eluted by dichloromethane. Yield: 9.08 g
(81%). Mp: 107—-108.5°C. IR (KBr): 3040, 1660 (C=0), 1595,
1495, 1425 (S=0), 1410, 1330, 1250, 1235, 1225, 1200, 1165
(Ar—F), 1150, 1100, 1000, 940, 875, 855, 825, 765 cm™*. 'H-
NMR (CDCls, ppm): 7.21 (m, 4H, aromatic ortho to fluoro
groups), 7.38 (d, 2H, J = 8.8 Hz, aromatic at positions 3 and
5), 7.69 (d, 2H, J = 8.8 Hz, aromatic at positions 2' and 6'),
7.70 (d, 2H, J = 8.8 Hz, aromatic at positions 2 and 6), 7.75
(d, 2H, J = 8.8 Hz, aromatic at positions 3' and 5'), 7.92 (m,
4H, aromatic meta to fluoro groups), 8.07 (t, 1H, J = 1.5 Hz,
aromatic at position 4""), 8.25 (d, 2H, J = 1.5 Hz, aromatic at
positions 2" and 6"). ¥C-NMR (CDCls, ppm): 115.9 (d, J =
22 Hz), 118.8 (q, J = 320 Hz), 121.8, 127.8, 127.9, 128.8, 129.7,
131.6, 132.8 (d, J = 10 Hz), 133.1 (d, J = 3 Hz), 138.5, 138.6,
139.4, 140.7, 141.3, 149.2, 165.8 (d, J = 256 Hz), 194.2. Anal.
Calcd for Cz3H1905FsS: C, 63.67; H, 3.08. Found: C, 63.49;
H, 3.00.

4-Methoxy-3"",5""-bis(4-fluorobenzoyl)-p-quarterphe-
nyl, 11. 11 was prepared by the same procedure as that for
the synthesis of 7 using 10 (8.72 g, 14 mmol), (4-methoxyphe-
nyl)boronic acid (3.19 g, 21 mmol), potassium carbonate (5.80
g, 42 mmol), deoxygenated toluene (100 mL), and Pd(PPh3),
(0.11 g). After the reaction mixture was stirred for 8 h, it was
cooled to room temperature. The precipitated product was
collected by filtration, washed with water to remove salts, dried
under vacuum, and twice recrystallized from toluene to give
pure 11. Yield: 6.34 g (78%). Mp: 221-222 °C. IR (KBr):
3040, 2920 (CH3), 1670 (C=0), 1595, 1500, 1490, 1430, 1400,
1335, 1250, 1220, 1165 (Ar—F), 1045, 995, 850, 820, 760 cm™2.
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IH-NMR (CDCls, ppm): 3.86 (s, 3H, OCHg), 7.00 (d, 2H, J =
8.8 Hz, aromatic at positions 3 and 5), 7.20 (m, 4H, aromatic
ortho to fluoro groups), 7.58 (d, 2H, J = 8.8 Hz, aromatic at
positions 2 and 6), 7.65 (d, 2H, J = 8.8 Hz, aromatic at
positions 2' and 6'), 7.69 (d, 2H, J 8.8 Hz, aromatic at
positions 3" and 5'), 7.72 (d, 2H, J 8.8 Hz, aromatic at
positions 2" and 6'"), 7.76 (d, 2H, J = 8.8 Hz, aromatic at
positions 3" and 5"), 7.92 (m, 4H, aromatic meta to fluoro
groups), 8.07 (t, 1H, J = 1.5 Hz, aromatic at position 4'""), 8.25
(d, 2H, J = 1.5 Hz, aromatic at positions 2’ and 6""). 3C-
NMR (CDCls, ppm): 55.3, 114.3, 115.8 (d, J = 21 Hz), 127.2,
127.4, 127.6, 128.0, 129.5, 131.6, 132.8 (d, J = 10 Hz), 133.0,
133.2 (d, J = 3 Hz), 137.7, 138.4, 138.5, 140.2, 140.9, 141.5,
159.3, 165.7 (d, J = 254 Hz), 194.2. Anal. Calcd for
CaoH2603F2: C, 80.68; H, 4.51. Found: C, 80.49; H, 4.48.

4-Hydroxy-3"",5""-bis(4-fluorobenzoyl)-p-quarterphe-
nyl, 3. 3 was prepared by the same procedure as that for the
synthesis of 1 using 11 (5.81 g, 10 mmol) and pyridine
hydrochloride (50 g). Pure 3 was obtained by recrystallization
from diphenyl ether. Yield: 4.82 g (85%). Mp: 243—244 °C.
IR (KBr): 3400—3000 (OH), 3040, 1665 (C=0), 1595, 1500,
1490, 1430, 1400, 1340, 1250, 1220, 1165 (Ar—F), 995, 850,
820, 760 cm™. 'H-NMR (DMSO-dg, 100, ppm): 6.89 (d, 2H,
J = 8.8 Hz, aromatic at positions 3 and 5), 7.44 (m, 4H,
aromatic ortho to fluoro groups), 7.57 (d, 2H, J = 8.8 Hz,
aromatic at positions 2 and 6), 7.70 (d, 2H, J = 8.8 Hz,
aromatic at positions 2' and 6'), 7.78 (d, 2H, J = 8.8 Hz,
aromatic at positions 3' and 5'), 7.85 (d, 2H, J = 8.8 Hz,
aromatic at positions 2" and 6'), 7.89 (d, 2H, J = 8.8 Hz,
aromatic at positions 3" and 5"), 7.95 (t, 1H, J = 1.5 Hz,
aromatic at position 4'"), 7.98 (m, 4H, aromatic meta to fluoro
groups), 8.29 (d, 2H, J = 1.5 Hz, aromatic at positions 2" and
6'""), 9.58 (s, 1H, OH). *C-NMR (DMSO-ds, 100, ppm): 115.2
(d, J = 22 Hz), 115.3, 125.9, 126.5, 126.7, 127.0, 128.3, 129.4,
130.1, 130.2, 132.1 (d, J = 10 Hz), 132.9 (d, J = 3 Hz), 136.7,
136.9, 137.8, 139.3, 139.5, 140.2, 156.8, 164.6 (d, J = 250 Hz),
192.9. Anal. Calcd for CasH2403F,: C, 80.55; H, 4.27.
Found: C, 80.33; H, 4.20.

3" 5""-Bis(4-fluorobenzoyl)-p-quarterphenyl triflate,
12. 12 was prepared by the same procedure as that for the
synthesis of 6 using 3 (2.83 g, 5 mmol), trifluoromethanesulfo-
nyl anhydride (1.69 g, 6 mmol), pyridine (5 mL), and dichlo-
romethane (70 mL). Pure 12 was obtained by silica gel
chromatography eluted by dichloromethane. Yield: 2.90 g
(83%). Mp: 167—-168.5°C. IR (KBr): 3040, 1660 (C=0), 1595,
1500, 1485, 1425 (S=0), 1410, 1335, 1235, 1215, 1165 (Ar—
F), 1145, 1100, 1000, 940, 875, 855, 825, 765 cm~*. 'H-NMR
(CDCl3, ppm): 7.20 (m, 4H, aromatic ortho to fluoro groups),
7.37 (d, 2H, J = 8.8 Hz, aromatic at positions 3 and 5), 7.67
(d, 2H, J = 8.8 Hz, aromatic at positions 2' and 6'), 7.70 (d,
2H, J = 8.8 Hz, aromatic at positions 2 and 6), 7.72 (d, 2H, J
= 8.8 Hz, aromatic at positions 3' and 5'), 7.74 (d, 2H, J = 8.8
Hz, aromatic at positions 2" and 6"), 7.76 (d, 2H, J = 8.8 Hz,
aromatic at positions 3" and 5"), 7.92 (m, 4H, aromatic meta
to fluoro groups), 8.07 (t, 1H, J = 1.5 Hz, aromatic at position
4'"), 8.27 (d, 2H, J = 1.5 Hz, aromatic at positions 2" and
6"'). ¥C-NMR (CDCls, ppm): 115.8 (d, J = 22 Hz), 118.8 (q,
J =320 Hz), 121.7, 127.6, 127.69, 127.71, 127.74, 128.8, 129.5,
131.5,132.7 (d, 3 = 10 Hz), 133.3 (d, J = 3 Hz), 138.1, 138.59,
138.62, 140.0, 140.5, 141.1, 141.5, 149.1, 165.8 (d, J = 256 Hz),
194.1. Anal. Calcd for CgzoH230sFsS: C, 67.05; H, 3.32.
Found: C, 69.89; H, 3.26.

4-Methoxy-3"",5""-bis(4-fluorobenzoyl)-p-quinquephe-
nyl, 13. 13 was prepared by the same procedure as that for
the synthesis of 7 using 12 (2.79 g, 4 mmol), (4-methoxyphe-
nyl)boronic acid (0.92 g, 6 mmol), potassium carbonate (1.66
g, 12 mmol), deoxygenated toluene (80 mL), and Pd(PPhs),
(0.03 g). After the reaction mixture was stirred for 8 h, it was
cooled to room temperature. The precipitated product was
collected by filtration, washed with water to remove salts, dried
under vacuum, and twice recrystallized from N,N-dimethy-
lacetamide to give pure 13. Yield: 2.12 g (79%). Mp: 303.5—
305 °C. IR (KBr): 3040, 2920 (CH3), 1665 (C=0), 1600, 1510,
1490, 1435, 1400, 1330, 1250, 1220, 1165 (Ar—F), 1040, 995,
855, 820, 760 cm~l. H-NMR (CDCls;, ppm): 3.86 (s, 3H,

Hyperbranched Poly(ether ketones) 6001

OCHg), 7.00 (d, 2H, J = 8.8 Hz, aromatic at positions 3 and
5), 7.20 (m, 4H, aromatic ortho to fluoro groups), 7.58 (d, 2H,
J = 8.8 Hz, aromatic at positions 2 and 6), 7.65 (d, 2H, J =
8.4 Hz, aromatic at positions 2" and 6'), 7.70 (d, 2H, J = 8.4
Hz, aromatic at positions 3' and 5'), 7.73 (m, 4H, aromatic at
positions 2", 6", 2" and 6'"), 7.74 (d, 2H, J = 4.0 Hz, aromatic
at positions 3" and 5"), 7.77 (d, 2H, J = 8.4 Hz, aromatic at
positions 3" and 5''), 7.92 (m, 4H, aromatic meta to fluoro
groups), 8.07 (t, 1H, 3 = 1.5 Hz, aromatic at position 4""), 8.25
(d, 2H, J = 1.5 Hz, aromatic at positions 2"" and 6'""). 3C-
NMR (CDCls, ppm): 55.3, 114.3, 115.7 (d, J = 22 Hz), 127.0,
127.2,127.4,127.58, 127.63, 128.0, 129.3, 131.4,132.6 (d, J =
10 Hz), 133.3 (d, J = 3 Hz), 133.9, 135.9, 136.6, 137.8, 138.5,
139.0, 139.1, 140.0, 141.1, 141.6, 159.4, 165.7 (d, J = 254 Hz),
194.0. Anal. Calcd for CssH3003F2: C, 82.30; H, 4.60.
Found: C, 82.11; H, 4.52.

4-Hydroxy-3"",5""-bis(4-fluorobenzoyl)-p-quinquephe-
nyl, 4. 13 (2.02 g, 3.1 mmol) was heated together with
pyridine hydrochloride (150 g) at reflux temperature for about
5 h. After the reaction mixture was homogeneous, it was
poured into water (1000 mL). The precipitated solid was
collected by filtration, washed thoroughly with water, and
dried under vacuum, and pure 4 was obtained by recrystalli-
zation from diphenyl ether. Yield: 1.43 g (74%). Mp: 313—
314 °C. IR (KBr): 3400—3000 (OH), 3040, 1660 (C=0), 1600,
1510, 1490, 1435, 1400, 1335, 1250, 1220, 1165 (Ar—F), 995,
855, 820, 760 cm~t. H-NMR (DMSO-dg, 140, ppm): 6.88 (d,
2H, J = 8.8 Hz, aromatic at positions 3 and 5), 7.34 (m, 4H,
aromatic ortho to fluoro groups), 7.51 (d, 2H, J = 8.8 Hz,
aromatic at positions 2 and 6), 7.65 (d, 2H, J = 8.8 Hz,
aromatic at positions 2' and 6'), 7.73 (d, 2H, J = 8.8 Hz,
aromatic at positions 3' and 5'), 7.78 (broad s, 4H, aromatic at
positions 2", 3", 5", and 6"), 7.82 (broad s, 4H, aromatic at
positions 2", 3", 5", and 6'"), 7.90 (t, 1H, J = 1.5 Hz, aromatic
at position 4""""), 7.93 (m, 4H, aromatic meta to fluoro groups),
8.24 (d, 2H, J = 1.5 Hz, aromatic at positions 2""" and 6""),
8.98 (s, 1H, OH). 3C-NMR (DMSO-ds, 140, ppm): 114.9 (d, J
=22 Hz),115.3,125.7,126.1, 126.2, 126.4, 126.5, 126.8, 127.9,
129.1, 129.8, 130.1, 131.7 (d, J = 10 Hz), 132.9 (d, J = 3 H2z),
136.8, 137.0, 137.7, 137.8, 138.7, 139.0, 139.3, 140.1, 156.7,
164.3 (d, J = 251 Hz), 192.7. Anal. Calcd for C4sH2s03F2: C,
82.23; H, 4.39. Found: C, 81.15; H, 4.21.

Hyperbranched Poly(ether ketone), 14. A mixture of
1 (1.24 g, 3 mmol), potassium carbonate (0.214 g, 1.55 mmol),
toluene (10 mL), and N,N-dimethylacetamide (10 mL) was
stirred in a flask at 120 °C. The temperature was then raised
from 120 to 165 °C, to remove water formed during the reaction
as an azeotrope with toluene by the use of a Dean—Stark trap.
The reaction mixture was stirred at this temperature for 3 h.
The polymerization proceeded homogeneously. After the reac-
tion was complete, the mixture was cooled to room temperature
and poured into 300 mL of methanol. The precipitated
polymer was collected by filtration, washed thoroughly with
water and methanol, and dried under vacuum. Yield: 1.09 g
(92%). IR (KBr): 3040, 1665 (C=0), 1590, 1490, 1425, 1400,
1330, 1235, 1175, 1160 (Ar—F), 990, 860, 830, 765 cm™.

H-NMR (CDCls, ppm): 7.10 (2H, H1), 7.19 (4H, H7 and
H9), 7.67 (2H, H2), 7.89 (4H, H6, and H8), 8.03 (1H, H5), 8.18
(2H, H3, and H4). 3C-NMR (CDCls, ppm): 115.7,115.9, 117.7,
118.0, 119.4, 120.1, 120.6, 128.5, 129.0, 129.4, 130.8, 131.2,
131.4,131.8, 132.6, 132.66, 132.74, 133.3, 135.6, 137.6, 138.5,
138.6, 138.9, 139.0, 141.1, 156.0, 161.6, 164.5, 167.0, 194.1.
Anal. Calcd for (CzsH1503F)n: C, 79.18; H, 3.83. Found: C,
79.00; H, 3.79.
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Hyperbranched Poly(ether ketone), 15. Hyperbranched
poly(ether ketone), 15, was prepared by the same procedure
as that for the synthesis of 14 using 2 (1.47 g, 3 mmol),
potassium carbonate (0.214 g, 1.55 mmol), toluene (10 mL),
and N,N-dimethylacetamide (10 mL). The polymerization
proceeded homogeneously, as well as that of 14. Yield: 1.31
g (93%). IR (KBr): 3040, 1665 (C=0), 1590, 1490, 1425, 1400,
1330, 1240, 1175, 1160 (Ar—F), 990, 860, 845, 825, 765 cm™.

!H-NMR (CDCls, ppm): 7.11 (2H, H1), 7.18 (4H, H9 and
H11), 7.68 (6H, H2, H3, and H4), 7.90 (4H, H8, and H10), 8.06
(1H, H7), 8.25 (2H, H5, and H6). ¥C-NMR (CDCls, ppm):
115.7, 115.9, 117.4, 119.5, 120.3, 120.6, 127.6, 127.7, 128.7,
129.6, 131.3, 131.4, 131.5, 132.6, 132.7, 132.8, 133.2, 136.8,
137.8, 137.9, 138.3, 138.4, 138.7, 138.9, 140.2, 141.4, 155.1,
161.9, 164.4, 167.0, 194.3. Anal. Calcd for (Cs;H1903F)n: C,
81.69; H, 4.07. Found: C, 81.49; H, 3.91.

Hyperbranched Poly(ether ketone), 16. Hyperbranched
poly(ether ketone), 16, was prepared by the same procedure
as that for the synthesis of 14 using 3 (1.13 g, 2 mmol),
potassium carbonate (0.142 g, 1.03 mmol), toluene (10 mL),
and N,N-dimethylacetamide (10 mL). However, during the
polymerization at 165 °C, the generated polymer, 16, was
precipitated due to the low solubility. After the reaction
mixture was stirred for 3 h, cooled to room temperature, and
poured into 300 mL of methanol, the precipitated polymer was
collected by filtration, washed thoroughly with water and
methanol, and dried under vacuum. Yield: 1.02 g (93%). IR
(KBr): 3040, 1665 (C=0), 1590, 1485, 1425, 1400, 1330, 1240,
1175, 1160 (Ar—F), 990, 860, 845, 825, 765 cm 1. 'H-NMR
and ¥C-NMR could not be measured because 16 was insoluble
in organic solvents. Anal. Calcd for (C3sH2303F)n: C, 83.50;
H, 4.24. Found: C, 83.36; H, 4.14.

Hyperbranched Poly(ether ketone), 17. Hyperbranched
poly(ether ketone), 17, was prepared by the same procedure
as that for the synthesis of 14 using 4 (1.29 g, 2 mmol),
potassium carbonate (0.142 g 1.03 mmol), toluene (10 mL), and
N,N-dimethylacetamide (10 mL). During the polymerization
at 165 °C, the generated polymer, 17, was precipitated due to
the low solubility, as well as 16. After the reaction mixture
was stirred for 3 h, cooled to room temperature, and poured
into 300 mL of methanol, the precipitated polymer was
collected by filtration, washed thoroughly with water and
methanol, and dried under vacuum. Yield: 1.21 g (94%). IR
(KBr): 3040, 1665 (C=0), 1590, 1480, 1425, 1400, 1330, 1240,
1175, 1160 (Ar—F), 990, 860, 845, 825, 765 cm 1. 'H-NMR
and C-NMR could not be measured because 17 was insoluble
in organic solvents. Anal. Calcd for (CysH1503F)n: C, 84.87;
H, 4.37. Found: C, 84.59; H, 4.18.

4-Hydroxy-4'-acetylbiphenyl, 18. A solution of acetyl
chloride (3.92 g, 50 mmol) in dichloromethane (20 mL) was
added dropwise to a mixture of 4-methoxybiphenyl (9.21 g, 50
mmol), aluminum chloride (7.33 g, 55 mmol), and dichlo-
romethane (50 mL) at 0 °C. After being stirred at 20 °C for 3
h, the mixture was poured into ice water. The organic layer
was collected, and the aqueous layer was extracted twice with
100 mL of dichloromethane. The combined organic layer was
dried over anhydrous magnesium sulfate. After evaporation
of the solvent, the residue was recrystallized from ethanol to
give 4-methoxy-4'-acetylbiphenyl (7.47 g, 33 mmol). The
biphenyl compound was converted to 4-hydroxy-4'-acetylbi-
phenyl by the same procedure as that for the synthesis of 1
using pyridine hydrochloride (50 g). Pure 18 was obtained by
recrystallization from toluene. Yield: 5.31 g (50%). Mp: 205—
206 °C. IR (KBr): 3400—3000 (OH), 3040, 2920 (CH3), 1670
(C=0), 1595, 1580, 1490, 1445, 1370, 1290, 1270, 1200, 820
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cm~t. H-NMR (DMSO-ds, 50, ppm): 2.64 (s, 3H, CH3), 6.89
(d, 2H, 3 = 8.1 Hz, aromatic at positions 3, and 5), 7.59 (d,
2H, J = 8.1 Hz, aromatic at positions 2, and 6), 7.73 (d, 2H, J
= 8.1 Hz, aromatic at positions 2', and 6'), 7.98 (d, 2H, J = 8.1
Hz, aromatic at positions 3', and 5'), 9.60 (s, 1H, OH). 13C-
NMR (DMSO-dg, 50, ppm): 26.4, 115.7, 125.7, 127.9, 128.6,
129.4, 134.6, 144.4, 157.8, 197.0. Anal. Calcd for C14H120,:
C, 79.23; H, 5.70. Found: C, 79.11; H, 5.61.

Linear Model Compound, 19, and Dendric Model
Compound, 20. A mixture of 18 (2.12 g, 10 mmol), 7 (4.28 g,
10 mmol), potassium carbonate (0.69 g, 5 mmol), toluene (20
mL), and N,N-dimethylacetamide (20 mL) was stirred in a
flask at 120 °C. The temperature was then raised from 120
to 165 °C, to remove water formed during the reaction as an
azeotrope with toluene by the use of a Dean—Stark trap. The
reaction mixture was stirred at this temperature for 3 h and
cooled to 80 °C, and the solvent was evaporated under the
reduced pressure of 15—20 Torr. The residue was washed with
200 mL of water and extracted twice with 200 mL of dichlo-
romethane. The combined organic layer was dried over
anhydrous magnesium sulfate. After evaporation of the
solvent, the mixture of 19 and 20 was obtained. The pure 19
and 20 were obtained by silica gel column chromatography
eluted by dichloromethane as a colorless oils.

Linear Model Compound 19. Yield: 2.79 g. IR (KBr):
3040, 2920 (CH3), 1685 (C=0), 1655, 1595, 1520, 1490, 1425,
1350, 1335, 1300, 1255, 1185, 1170, 1160 (Ar—F), 1025, 1000,
965, 880, 825, 770 cm™2.

Hg Hy Hyy Hyy HHiz

H-NMR (CDCls, ppm): 2.65 (s, 3H, COCHs), 3.86 (s, 3H,
OCHj), 7.01 (d, 2H, J = 8.8 Hz, H1), 7.11 (d, 2H, J = 8.8 Hz,
H10), 7.19 (m, 2H, H7), 7.20 (d, 2H, J = 8.8 Hz, H9), 7.58 (d,
2H, J = 8.8 Hz, H2), 7.67 (d, 2H, J = 8.8 Hz, H11), 7.68 (d,
2H, J = 8.8 Hz, H12), 7.90 (d, 2H, J = 8.8 Hz, H8), 7.91 (m,
2H, H6), 8.02 (m, 1H, H5), 8.04 (d, 2H, J = 8.8 Hz, H13), 8.14
(m, 1H, H3), 8.18 (m, 1H, H4). 3C-NMR (CDCls, ppm): 26.6,
55.4, 114.6, 115.7 (d, J = 22 Hz), 117.6, 120.5, 127.0, 128.3,
128.86, 128.96, 128.99, 131.0, 131.2, 131.4, 131.6, 132.6, 132.7
(d, 3 = 10 Hz), 133.3 (d, J = 3 Hz), 135.9, 136.3, 138.2, 138.7,
141.6, 144.7, 155.7, 160.0, 161.7, 165.6 (d, J = 256 Hz), 194 .4,
194.5, 197.6. Anal. Calcd for Cs1H290sF: C, 79.34; H, 4.71.
Found: C, 79.18; H, 4.69.

Dendritic Model Compound, 20. Yield: 2.28 g. IR
(KBr): 3040, 2920 (CHj3), 1680 (C=0), 1660, 1610, 1590, 1520,
1490, 1425, 1400, 1355, 1335, 1300, 1275, 1255, 1185, 1110,
1075, 1035, 1005, 965, 880, 825, 770 cm™2.

H7  Hg Hy Hio

!H-NMR (CDCls, ppm): 2.64 (s, 6H, COCHs), 3.87 (s, 3H,
OCHsz), 7.01 (d, 2H, J = 8.8 Hz, H1), 7.12 (d, 4H, J = 8.8 Hz,
H7), 7.20 (d, 4H, J = 8.8 Hz, H6), 7.60 (d, 2H, J = 8.8 Hz,
H2), 7.67 (d, 4H, J = 8.8 Hz, H8), 7.68 (d, 4H, J = 8.8 Hz,
H9), 7.91 (d, 4H, J = 8.8 Hz, H5), 8.04 (d, 4H, J = 8.8 Hz,
H10), 8.04 (t, 1H, J = 1.5 Hz, H4), 8.17 (d, 2H, J = 1.5 Hz,
H3). 13C-NMR (CDCls, ppm): 26.6, 55.4, 114.5, 117.6, 120.5,
127.0, 128.4, 128.93, 128.96, 128.99, 131.0, 131.5, 131.7, 132.6,
135.9, 136.3, 138.6, 141.5, 144.7, 155.7, 159.9, 161.6, 194.6,
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197.6. Anal. Calcd for CssH40O7: C, 81.26; H, 4.96. Found:
C, 81.01; H, 4.85.

4-Hydroxy-4'-methylbiphenyl, 21. (4-Methoxyphenyl)-
boronic acid (9.12 g, 60 mmol), 4-bromotoluene (8.55 g, 50
mmol), potassium carbonate (16.58 g, 120 mmol), and deoxy-
genated toluene (150 mL) were added to a flask equipped with
a reflux condenser. The flask was flushed with nitrogen, and
Pd(PPhs), (0.38 g) was added to the reaction mixture. After
the mixture was stirred at 90 °C for 8 h, salts were removed
by filtration, and the solvent was evaporated. The residue was
recrystallized from ethanol to give pure 4-methoxy-4'-meth-
ylbiphenyl (8.13 g, 41 mmol). The biphenyl compound was
converted to 4-hydroxy-4'-methylbiphenyl, 21, by the same
procedure as that for the synthesis of 1 using pyridine
hydrochloride (40 g). Pure 21 was obtained by recrystallization
from toluene. Yield: 6.45 g (65%). Mp: 146—147 °C. IR
(KBr): 3400—3000 (OH), 3040, 2920 (CHjs), 1610, 1600, 1500,
1470, 1270, 820 cm™t. 'H-NMR (DMSO-dg, 50, ppm): 2.32 (s,
3H, CHg), 6.84 (d, 2H, J = 8.8 Hz, aromatic at positions 3 and
5), 7.43 (d, 2H, J = 8.8 Hz, aromatic at positions 2 and 6),
7.20 (d, 2H, J = 8.4 Hz, aromatic at positions 3' and 5'), 7.45
(d, 2H, J = 8.4 Hz, aromatic at positions 2' and 6'), 9.36 (s,
1H, OH). 3C-NMR (DMSO-ds, 50, ppm): 20.4, 115.5, 125.6,
127.2, 129.2, 130.8, 135.2, 137.3, 156.7. Anal. Calcd for
Ci3H120: C, 84.75; H, 6.57. Found: C, 84.61; H, 6.50.

4-Hydroxy-4"-methyl-p-terphenyl, 22. A mixture of
4-hydroxy-4'-bromobiphenyl (24.90 g, 0.1 mol), dimethyl sulfate
(6.94 g, 55 mmol), and potassium carbonate (8.29 g, 60 mmol)
in ethanol (200 mL) was refluxed for 8 h and then poured into
water (1000 mL). The aqueous layer was extracted twice with
150 mL of toluene. The combined extract was dried over
anhydrous magnesium sulfate. After evaporation of the
solvent, the residue was recrystallized from ethanol to give
4-methoxy-4'-bromobiphenyl (21.57 g, 82 mmol). The 4-meth-
oxy-4'-bromobiphenyl was reacted with (p-methoxyphenyl)-
boronic acid (14.95 g, 98 mmol) by the same procedure as that
for the synthesis of 4-methoxy-4'-methylbiphenyl using Pd-
(PPhs)4 (0.45 g), potassium carbonate (27.09 g, 19.6 mmol), and
deoxygenated toluene (200 mL). After the reaction mixture
was stirred for 8 h, salts were removed by filtration, and the
solvent was evaporated. The residue was recrystallized from
toluene to give pure 4-methoxy-4"-methyl-p-terphenyl (18.11
g, 66 mmol). It was converted to 4-hydroxy-4''-methyl-p-
terphenyl, 22, by the same procedure as that for the synthesis
of 1 using pyridine hydrochloride (50 g). Pure 22 was obtained
by distillation under reduced pressure (glass tube oven).
Yield: 15.10 g (58%). Bp: 280 °C (1 Torr). Mp: 265—266 °C.
IR (KBr): 3400—3000 (OH), 3040, 2920 (CH3), 1615, 1595,
1490, 1455, 1375, 1265, 805 cm~t. 'H-NMR (DMSO-ds, 50,
ppm): 2.35 (s, 3H, CH3), 6.88 (d, 2H, J = 8.1 Hz, aromatic at
positions 3 and 5), 7.27 (d, 2H, J = 8.1 Hz, aromatic at
positions 3" and 5'"), 7.53 (d, 2H, J = 8.1 Hz, aromatic at
positions 2 and 6), 7.58 (d, 2H, J = 8.1 Hz, aromatic at
positions 2" and 6'"), 7.64 (d, 2H, J = 8.1 Hz, aromatic at
positions 2' and 6') 7.67 (d, 2H, J = 8.8 Hz, aromatic at
positions 3' and 5'), 9.45 (s, 1H, OH). *C-NMR (DMSO-ds,
50, ppm): 20.4,115.6, 126.1, 126.2, 126.6, 127.4, 129.3, 130.3,
136.4, 136.7, 137.8, 138.8, 157.0. Anal. Calcd for Ci9H160:
C, 87.66; H, 6.19. Found: C, 87.51; H, 6.02.

4-Hydroxy-4""-methyl-p-quarterphenyl, 23. 4"-Methyl-
p-terphenyltriflate was prepared by the same procedure as
that for the synthesis of 6 using 22 (10.41 g, 40 mmol),
trifluoromethanesulfonyl anhydride (12.70 g, 45 mmol), pyri-
dine (15 mL), and dichloromethane (200 mL). The pure 4"-
methyl-p-terphenyltriflate (13.34 g, 34 mmol) obtained by
recrystallization from toluene was reacted with (p-methox-
yphenyl)boronic acid (6.20 g, 40.8 mmol) by the same procedure
as that for the synthesis of 7 using Pd(PPh3), (0.2 g), potassium
carbonate (11.28 g, 81.6 mmol), and deoxygenated toluene (100
mL). After being stirred for 8 h, the reaction mixture was
cooled to room temperature. The precipitated product was
collected by filtration, washed with water to remove salts, dried
under vacuum, and sublimated under reduced pressure (glass
tube oven, 330 (1 Torr)) to give pure 4-methoxy-4""'-methyl-p-
quarterphenyl (7.01 g, 20 mmol). It was converted to 4-hy-
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droxy-4'"-methyl-p-quarterphenyl, 23, by the same procedure
as that for the synthesis of 4 using pyridine hydrochloride (100
g). Pure 23 was obtained by sublimation under reduced
pressure (glass tube oven, 330 (1 Torr)). Yield: 5.05 g (37.5%).
Mp > 350 °C. IR (KBr): 3400—3000 (OH), 3040, 2920 (CH3),
1610, 1590, 1485, 1450, 1380, 1255, 805 cm™t. 'H-NMR
(DMSO-ds, 140, ppm): 2.38 (s, 3H, CH3), 6.90 (d, 2H, J = 8.8
Hz, aromatic at positions 3 and 5), 7.29 (d, 2H, J = 8.8 Hz,
aromatic at positions 3" and 5""), 7.53 (d, 2H, J = 8.8 Hz,
aromatic at positions 2 and 6), 7.60 (d, 2H, J = 8.8 Hz,
aromatic at positions 2" and 6""), 7.67 (d, 2H, J = 8.8 Hz,
aromatic at positions 3' and 5'), 7.71 (d, 2H, J = 8.8 Hz,
aromatic at positions 2" and 6'"), 7.74 (d, 2H, J = 8.4 Hz,
aromatic at positions 3' and 5'), 7.76 (d, 2H, J = 8.8 Hz,
aromatic at positions 3" and 5"), 9.00 (s, 1H, OH). 3C-NMR
(DMSO-ds, 140, ppm): 19.8, 115.2, 125.6, 125.7, 126.06, 126.13,
126.78, 126.82, 128.7, 130.1, 136.0, 136.4, 137.2, 138.0, 138.6,
138.9, 156.6. Anal. Calcd for CsH2O: C, 89.25; H, 5.99.
Found: C, 89.11; H, 5.79.

Biphenyl Oxy-Terminated Hyperbranched Poly(ether
ketone), 24. A mixture of 1 (1.24 g, 3 mmol), potassium
carbonate (0.214 g, 1.55 mmol), toluene (10 mL), and N,N-
dimethylacetamide (10 mL), was stirred in a flask at 120 °C.
The temperature was then raised from 120 to 165 °C, to
remove water formed during reaction as an azeotrope with
toluene by the use of a Dean—Stark trap. The reaction
mixture was stirred at this temperature for 3 h, and 21 (0.55
g, 3 mmol), potassium carbonate (0.214 g, 1.55 mmol), toluene
(10 mL), and N,N-dimethylacetamide (10 mL) were added. The
mixture was stirred at 165 °C for another 3 h, cooled to room
temperature, and poured into 300 mL of methanol. The
precipitated polymer was collected by filtration, washed
thoroughly with water and methanol, and dried under vacuum.
Yield: 1.56 g (93%). IR (KBr): 3040, 2920 (CHs), 1665 (C=
0), 1590, 1490, 1435, 1410, 1335, 1300, 1250, 1110, 1005, 945,
870, 835, 810, 760 cm™L.

H9 Hyo Hj,

H-NMR (CDCls, ppm): 2.39 (3H, CHs), 7.09 (6H, H1, H8,
and H11), 7.21 (4H, H7, and H13), 7.46 (2H, H2), 7.58 (2H,
H9), 7.67 (2H, H10), 7.87 (4H, H6 and H 12), 8.06 (1H, H5),
8.19 (2H, H3, and H4). Anal. Calcd for (C39H2604)n: C, 83.85;
H, 4.69. Found: C, 83.64; H, 4.57.

Terphenyl Oxy-Terminated Hyperbranched Poly-
(ether ketone), 25. Terphenyl oxy-terminated hyperbranched
poly(ether ketone), 25, was prepared by the same procedure
as that for the synthesis of 24 using 1 (1.24 g, 3 mmol), 22
(0.78 g, 3 mmol), potassium carbonate (0.428 g, 3.1 mmol),
toluene (20 mL), and N,N-dimethylacetamide (20 mL).
Yield: 1.75 g (92%). IR (KBr): 3040, 2920 (CHjs), 1665 (C=
0), 1590, 1500, 1485, 1435, 1410, 1335, 1300, 1250, 1110, 1005,
945, 870, 835, 810, 760 cm™.

He H; Hg HoHj  Hi HizHjs

H-NMR (CDCls, ppm): 2.38 (3H, CHs), 7.01-7.29 (10H, H1,
H7, H8, H13, and H15), 7.51 (2H, H2), 7.62 (8H, H9, H10, H11,
and H12), 7.88 (4H, H6 and H14), 8.05 (1H, H5), 8.19 (2H,
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H3, and H4). Anal. Calcd for (C4sH3004)n: C, 85.15; H, 4.76.
Found: C, 84.88; H, 4.51.

Quarterphenyl Oxy-Terminated Hyperbranched Poly-
(ether ketone), 26. Quarterphenyl oxy-terminated hyper-
branched poly(ether ketone), 26, was prepared by the same
procedure as that for the synthesis of 24 using 1 (1.24 g, 3
mmol), 23 (1.01 g, 3 mmol), potassium carbonate (0.428 g, 3.1
mmol), toluene (20 mL), and N,N-dimethylacetamide (20 mL).
During the reaction of the polymer prepared from 1 with 23,
the generated quarterphenyl oxy-terminated polymer, 26, was
precipitated due to the low solubility. After the reaction
mixture was stirred for 3 h, cooled to room temperature, and
poured into 300 mL of methanol, the precipitated polymer was
collected by filtration, washed thoroughly with water and
methanol, and dried under vacuum. Yield: 2.00 g (94%). IR
(KBr): 3040, 2920 (CHjs), 1660 (C=0), 1585, 1495, 1480, 1435,
1410, 1335, 1300, 1250, 1110, 1005, 945, 870, 835, 810, 760
cm~l. H-NMR could not be measured because 26 was
insoluble in organic solvents. Anal. Calcd for (Cs1Hz404)n: C,
86.18; H, 4.82. Found: C, 85.85; H, 4.60.

Results and Discussion

Monomer Synthesis. The key step for the prepara-
tion of rigid AB, type monomers used in this study is
the stepwise extension of phenylene units. For this
purpose, a series of reaction containing cross-coupling®
of p-methoxyphenylboronic acid and triflate was se-
lected. Namely, the synthetic approach for the rigid AB;
type monomers is as follows (Scheme 1). 3,5-Bis(4-
fluorobenzoyl)phenol, 5, was selected as the starting
molecule. First, after 5 was converted to the triflate,
6, by using tifluoromethanesulfonic anhydride, the
cross-coupling of 6 with (p-methoxyphenyl)boronic acid,
using tetrakis(triphenlyphosphine)paladium (Pd(PPh3),)
as catalyst, gave 4-methoxy-3,5-bis(4-fluorobenzoyl)-
biphenyl, 7. Next, the methyl ether was cleaved with

@) CH;0<O)-B(OH); , Pd(PPhs)s, K;CO;

4

(3) pyridine HCI

pyridine hydrochloride to give 4-hydroxy-3',5-bis(4-
fluorobenzoyl)biphenyl, 1, which was the desired AB,
monomer with biphenyl structure. Further, 4-hydroxy-
3",5"-bis(4-fluorobenzoyl)-p-terphenyl, 2, the monomer
with p-terphenyl structure, could be obtained in a
similar manner as the conversion of the hydroxy group
of 1 to the triflate, 8, the cross-coupling of the triflate,
8, with (p-methoxyphenyl)boronic acid, and cleavage of
the methyl ether. When the procedure is repeated,
4-hydroxy-3'"",5"'-bis(4-fluorobenzoyl)-p-quarterphe-
nyl, 3, and 4-hydroxy-3"",5""-bis(4-fluorobenzoyl)-p-
quinquephenl, 4, which has p-quarterphenyl and p-
quinquephenyl structure, were prepared, respectively.
The structural characterization of these compounds was
made by elemental analysis and IR, 'H, and 3C NMR
spectrometry. As these compounds had one hydroxy
group and two aromatic fluorides activated by a carbo-
nyl group in the para position, the hyperbranched poly-
(ether ketones) were expected to be prepared by the
polymerization of them.

Polymer Synthesis. The polymerization conditions
used for the synthesis of hyperbranched poly(ether
ketones) were similar to those reported by Viswanathan
for the preparation of linear poly(ether ketones)!° and
by Hawker for the preparation of hyperbranched poly-
(ether ketones).” In these cases, the polymer linkages
are formed by aromatic nucleophilic substitution of
activated aromatic fluoride with a phenol group in the
presence of a suitable base such as potassium carbonate.
The polymerization was proceeded at 120—165 °C using
a mixture of N,N-dimethylacetamide and toluene as a
solvent. The water formed during the reaction was
removed as an azeotrope to promote the polymerization.
In the case of 1 and 2, the polymerization proceeded
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Table 1. Synthesis of Hyperbranched Poly(ether

ketones)
polymer yield (%) Mp2 Mw/Mp remarksP
14 92 17,700 6.42 S
15 93 26,000 8.82 S
16 93 c - P
17 94 - - P

a Determined by GPC based on standard polystyrene using THF
as eluents. P Appearance of the polymerization mixture: S, ho-
mogeneous solution; P, precipitation during the reaction. ¢ In-
soluble.

o) O o O F o 0%
%oF %oo N %00 I
T L D

Figure 1. Structure of repeat units in hyperbranched poly-
(ether ketone), 14.

homogeneously, but the generated polymer, 16 and 17,
from 3 and 4, respectively, was precipitated during
polymerization due to their low solubility (Scheme 2).
The results of the polymerization are summarized in
Table 1. All the hyperbranched poly(ether ketones)
were obtained in high yields (90—100%). GPC mea-
surements of the hyperbranched poly(ether ketones), 14
and 15, indicated that the M, values were 18 000 and
26 000 relative to standard polystyrene, and M,/M,
values, the measure of molecular weight distributions,
were 6.4 and 8.8, respectively. M, and M/M, of the
hyperbranched poly(ether ketones), 16 and 17, could not
be measured due to the low solubilities. Both the M,
and M,/My values of hyperbranched poly(ether ketone)
15 were higher than those of hyperbranched poly(ether
ketone) 14. Higher molecular weight and broader
molecular weight distribution of 15 may be attributed
to the larger repeating unit and the higher reactivity
of the hydroxy group, since the hydroxy group of starting
monomer 2 was away from the aromatic ring connected
with the electron-withdrawing carbonyl group in com-
parison with that of 1.

The degree of branching of these hyperbranched
poly(ether ketones) could be evaluated by means of
NMR spectra. Dendritic macromolecules are perfectly
branched and have a degree of branching of 100%, while
hyperbranched polymers have a much more irregular
structure due to the one-step synthesis. Although it is
difficult to define unequivocally the irregular structure,
the degree of branching (DB) was used as a measure of
irregularity, which was defined in the following equa-
tion.1!

DB = (number of dendritic units + number of
terminal units)/number of total units.

For hyperbranched poly(ether ketones), the overall
structure reveals three different types of subunits.
These include “dendritic”, D, which has no fluoro
group;“linear”, L, which has one fluoro group; and
“terminal”, T, which has two fluoro groups (Figure 1).
Since the chemical environment of the trisubstituted
aromatic ring of D, L, and T will be substantially
different, the relative percentage of D, L, and T can be
evaluated by NMR spectroscopy. To discriminate the
three subunits of the polymer backbone, model com-
pounds 19 and 20 were synthesized (Scheme 3). 19, 20,
and 7 were used as the model compound for linear,
dendritic, and terminal subunits, respectively. Com-
parison of the 'TH-NMR spectra of these model com-
pounds with 'H-NMR spectra of the hyperbranched
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poly(ether ketones) allowed the resonance of linear,
dendritic, and terminal subunits to be identified. Figure
2 shows the 'H-NMR spectra of 19, 20, 7, and the
hyperbranched poly(ether ketone), 14. Distinct reso-
nances for the linear model compounds, 19, were
observed at 8.14 and 8.18 ppm (Ha and Hb) while the
corresponding protons for the dendritic model com-
pound, 20, and terminal model compound, 7, appeared
at 8.17 and 8.16 ppm, respectively. In the spectrum of
the hyperbranched poly(ether ketone), 14, the corre-
sponding protons were observed at 8.13—8.23 ppm.
These resonances were overlapped, but four peaks (8.16,
8.18, 8.19, and 8.20 ppm) could be identified. As
compared with the H-NMR spectra of the model
compounds, the resonances at 8.16 and 8.20 ppm could
be assigned to the linear subunits, while the resonances
at 8.18 and 8.19 ppm could be assigned to the terminal
and dendritic subunits, respectively. Peak separation
of the resonances allowed the relative percentage of the
three subunits in the hyperbranched poly(ether ketone),
14, and the degree of branching of 14 was evaluated to
be 0.63. The degree of branching of the hyperbranched
poly(ether ketone), 15, was evaluated to be 0.65 by the
same method. However, the degree of branching of
hyperbranched poly(ether ketones) 16 and 17 could not
be evaluated as these polymers were insoluble in organic
solvents.

Alternatively, the degree of branching of these hy-
perbranched poly(ether ketones), 14 and 15, could be
also evaluated by means of 3C NMR spectra (Figure
3). Distinct resonances of carbons (a and b) connected
with carbonyl group were observed at 138.2 and 138.7
ppm in the linear model compound, 19, while the
corresponding resonances for the dendritic model com-
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Figure 2. Comparison of the 400-MHz *H-NMR spectra for
the linear, dendritic, and terminal model compounds, 19, 20,
and 7, respectively, with the hyperbranched poly(ether ketone),
14.
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Figure 3. Comparison of the 100-MHz ¥ C-NMR spectra for
the linear, dendritic, and terminal model compounds, 19, 20,
and 7, respectively, with the hyperbranched poly(ether ketone),
14.

pound, 20, and terminal model compound, 7, appeared
at 138.6 and 138.3 ppm, respectively. In the spectrum
of hyperbranched poly(ether ketone), 14, four reso-
nances (139.0, 138.9, 138.6, and 138.5 ppm) were

Macromolecules, Vol. 31, No. 18, 1998
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Figure 4. X-ray diffraction patterns of hyperbranched poly-
(ether ketones), 14, 15, 16, and 17.

observed at the corresponding region. When compared
with the 2C-NMR spectra of the model compounds, the
resonances at 139.0 and 138.5 ppm could be assigned
to the linear subunits, while the resonances at 138.9
and 138.6 ppm were due to the dendritic and terminal
subunits, respectively. Peak separation of the reso-
nances allowed the relative percentage of the three
subunits in the hyperbranched poly(ether ketone), 14,
and the degree of branching of 14 was evaluated to be
0.57. The degree of branching of the hyperbranched
poly(ether ketone), 15, was evaluated to be 0.60 by the
same method. These values are consistent with those
obtained from 'H-NMR, indicating the validity of the
assigment.

Properties of Hyperbranched Poly(ether ke-
tones). In the X-ray diffraction studies, the hyper-
branched poly(ether ketones), 14, 15, and 16, were
amorphous despite their rigid structure, whereas the
only hyperbranched poly(ether ketone), 17, was crystal-
line (Figure 4). As hyperbranched polymers generally
are known not to crystallize, this fact is very interesting.
However, the fact that all of the other hyperbranched
poly(ether ketones), even 16, having quarterphenyl
structure, were amorphous suggested that the branched
structure hindered the crystallization.

Thermal behaviors of these hyperbranched poly(ether
ketones) were evaluated by means of DSC. The DSC
curves of these hyperbranched poly(ether ketones) are
given in Figure 5. The glass transition temperature (Tg)
was observed in 14, 15, and 16, while only melting point
(Tm) was obseved in 17. The T4 of 17 was obtained by
guenching from 400 °C (above the Tr,). The Tgs of these
polymers were much higher than the polymer obtained
from 5 (140 °C, Miller”) and were in the range of 190—
240 °C. Though the Tgs increased with increasing
number of phenylene units in the polymer backbone,
the increment per single phenylene unit was only 10—
20 °C, and the increase of phenylene units affected less
dramatically the Tgs than the modification of the end
groups in the hyperbranched poly(ether ketones), which
had been reported by Hawker et al.® On the other hand,
Tm was observed in the range of 275—315 °C in 17 and
reflected the crystalline nature as confirmed in X-ray
diffraction. However, the value of the T,, was not
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Figure 5. DSC curves of hyperbranched poly(ether ketones),
14, 15, 16, and 17.

seemed to be so high considering the p-quinquephenyl
structure since the melting point of linear poly(ether
ether ketone), which was prepared from 4-fluoro-4'-
hydroxybenzophenone, was reported to be about 360
°C.12 These results suggest that the branched structure
caused higher disorder in the molecular chains and
therefore less chain packing.

Though the linear poly(ether ketones) were soluble
in only limited solvents, the hyperbranched poly(ether
ketones) 14 and 15 were highly soluble in polar solvents
such as N-methyl-2-pyrrolidone, o-chlorophenol, and
m-cresol, and even in the less polar chloroform and
tetrahydrofuran. However, 16 and 17 barely swelled
on heating in polar solvents such as N,N-dimethylac-
etamide and N-methyl-2-pyrrolidone and were insoluble
in usual the organic solvents. The effects of the
introduction of rigid structure in the backbone were
strongly reflected in solubility rather than in the
thermal properties.

Introduction of Phenylene Units to the Chain
Ends Group of the Hyperbranched Poly(ether
ketone), 14. In this series of hyperbranched poly(ether
ketones), a dramatic change of thermal properties was
observed by increasing the number of phenylene units
in the backbone from 3 to 4. However, it has been
reported that hyperbranched polymers are characterized
by the large number of chain end groups and that these
groups play an important role in determining the final
properties of the polymer.6 Thus it will be interesting
to introduce the same phenylene units into the chain
end using a substitution reaction. Fortunately, the
introduction of phenylene units could be easily ac-
complished, since the chain end of the hyperbranched
poly(ether ketones) is the active 4-fluorobenzoyl group.
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Figure 6. X-ray diffraction patterns of hyperbranched poly-
(ether ketones), 24, 25, and 26.

Scheme 4

Q
Oo0-0-cm
00 |
24 !

21
K,CO;3

[0}
O 7 >0 -00~0~0-chs
rodel o4
14 " 25“
23

(o]
on
26

10-O—~0O—O-cis Ho-O—~O-O~Orcts
22 23

KaCO;

L@@ ge:

21

Hyperbranched poly(ether ketone) 14 with the least
phenylene units, was selected for the introduction of
phenylene units, and the introduction of these units to
the chain ends was accomplished by nucleophilic dis-
placement of the activated fluoro groups. The hyper-
branched poly(ether ketones) 24, 25, and 26, with
biphenyloxy, p-terphenyloxy, and quarterphenyloxy
end groups, could be prepared by the addition of the
phenol derivatives, 4-hydroxy-4'-methylbiphenyl, 21,
4-hydroxy-4"-methyl-p-terphenyl, 22, and 4-hydroxy-4""-
methyl-p-quarterphenyl, 23, to the reaction mixture at
the end of the polymerization of 14, respectively (Scheme
4).

In the X-ray diffraction studies, the hyperbranched
poly(ether ketones) 24 and 25, with biphenyloxy and
p-terphenyloxy end groups, were amorphous, respec-
tively, whereas the only hyperbranched poly(ether
ketone), 26, was crystalline with p-quarterphenyloxy
end groups (Figure 6). These results suggested that the
properties of chain end substituted hyperbranched poly-
(ether ketones) depended primarily on the nature of the
substituent.

In the measurement of DSC, the only T4 was observed
in 24 and 25, and both the Ty and the T, were observed
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Figure 7. DSC curves of hyperbranched poly(ether ketones),
24, 25, and 26.

in 26 (Figure 7). The Tg4 of 24 was 190 °C, the same as
that of the unmodified hyperbranched poly(ether ke-
tone), 14, with 4-fluorobenzoyl end groups. The Ty of
25, was slightly higher (205 °C) than that of 14, but
dramatically high Tg4 (315 °C) and T, (345—385 °C) in
26 was observed. The Ty was much higher than that
(218 °C) of the unmodified hyperbranched poly(ether
ketone), 16, with the same p-quarterphenyl structure
in the backbone, and the T, was much higher than that
(275—315 °C) of the unmodified hyperbranched poly-
(ether ketone), 17, with the p-quinquephenyl structure
in the backbone. Moreover, by comparing the X-ray
diffraction pattern of 17 and that of 26, the latter
showed more distinct pattern indicating the presence
of the more ordered crystalline structure. It should be
noted that a drastic change of thermal properties was
again observed by increasing the number of phenylene
unit of the chain end groups from 3 to 4 and that the
change was more distinct as compared with that for the
backbone chain. Itis not clear at present why the larger
effect of phenylene chain length was observed for the
substitution of chain ends than main chain. The great
increase of the intermolecular chain packing expected
for the chain ends with long phenylene groups may
be a reason for the drastic increase of the T4 and the
Tm.

Conclusion

The stepwise synthesis of new AB; type monomers,
with various numbers of phenylene units, and the
preparation of the hyperbranched poly(ether ketones)
from these monomers have been demonstrated. Ob-
tained hyperbranched poly(ether ketones) from 4-hy-
droxy-3',5'-bis(4-fluorobenzoyl)biphenyl, 1, 4-hydroxy-
3",5"-bis(4-fluorobenzoyl)-p-terphenyl, 2, and 4-hydroxy-
3'"",5""-bis(4-fluorobenzoyl)-p-quarterphenyl, 3, were
amorphous, the values of the glass transition temper-
atures were 188, 208, and 218 °C, respectively, and
slightly increased with increasing number of the phe-
nylene units. On the other hand, the only hyper-
branched poly(ether ketone) from 4-hydroxy-3"",5""-
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bis(4-fluorobenzoyl)-p-quinquephenyl, 4, was crystalline
and the value of the melting point was 275—315 °C. The
degree of branching of the hyperbranched poly(ether
ketones) 14 and 15, were evaluated to be about 60%
from NMR spectroscopy. The introduction of phenol
derivatives with various phenylene units, 4-hydroxy-
4'-methylbiphenyl, 21, 4-hydroxy-4"-methyl-p-terphe-
nyl, 22, and 4-hydroxy-4'"-methyl-p-quarterphenyl, 23,
on the chain ends of the hyperbranched poly(ether
ketone), 14, has been also carried out. The hyper-
branched poly(ether ketone), 26, connected with 4"'-
methyl-p-quarterphenyloxy group showed dramatically
high Ty (315 °C) and Ty (345—385 °C), and it was
suggested that the structure of chain end groups had a
stronger influence upon the thermal properties of hy-
perbranched polymers than the structure of polymer
backbone.

Acknowledgment. The author thanks Professor
Katsumichi Ono for important discussions and improv-
ing the manuscript.

References and Notes

(1) Frechet, J. M. J. Science 1994, 263, 1710. Voit, B. I. Acta
Polym. 1995, 46, 87. Kim, Y. H.; Webster, O. W. J. Am. Chem.
Soc. 1990, 112, 4592. Kim, Y. H.; Webster, O. W. Macromol-
ecules 1992, 25, 5561. Kambouris, P.; Hawker, C. J. 3. Chem.
Soc., Perkin Trans. 1 1993, 2717. Johansson, M.; Malmstrom,
E.; Hult, A. J. Polym. Sci., Polym. Chem. 1993, 31, 619. Chu,
F.; Hawker, C. J. Polym. Bull. 1993, 30, 265. Uhrich, K. E.;
Hawker, C. J.; Frechet, J. M. J.; Turner, S. R. Macromolecules
1992, 25, 4583. Spindler, R.; Frechet, J. M. J. Macromolecules
1993, 26, 4809. Mathias, L. J.; Carothers, T. W. J. Am. Chem.
Soc. 1991, 113, 4043. Reichert, V. R.; Mathias, L. J. Macro-
molecules 1994, 27, 7024. Percec, V.; Kawsumi, M. Macro-
molecules 1992, 25, 3843. Suzuki, M,; li, A.; Saegusa, T.
Macromolecules 1992, 25, 7071. Frechet, J. M. J.; Menmi,
M.; Gitsov, I.; Aoshima, S.; Leduc, M. R.; Grubbs, R. B.
Science 1995, 269, 1080. Percec, V.; Chu, P.; Kawsumi, M.
Macromolecules 1994, 27, 4441. Malmstrom, E.; Johanson,
M.; Hult, A. Macromolecules 1995, 28, 5955. Kricheldorf, H.
R.; Stober, O. Macromol. Rapid. Commum. 1994, 15, 87.
Wooley, K. L.; Frechet, J. M. J.; Hawker, C. J. Polymer 1994,
35, 4489. Kricheldorf, H. R.; Stober, O.; Lubbers, D. Macro-
molecules 1995, 28, 2118. Turner, S. R.; Voit, B. I.; Mourey,
T. H. Macromolecules 1993, 26, 4617. Turner, S. R.; Walter,
F.; Voit, B. |.; Mourey, T. H. Macromolecules 1994, 27, 1611.
Bochkarev, M. N.; Katkova, M. A. Usp. Khim. 1995, 64,
1106. Kim, Y. H. 3. Am. Chem. Soc. 1992, 114, 4947. Jikei,
M.; Zheng, H.; Kakimoto, M.; Imai, Y. Macromolecules 1996,
29, 1062. Ishida, Y.; Jikei, M.; Kakimoto, M.; Imai, Y.
Koubunnshironnbunnsyu 1997, 54, 891. Morgenroth, F;
Mullen, K. Tetrahedron 1997, 53, 15349. Bharathi, P.;
Moore, J. S. J. Am. Chem. Soc. 1997, 119, 3391. Suzuki, M.;
Yoshida, S.; Shiraga, K.; Saegusa, T. Macromolecules 1998,
31, 1716.

(2) Tomalia, D. A.; Naylor, A. M.; Goddard, W. A. Angew. Chem.,
Int. Ed. Engl. 1990, 29, 138. Tomalia, D. A.; Durst, H. D.
Top. Curr. Chem. 1993, 165, 193. Newkome, G. R. Advances
in Dendritc Macromolecules; JAI Press: Greenwich, CT, 1993.
Kim, Y. H. Adv. Mater. 1992, 4, 764. Morikawa, A.; Kakimoto,
M.; Imai, Y. Macromolecules 1991, 24, 3469.

(3) Tomalia, D. A.; Baker, H.; Dewald, J.; Hall, M.; Kallos, G.;
Martin, R.; Ryder, J.; Smith, P. Polym. J. 1985, 17, 117.
Newkome, G. R.; Yao, Z.; Baker, G. R.; Gupta. V. K. J. Org.
Chem. 1985, 50, 2003. Hawker, C. J.; Frechet, J. M. J. J.
Chem. Soc., Chem. Commun. 1990, 1010. Morikawa, A.;
Kakimoto, M.; Imai, Y. Macromolecules 1992, 25, 3247.
Morikawa, A.; Kakimoto, M.; Imai, Y. Macromolecules 1993,
26, 6324.

(4) Hawker, C. J.; Farrington, P.; Mackay, M.; Frechet, J. M. J.
Wooly, K. L. J. Am. Chem. Soc. 1995, 117, 6123.

(5) Mourey, T. H.; Turner, S. R.; Rubenstein, M.; Frechet, J. M.
J. Hawker, C. J.; Wooly, K. L. Macromolecules 1992, 25, 2401.



Macromolecules, Vol. 31, No. 18, 1998 Hyperbranched Poly(ether ketones) 6009

(6) Hawker, C. J.; Chu, F. Macromolecules 1996, 29, 4370. (11) Hawker, C. J.; Lee, R.; Frechet, J. M. J. 3. Am. Chem. Soc.
(7) Miller, T. M.; Neenan, T. X.; Kwock, E. W.; Stein, S. M. J. 1991, 113, 4583. Hawker, C. J.; Chu, F. Macromolecules 1996,

Am. Chem. Soc. 1993, 115, 356. 29, 4370.
(12) Kelsey, D. R.; Robeson, L. M.; Clendinning, R. A.; Blackwell,

(8) Bean, F. R.; Johnson, J. R. J. Am. Chem. Soc. 1932, 54, 4415.
(9) Oh-e, T.; Miyaura, N.; Suzuki, A. Synlett 1990, 221. Shieh, C. S. Macromolecules 1987, 20, 1204.

W. C.; Carlson, J. A. J. Org. Chem. 1992, 57, 379.
(10) Viswanathan, R.; Johnson, B. C.; McGrath, J. E. Polymer
1984, 25, 1827. MA980582T



