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Abstract

A series ofN-(substituted phenyl) maleimides was synthesized and their free radical chain polymerization examined. Polymerization of
theN-(hydroxyphenyl) maleimides in DMF gave typically very low molecular weight polymers. Masking the phenolic functionality with an
acetoxy group gave marginally higher molecular weights. Protection using a tetrahydropyranyl (THP) substituent gave a similar polymer-
ization pattern to acetoxy. However, the THP protected monomers had increased solubility in non-polar solvents such as benzene, and when
polymerized in this solvent gave very much higher molecular weight polymers. The reactivity of the maleimide monomers was also found to
be dependent on the substitution pattern of the phenyl ring, with substituents in theortho position tending to lower the molecular weight of
the polymer formed. The THP substituent was readily removed to yield poly(N-(hydroxyphenyl) maleimides). The polymers were found to
exhibit excellent thermal stability.q 1998 Elsevier Science Ltd. All rights reserved.

Keywords:Polyimide;N-(substituted phenyl) pyrrolidone-2,5-diones; THP

1. Introduction

The free radical chain polymerization of 1H-pyrrole-2,5-
diones, more commonly referred to as maleimides, and the
N-substituted derivatives has been extensively studied
[1–5]. Despite the 1,2-disubstituted ethylene structure of
the maleimide ring, both homo- and copolymerizations
have been reported to occur with a variety ofN-substituents
and comonomers [6–8]. The resulting polymers generally
exhibit both good thermal and chemical stability [9,10].

Poly(N-(hydroxyphenyl) maleimides) (1) have been
extensively used either individually or in composite formu-
lations with other phenolic resins in applications where
good thermal properties are desirable [11–13]. However,
the free radical polymerization ofN-(hydroxyphenyl)
maleimide (2) monomers gives polymers in relatively
poor yields and low molecular weights. This has previously
been attributed to the presence of the free phenolic substi-
tuent during the free radical polymerization [14]. However,
there are reports in the literature concerning the free radical
polymerization of monomers containing free phenolic
groups which range from evidence of no effect [15,16] to
observations of considerable problems associated with the
phenolic group [15,17–19].

The choice of a solvent for the polymerizations of the
maleimides is limited by the poor solubility of both
monomeric and polymeric materials. Consequently, polar
solvents are often used for the polymerizations, many of
which are undesirable as solvents for free radical polymer-
ization. It is therefore of interest to produce maleimide-
based polymers of improved solubility in common solvents
and of high molecular weight, both of which are highly
desirable engineering properties for their use in industrial
applications.

In this article, we describe the synthesis and controlled
free radical chain polymerization of a series of novel
N-(substituted phenyl) maleimides to form high
molecular weight polymeric materials in inert solvents.
The process is applicable generally to other phenolic
monomers.
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2. Experimental

2.1. Materials

Maleic anhydride (AR), sodium acetate (99%), nickel(II)
acetate tetrahydrate (98%), 3,4-dihydro-2H-pyran (97%)
and acetic anhydride (98%) were obtained from Aldrich
and used as received. Pyridiniump-toluenesulfonate
(PPTS) was prepared as previously described [20]. The
aminophenols (Aldrich) were recrystallized from ethyl
alcohol. 2,29-Azobis(isobutyronitrile) (AIBN) was
recrystallized twice from diethyl ether.N,N-Dimethyl-
formamide (DMF) was dried over CaH2. Solvents were
purified by conventional methods.

2.2. Instrumentation

Melting points (uncorrected) were determined using an
electrothermal melting point apparatus. Proton (1H) and
carbon (13C) nuclear magnetic resonance (NMR) spectra
were recorded on a Varian Unity spectrometer operating
at 400 and 100 MHz, respectively, using d6-dimethyl-
sulfoxide (DMSO) as a solvent, unless otherwise stated.
For 1H spectra, the residual central peak of d6-DMSO (dH

2.49 ppm) was used as an internal reference, whilst the cen-
tral peak d6-DMSO (dC 39.5 ppm) was used as an internal
reference for13C spectra. Chemical shifts are quoted in ppm
on thed scale, followed by proton integration, multiplicity
(br, broad; s, singlet; d, doublet; m, multiplet), coupling
constant(s) in Hz, and possible assignment. Fourier
transform infrared (IR) spectra were recorded on a Bio-
Rad FTS-60A spectrophotometer. Samples were recorded
in a potassium bromide disc and reported as absorption
maxima, nMAX, quoted in cm¹1 using the following

abbreviations: br¼ broad, sh¼ shoulder, s¼ strong,
m ¼ medium, w¼ weak. Mass spectra (MS) were recorded
at 70 eV, unless otherwise stated, on a VG Micromass
7070F spectrometer and data expressed asm/z and relative
intensity (% of base peak). Elemental analyses were carried
out by Chemical and Micro Analytical Services Pty. Ltd and
at the University of Tasmania. Liquid chromatography was
performed using Merck TLC grade silica gel, No. 7730.
Thermal analysis was carried out on a TA Instruments
modulated differential scanning calorimetry (MDSC)
instrument, model 2920, at a heating rate of 158C min¹1

under a nitrogen atmosphere and on a Setaram thermal
gravimetric analysis (TGA) instrument, model TAG 24, at
a heating rate of 108C min¹1 under an argon atmosphere.

2.3. Monomer syntheses

2.3.1. Synthesis of N-(hydroxyphenyl) maleimide monomers
(6–8)

The synthesis of the desiredN-(hydroxyphenyl) malei-
mide compounds proceeded via a two step synthesis
described in Scheme 1i. TheN-(hydroxyphenyl) maleamic
acids (3–5) were prepared in near quantitative yields
( . 95%) from the appropriate substituted amino phenols
and maleic anhydride according to the procedure described
previously [13].

2.3.1.1. N-(29-Hydroxyphenyl)-4-amino-4-oxobut-2-enoic
acid (N-(29-hydroxyphenyl) maleamic acid)(3). Yield 97%
as a yellow powder, m.p. 183–1848C. 1H NMR (DMSO),d
(ppm): 6.35 (1H, d,J 12.2 Hz, –CO–CHyCHCONH–);
6.68 (1H, d, J 12.2 Hz, –CO–CHyCH–CONH–); 6.80
(1H, ddd,J 8.2, 8.2 and 1.5 Hz, 59-H); 6.91 (1H, dd,J 8.2
and 1.5 Hz, 39-H); 7.01 (1H, ddd,J 8.2, 8.2 and 1.5 Hz,

Scheme 1. Synthesis ofN-substituted functional maleimides.
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49-H); 7.79 (1H, dd,J 8.2 and 1.5 Hz, 69-H); 9.89 (1H,
s, 29-OH); 9.96 (1H, s, –NH); 13.57 (1H, s, –CO–OH).
13C NMR (DMSO),d (ppm): 115.66 (39-C); 118.96 (69-C);
122.89 (59-C); 125.16 (49-C); 125.63 (19-C–NH–); 131.13
(–CO–CHyCH–CONH–); 131.67 (–CO–CHyCH–
CONH–); 148.46 (29-C–OH); 163.47 (5-CyO); 166.83
(2-CyO). IR (KBr), n (cm¹1): 3396 s; 3165 br; 1699;
1617; 1566; 1541; 1502; and 1458 s. MS 207 (Mþ, 35%),
192 (29), 190 (20), 189 (23), 110 (100), 109 (31). Elemental
analysis (%): calc. for C10H9NO4: C, 58.0; H, 4.4; N, 6.8%.
Found: C, 57.7; H, 4.2; N, 6.7%.

2.3.1.2. N-(39-Hydroxyphenyl)-4-amino-4-oxobut-2-enoic
acid (N-(39-hydroxyphenyl) maleamic acid)(4). Yield 98%
as yellow crystals, m.p. 191–1928C. 1H NMR (DMSO), d

(ppm): 6.30 (1H, d,J 12.1 Hz, –CO–CHyCH–CONH–);
6.45 (1H, d,J 12.1 Hz, –CO–CHyCH–CONH–); 6.49 (1H,
dd,J 8.0 and 2.2 Hz, 49-H); 6.98 (1H, dd,J 8.0 and 2.2 Hz,
69-H); 7.10 (1H, dd,J 8.0 and 8.0 Hz, 59-H); 7.23 (1H, dd,
J 2.2 and 2.2 Hz, 29-H); 9.46 (1H, s, 39-OH); 10.29 (1H, s,
–NH); 13.15 (1H, s, –CO–OH). 13C NMR (DMSO), d

(ppm): 106.8 (29-C); 110.4 (49-C); 111.2 (69-C); 129.6
(59-C); 130.6 (–CO–CHyCHCONH–), 131.8 (–CO–
CHyCHCONH–); 139.6 (19-C–NH–); 146.2 (39-C–OH);
157.7 (5-CyO); 167.0 (2-CyO). IR (KBr), n (cm¹1): 3310;
and 3223 br; 1704; 1580; 1527; 1478; and 1292 s MS 207
(M þ, 7%), 109 (100), 80 (32), 52 (37). Elemental analysis
(%): calc. for C10H9NO4: C, 58.0; H, 4.4; N, 6.8%. Found:
C, 57.8; H, 3.9; N, 6.4%.

2.3.1.3. N-(49-Hydroxyphenyl)-4-amino-4-oxobut-2-enoic
acid (N-(49-hydroxyphenyl) maleamic acid)(5). Yield 93%
as yellow plates, m.p. 207–2088C. 1H NMR (DMSO), d

(ppm): 6.30 (1H, d,J 12.2 Hz, –CO–CHyCH–CONH–);
6.47 (1H, d,J 12.2 Hz, –CO–CHyCH–CONH–); 6.73
(2H, d, J 8.9 Hz, 39-H and 59-H); 7.42 (2H, d,J 8.9 Hz,
29-H and 69-H); 9.37 (1H, s, 49-OH); 10.38 (1H, s, –NH);
13.69 (1H, s, –CO–OH). 13C NMR (DMSO), d (ppm):
115.3 (39-C and 59-C); 121.6 (29-C and 69-C); 129.8
(–CO–CHyCHCONH–); 131.3 (–CO–CHyCH–
CONH–); 131.8 (19-C–NH–); 154.2 (49-C–OH); 162.8
(5-CyO); 166.5 (2-CyO). IR (KBr), n (cm¹1): 3430;
3293; 3129; and 3072 br; 2828 w; 1699; 1545; 1506;
and 1251 s. MS 207 (Mþ, 1%), 109 (100), 80 (47).
Elemental analysis (%): calc. for C10H9NO4: C, 58.0;
H, 4.4; N, 6.8%. Found: C, 58.0; H, 4.2; N, 6.8%.

2.3.2. General method for cyclodehydration
The desiredN-(hydroxyphenyl) maleimide compounds

(6–8) were isolated in good yields by using a modification
of a method developed for bismaleimides [21]. The appro-
priate N-(hydroxyphenyl) maleamic acid (0.100 mol)
together with acetic anhydride (0.100 mol), nickel(II) acet-
ate tetrahydrate (0.040 mol) and triethylamine (0.025 mol)
in acetone were stirred at room temperature for 72 h. The

correspondingN-(hydroxyphenyl) maleimides (6–8) were
isolated via liquid chromatography eluting with dichloro-
methane (DCM)/ethyl acetate (10:1) in yields between 40
and 80% (Scheme 1ii).

2.3.2.1. N-(29-Hydroxyphenyl)-1H-pyrrole-2,5-dione (N-
(29-hydroxyphenyl) maleimide) (2HPMI)(6). Yield 41%
as yellow needles, m.p. 133–1348C. 1H NMR (DMSO), d

(ppm): 6.86 (1H, ddd,J 7.6, 7.6 and 1.2 Hz, 59-H); 6.94 (1H,
dd,J 7.8 and 1.2 Hz, 39-H); 7.12 (1H, dd,J 7.8 and 1.7 Hz,
69-H); 7.15 (2H, s, –CO–CHyCH–CO–); 7.26 (1H, ddd,J
7.8, 7.8 and 1.9 Hz, 49-H); 9.83 (1H, s, 29-OH). 13C NMR
(DMSO), d (ppm): 116.7 (39-C); 118.8 (19-C–N–); 119.3
(59-C); 130.4 (49-C); 130.6 (69-C); 135.5 (–CO–
CHyCH–CO–); 154.2 (29-C–OH); 170.4 (2 * CyO).
IR (KBr), n (cm¹1): 3404; and 3331 br; 3091; and
1768 w; 1698; 1600; 1413; and 1154 s. MS 189 (Mþ,
89%), 145 (100), 144 (19), 108 (30), 82 (79), 52 (76),
50 (51). Elemental analysis (%): calc. for C10H7NO3: C,
63.5; H, 3.7; N, 7.4%. Found: C, 63.5; H, 3.6; N, 7.5%.

2.3.2.2. N-(39-Hydroxyphenyl)-1H-pyrrole-2,5-dione (N-
(39-hydroxyphenyl) maleimide) (3HPMI)(7). Yield 56%
as a yellow powder, m.p. 136–1378C (lit. m.p. [22]
1358C). 1H NMR (DMSO), d (ppm): 6.73 (2H, m, 29-H
and 49-H or 69-H); 6.88 (1H, dd,J 8.2 and 2.4 Hz, 49-H
or 69-H); 7.13 (s, 2H, –CO–CHyCH–CO–); 7.24 (1H, dd,
J 8.2 and 8.2 Hz, 59-H); 9.71 (1H, s, 39-OH). 13C NMR
(DMSO), d (ppm): 113.8 (29-C); 114.7 (49-C); 117.2 (69-
C); 129.5 (59-C); 132.4 (19-C–N–); 134.6 (–CO–
CHyCH–CO–); 157.6 (39-C); 169.9 (2 * CyO). IR
(KBr), n (cm¹1): 3300 br; 3091 w; 1698; 1600; 1415; and
1154 s. MS 189 (Mþ, 100%), 133 (28), 119 (23), 52 (35), 50
(20). Elemental analysis (%): calc. for C10H7NO3: C, 63.5;
H, 3.7; N, 7.4%. Found: C, 63.4; H, 3.6; N, 7.3%.

2.3.2.3. N-(49-Hydroxyphenyl)-1H-pyrrole-2,5-dione (N-
(49-hydroxyphenyl) maleimide) (4HPMI)(8). Yield 62%
as fine orange needles, m.p. 184–1858C (lit. m.p. [21]
182–1848C). 1H NMR (DMSO), d (ppm): 6.83 (2H, d,J
8.8 Hz, 29-H, 69-H); 7.09 (2H, d,J 8.8 Hz, 39-H, 59-H);
7.13 (2H, s, –CO–CHyCH–CO–); 9.64 (1H, s, 49-OH).
13C NMR (DMSO), d (ppm): 115.5 (39-C, 59-C); 122.6
(19-C–N–); 128.5 (29-C, 69-C); 134.5 (–CO–CHyCH–
CO–); 157.1 (49-C–OH); 170.4 (2 * CyO). IR (KBr),
n (cm¹1): 3483 br; 3110; and 1770 w; 1704; 1522; and
1150 s. MS 189 (Mþ, 100%), 119 (28), 52 (29), 50
(22). Elemental analysis (%): calc. for C10H7NO3: C,
63.5; H, 3.7; N, 7.4%. Found: C, 63.5; H, 3.8; N, 7.5%.

2.3.3. Synthesis of N-(acetoxyphenyl) maleimides (9–11)
The N-(acetoxyphenyl) maleimides (9–11) were pre-

pared according to the procedure described previously
[23], and used after purification via liquid chromatography
(Scheme 1iii, Table 1).
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2.3.3.1. N-(29-Acetoxyphenyl)-1H-pyrrole-2,5-dione (N-(29-
acetoxyphenyl) maleimide) (2APMI)(9). Yield 78% as a
light yellow solid, m.p. 103–1048C. 1H NMR (DMSO), d

(ppm): 2.12 (3H, s, 89-CH 3); 7.22 (s, 2H, –CO–CHyCH–
CO–); 7.34 (1H, d,J 7.9 Hz, 39-H), 7.37–7.42 (2H, app.
overlapping m, 59-H and 69-H); 7.50 (1H, dd,J 7.8 and
2.5 Hz, 49-H). 13C (DMSO), d (ppm): 20.51 (–CO–CH3);
123.66 (19-C–N–); 123.77 (39-C); 126.20 (59-C); 129.68
(49-C); 129.92 (69-C); 135.00 (–CO–CHyCH–CO–);
146.34 (29-C–OAc); 167.88 (–CO–CH3); 169.16 (2 *
CyO). IR (KBr), n (cm¹1): 3100 w; 1756; 1715; and 1505 s;
1399; and 1157 m. MS 231 (Mþ, 5%), 189 (100), 145
(60), 82 (31), 52 (34). Elemental analysis (%): calc. for
C12H9NO4: C, 62.3; H, 3.9; N, 6.1%. Found: C, 62.3; H,
4.0; N, 6.1%.

2.3.3.2. N-(39-Acetoxyphenyl)-1H-pyrrole-2,5-dione (N-
(39-acetoxyphenyl) maleimide) (3APMI)(10). Yield 74%
as a yellow oil which crystallized overnight, m.p. 43–
458C. 1H NMR (DMSO), d (ppm): 2.29 (3H, s, –CO–
CH 3); 7.15–7.19 (2H, app. overlapping m, 29-H and 49-
H); 7.20 (2H, s, –CO–CHyCH–CO–); 7.26 (1H, d,J
8.2 Hz, 69-H); 7.53 (1H, dd,J 8.2 and 8.2 Hz, 59-H). 13C
NMR (DMSO), d (ppm): 20.8 (–CO–CH 3); 120.2 (69-C);
121.3 (49-C); 124.0 (29-C); 129.6 (59-C); 132.5 (19-C–N–);
134.8 (–CO–CHyCH–CO–); 150.5 (39-C); 169.1 (–CO–
CH3); 169.7 (2 *CyO). IR (KBr), n (cm¹1): 3305 br; 1763
w; 1718; 1492; 1213; and 1150 s. MS 231 (Mþ, 7%), 190
(12), 189 (100), 161 (5), 145 (5), 133 (6), 43 (9). Elemental
analysis (%): calc. for12C12

1 H9
14N16O4: C, 62.3; H, 3.9; N,

6.1%. Found: C, 62.3; H, 3.8; N, 6.0%.

2.3.3.3. N-(49-Acetoxyphenyl)-1H-pyrrole-2,5-dione (N-
(49-acetoxyphenyl) maleimide) (4APMI)(11). Yield 76%
as pale yellow needles, m.p. 160–1618C (lit. m.p. [24]
160–1618C). 1H NMR (DMSO), d (ppm): 2.30 (3H, s, –
CO–CH 3); 7.20 (2H, s, –CO–CHyCH–CO–); 7.25 (2H, d,
J 8.8 Hz, 29-H and 69-H); 7.38 (2H, d,J 8.8 Hz, 39-H and 59-
H). 13C NMR (DMSO),d (ppm): 20.8 (–CO–CH 3); 122.3
(39-C and 59-C); 127.9 (29-C and 69-C); 129.0 (19-C–N–);

134.7 (–CO–CHyCH–CO–); 149.6 (49-C–OAc); 169.2
(–CO–CH3); 169.9 (2 *CyO). IR (KBr), n (cm¹1): 3036 w;
1750; 1710; and 1509 s; 1153 m. MS 231 (Mþ, 4%), 189
(100), 119 (23), 52 (16). Elemental analysis (%): calc. for
C12H9NO4: C, 62.3; H, 3.9; N, 6.1%. Found: C, 61.7; H, 3.7;
N, 5.7%.

2.3.4. Synthesis of N-(tetrahydropyranyl oxyphenyl)
maleimides(12–14)[25]

The tetrahydropyranylation of theN-(hydroxyphenyl)
maleimides (6–8) was carried out by stirring a solution of
the appropriateN-(hydroxyphenyl) maleimide (1.0 mmol),
3,4-dihydro-2H-pyran (DHP) (1.5 mmol) and pyridinium
p-toluenesulfonate (PPTS) (0.1 mmol) in DCM at room
temperature for 4 h. The PPTS was removed via an aqueous
wash and after evaporation of the solvent, the crude mixture
was recrystallized from ethyl alcohol to yield the desired
N-(tetrahydropyranyl oxyphenyl) maleimides (12–14) in
excellent yields (Scheme 1iv).

2.3.4.1. N-[29-[(tetrahydro-2H-pyran-20-yl)oxy]phenyl]-
1H-pyrrole-2,5-dione (N-[29-[(tetrahydro-2H-pyran-20-
yl)oxy]phenyl] maleimide) (2THP-PMI)(12). Yield 86%,
m.p. 125–1268C. 1H NMR (DMSO), d (ppm): 1.40–1.70
(6H, overlapping complex m, 40-H 2, 50-H 2 and 60-H 2); 3.55
(2H, app. m, 30-H 2); 5.55 (1H, app. m, 10-H 2); 7.05 (1H, dd,J
7.6 Hz, 59-H); 7.21 (1H, d,J 8.0 Hz, 39-H); 7.23–7.24 (2H, 2
app. s, –CO–CHyCH–CO–); 7.26 (1H, dd,J 1.6 and 7.6 Hz,
69-H); 7.40 (1H, ddd,J 1.6 and 7.6 Hz, 49-H). 13C NMR
(DMSO), d (ppm): 17.64 (50-C); 24.57 (40-C); 29.45 (60-C);
60.63 (30-C); 94.85 (10-C); 115.19 (39-C); 120.58 (19-C–N–);
121.16 (59-C); 130.20 (49-C); 130.32 (69-C); 134.89 and
135.03 (–CO–CHyCH–CO–); 152.21 (29-C); 169.99 and
170.05 (2 *CyO). IR (KBr), n (cm¹1): 2965; and 2943 w;
1709 s; 1599; 1506; 1459; 1397; 1297; and 1249 m. MS 273
(Mþ, 1%), 215 (1), 189 (95), 145 (14), 85 (100), 84 (19), 67
(22), 57 (25), 43 (21). Elemental analysis (%): calc. for
C15H15NO4: C, 65.9; H, 5.5; N, 5.1%. Found: C, 65.9; H,
5.7; N, 5.0%.

2.3.4.2. N-[39-[(tetrahydro-2H-pyran-20-yl)oxy]phenyl]-
1H-pyrrole-2,5-dione (N-[39-[(tetrahydro-2H-pyran-20-
yl)oxy]phenyl] maleimide) (3THP-PMI)(13). Yield 72%,
isolated as an orange oil.1H NMR (DMSO),d (ppm): 1.50–
1.90 (6H, overlapping complex m, 40-H 2, 50-H 2 and 60-H 2);
3.33–3.78 (2H, app. complex m, 30-H 2); 5.47 (1H, app. s, 10-
H 2); 6.94 (1H, dd,J 7.7 and 1.9 Hz, 49-H); 6.99 (1H, d,J
2.3 Hz, 29-H); 7.06 (1H, dd,J 8.4 and 2.4 Hz, 69-H); 7.16
(2H, s, –CO–CHyCH–CO–); 7.34 (1H, dd,J 8.4 Hz, 59-H).
13C NMR (DMSO), d (ppm): 18.55 (50-C); 24.67 (40-C);
29.79 (60-C); 61.58 (30-C); 95.90 (10-C); 115.21 (49-C);
115.62 (29-C); 119.94 (69-C); 129.55 (59-C); 132.50 (19-C–
N–); 134.68 (–CO–CHyCH–CO–); 156.75 (39-C–O);
169.87 (2 *CyO). IR (KBr), n (cm¹1): 2964 and 2943 w;
1709 s; 1600; 1505; 1459; 1397; 1297; 1249; 1203; 1154
and 1120 w. MS 273 (Mþ, 1%), 215 (1), 189 (95), 145

Table 1
Substitution and percentage yields for compounds6–14

Structurea Hydroxy- Acetoxy- THP-oxy-

41 (6) 78 (9) 86 (12)

56 (7) 74 (10) 72 (13)

62 (8) 76 (11) 85 (14)
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(14), 85 (100), 84 (34), 67 (28), 57 (24), 43 (18), 41 (15).
Elemental analysis (%): calc. for C15H15NO4: C, 65.9; H, 5.5;
N, 5.1%. Found: C, 65.7; H, 5.7; N, 5.2%.

2.3.4.3. N-[49-[(tetrahydro-2H-pyran-20-yl)oxy]phenyl]-
1H-pyrrole-2,5-dione (N-[49-[(tetrahydro-2H-pyran-20-
yl)oxy]phenyl] maleimide) (4THP-PMI)(14). Yield 85%,
m.p. 120–1218C. 1H NMR (DMSO), d (ppm): 1.50–1.90
(6H, overlapping complex m, 40-H 2, 50-H 2 and 60-H 2);
3.65 (2H, app. complex m, 30-H 2); 5.51 (1H, dd,J 3.3 Hz,
10-H 2); 7.11 (2H, d,J 6.9 Hz, 3-H and 5-H); 7.15 (2H, s,
–CO–CHyCH–CO–); 7.22 (2H, d,J 6.9 Hz, 2-H and 6-H).
13C NMR (DMSO), d (ppm): 18.54 (50-C); 24.68 (40-C);
29.75 (60-C); 61.55 (30-C); 95.77 (10-C); 116.64 (39-C and
59-C); 124.91 (19-C–N–); 128.19 (29-C and 69-C); 134.59
(–CO–CHyCH–CO–); 155.86 (49-C); 170.16 (2 * CyO).
IR (KBr), n (cm¹1): 3094; 2943 and 2876 w; 1715 and 1510
s; 1399; 1291; 1239; 1202; 1173; 1153 and 1119 m. MS 273
(M þ, 7%), 215 (15), 189 (100), 85 (35), 67 (9), 57 (10), 43
(10). Elemental analysis (%): calc. for C15H15NO4: C, 65.9;
H, 5.5; N, 5.1%. Found: C, 65.8; H, 5.7; N, 5.2%.

2.4. Polymerization procedure

A 10 cm3 decomposition flask was charged with the
required maleimide monomer (353 mmol l¹1), 2,29-azobi-
sisobutyronitrile (AIBN) (60 mmol L¹1) in the appropriate
solvent (either DMF or benzene). The reaction mixture was
degassed via three freeze–pump–thaw cycles and the poly-
merization carried out at 708C for 6 h. The solvent was
removed under reduced pressure and the polymerization
mixture dissolved in acetone or tetrahydrofuran (THF) and
precipitated into water or methyl alcohol depending on the
monomer. The polymer thus obtained was purified further
by reprecipitation from acetone or THF into water or methyl
alcohol. The yield was determined gravimetrically.

2.4.1. Poly(N-[29-[(tetrahydro-2H-pyran-20-yl)oxy]phenyl]-
1H-pyrrole-2,5-dione) (P(2THP-PMI))(15)

Yield 58% as an off-white powder.Mn 17 870; Mw

40 230; PD 2.25; DP 65.43.1H NMR (DMSO), d (ppm):
1.43–2.00 (10 H, broad multiplet, 40-H 2, 50-H 2 and 60-H 2

and –CO–CH–CH–CO–); 3.50–4.20 (2 H, broad multi-
plet, 30-H 2); 5.30–5.50 (1 H, broad singlet, 10-H); 6.40–
7.20 (4H, broad multiplet, Ar–H). IR (KBr), n (cm¹1): 3470
w; 2944 m; 1715 s; 1601; 1503; 1460; 1392; 1378; 1289;
1248 m.

2.4.2. Poly(N-[39-[(tetrahydro-2H-pyran-20-yl)oxy]phenyl]-
1H-pyrrole-2,5-dione) (P(3THP-PMI))(16)

Yield 58% as an off-white powder.Mn 15 290; Mw

33 850; PD 2.21; DP 55.98.1H NMR (DMSO), d (ppm):
1.30–2.00 (10 H, broad multiplet, 40-H 2, 50-H 2 and 60-H 2,
and –CO–CH–CH–CO–); 3.30–3.90 (2 H, broad multi-
plet, 30-H 2); 5.20–5.40 (1 H, broad singlet, 10-H); 6.40–
7.40 (4H, broad multiplet, Ar–H). IR (KBr), n (cm¹1): 3470

w; 2944 m; 1707 s; 1604; 1492; 1391; 1248; 1202 and
1184 m.

2.4.3. Poly(N-[49-[(tetrahydro-2H-pyran-20-yl)oxy]phenyl]-
1H-pyrrole-2,5-dione) (P(4THP-PMI))(17)

Yield 82% as an off-white powder.Mn 40 000; Mw

77 600; PD 1.93; DP 146.50.1H NMR (DMSO), d (ppm):
1.50–2.10 (10 H, broad multiplet, 40-H 2, 50H 2 and 60-H 2,
and –CO–CH–CH–CO–); 3.50–4.10 (2 H, broad multi-
plet, 30-H 2); 5.20–5.40 (1 H, broad singlet, 10-H); 6.40–
7.30 (4H, broad multiplet, Ar–H). IR (KBr), n (cm¹1): 3468
w; 2944 m; 1706 and 1512 s; 1396; 1242; 1203; 1182; 1169
and 1113 m.

2.5. Molecular weight determination

Number and weight average molecular weights (Mn and
Mw) and polydispersity (Mw/Mn) were determined by gel
permeation chromatography (GPC) in THF, where the
molecular weight was calibrated with polystyrene
standards. In reporting the properties of the polymers
formed, the degree of polymerization (DP) is also used as
it allows for the ready comparison of monomers with
differing molecular weights.

DP¼
Mn

Molecular weight of monomer

3. Results and discussion

The free radical polymerization of theN-(hydroxyphenyl)
maleimides was initially investigated to determine
substituent effects and the effect of the free phenolic group.

3.1. Polymerization of N-(hydroxyphenyl) maleimide
compounds(6–8)

Earlier investigations on free radical initiated poly-
merizations involving N-(hydroxyphenyl) maleimides
have been carried out as the free phenol in DMF, at quite
high initiator concentrations (upwards of 20 mol%). In order
to gauge the influence of the substitution of the phenolic
ring on the polymerizations, the same reaction conditions
were used for theortho, metaandpara derivatives (Table 2).

The observed molecular weights tended to be very low,
corresponding to only 3–5 monomer units. The DP for the
polymer derived from the monomer that contains the sub-
stituentortho to the maleimide ring tended to be lower than
either themetaor para derivatives. One possible explana-
tion for this phenomenon is related to the proximity of the
free phenolic group to the propagating radical in theortho
derivative. This could lead to an intramolecular hydrogen
abstraction from the phenolic group by the propagating
radical, causing the termination of the propagating
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carbon-centred radical and the formation of an oxygen-
centred radical. Reinitiation of the resulting oxygen-centred
radical could be relatively slow (retardation) or non-existent
(inhibition). Themetaandparaderivatives are not as likely
to undergo such an intramolecular hydrogen abstraction but
are more inclined to an intermolecular reaction because of
the relative position of the phenolic substituent and the
radical centre. A similar mechanism for the inhibition of
the free radical polymerization ofortho-hydroxystyrene
has previously been proposed [16].

3.2. Synthesis of the N-(acetoxyphenyl) maleimides(9–11)
and their polymerization

The acetoxy substituent has been used by several workers
to mask or protect the phenolic functionality ofN-(hydro-
xyphenyl) maleimides before free radical polymerization
[13,14]. TheN-(acetoxyphenyl) maleimides (9–11) were
synthesized directly from the corresponding maleamic
acids using conventional synthetic methodology in good
yields (Scheme 1iii). The polymerization of theN-(acetoxy-
phenyl) maleimides was carried out under similar reaction
conditions to that used for theN-(hydroxyphenyl)
maleimides, i.e. in DMF and at high initiator concentrations
(Table 2).

The resulting polymers were generally produced in
slightly higher yields; however, the degree of polymeriza-
tion was not significantly affected. In addition, a reduction
in the initiator concentration (AIBN) was also found to have
a minimal effect on the observed DP. This is contrary to the
normal effects of such a reduction in AIBN concentration in
a conventional free radical polymerization; the DP should
be increased. This result suggests that in addition to
the presence of the phenolic group, other factors are
contributing to the lack of reactivity of the maleimide
monomers.

It has previously been noted that the reactivity ofN-alkyl
maleimides and styrene during free radical polymerizations
is affected by the reaction solvent [26–29]. This could

explain the lack of reactivity of the acetoxy maleimide
derivatives whereby even after the removal of the phenolic
group, the solvent could still become involved in the reac-
tion. Hence, the polymerizations were attempted in the inert,
non-polar solvent benzene [30]. However, the 2APMI (9)
monomer was the only one which was found to be soluble
and the resulting polymeric material precipitated out of
solution after 30 min.

Therefore, the acetoxy group is only a partial solution to
the problems associated with the polymerization of the
phenolic-based maleimides. It does mask the phenolic
group, but does not significantly improve the solubility of
either the monomeric or polymeric materials in inert
solvents, both of which are desirable factors in controlling
the polymerizations.

3.3. Synthesis and free radical polymerization of N-
(tetrahydropyran oxyphenyl) maleimides

The t-butyloxycarbonyl (t-BOC) group has previously
been used to mask the phenolic functionality of both
N-(hydroxyphenyl) maleimides [31,32] and hydroxystyrene
[18] before their free radical polymerization. Thet-BOC
protected N-(substituted phenyl) maleimide monomers
were noted to be sparingly soluble in non-polar solvents
and dioxane was used during the free radical polymeriza-
tion. The resulting polymers were of higher molecular
weight than the polymerization of the free phenolic deriva-
tives in DMF. It has also previously been noted that dioxane
can effect both the yield and molecular weight of the
polymers formed [33–35]. In light of the limitations of
dioxane and the poor solubility of the monomers and
polymers in inert solvents, thet-BOC group was deemed
an unsuitable protecting group and an alternative protecting
group was sought.

The tetrahydro-2H-pyranyl (THP) group is a versatile
protecting group which has been used previously during
organic syntheses [36,20] and to mask acid functionalities
during polymerization reactions [37].

Table 2
Free radical polymerization ofN-(substituted phenyl) maleimide monomersa

Monomer [AIBN]b Yield (%) Mw ( 3 103) Mn ( 3 103) Mw/Mn DP

2HPMI (6) 60 23 1.04 0.82 1.26 4.34
3HPMI (7) 60 41 2.10 1.48 1.42 7.83
4HPMI (8) 60 54 2.49 1.50 1.66 7.94
2APMI (9) 60 42 2.09 1.35 1.55 5.84
3APMI (10) 60 46 2.43 1.63 1.49 7.06
4APMI (11) 60 64 4.25 1.80 2.36 7.79
2THP-PMI (12) 60 65 19.94 5.90 3.04 21.60

6 58 40.23 17.87 2.25 65.43
3THP-PMI (13) 60 76 31.60 5.99 5.27 21.93

6 58 33.85 15.29 2.21 55.98
4THP-PMI (14) 60 79 62.00 22.20 2.81 81.28

6 82 77.60 40.00 1.93 146.50

a[Monomer]¼ 353 mmol l¹1 at 708C for 6 h
bmmol l¹1
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Typically alcohols, phenols, acids, etc., are converted to
their tetrahydropyranyl ether derivatives under acid
catalyzed conditions and are chemically stable under a
variety of reaction conditions. The tetrahydropyranyl
group can be removed chemically using acidic media or
thermally at temperatures above 1508C to yield the free
phenolic substituent. TheN-(hydroxyphenyl) maleimides
were protected using standard synthetic methodology to
yield a series of N-(tetrahydropyranyl oxyphenyl)
maleimides (12–14), according to Scheme 1iv, in high
yields.

Initially, the polymerizations were conducted in DMF
using the conditions used previously. The resulting
polymers had very similar DPs as those observed for both
the polymerization of the free phenolic and acetoxy-masked
maleimide derivatives. This reaffirmed our theory that the
controlling factor in the polymerizations was the effect of
the solvent. The reactions were therefore attempted in
benzene. The THP-masked maleimide monomers (12–14)
were all soluble in benzene and their polymerizations
using AIBN as an initiator at 708C for 6 h proceeded in a
homogeneous manner (Table 2).

The resulting polymers were all substantially higher in
molecular weight than those derived from the polymeriza-
tions conducted in DMF. The DPs observed were greatly
increased compared to the reactions involving both the free
phenolic or the acetoxy-protected monomers. The greatest
increase in reactivity was observed for the reaction of the
monomer containing the THP grouppara disposed relative
to the maleimide ring where a 10-fold increase in the DP
was observed. The DPs observed for the polymerization of
the ortho and meta substituted derivatives were similarly
increased compared to the polymerization of the free
phenolic derivatives but not to the same extent. The THP
group is considerably larger than either the hydroxyl or the
acetoxy group and consequently any problems associated
with steric hindrance would be most pronounced in the
ortho case. However, the degree of steric interaction is
also expected to be quite high for the case of themeta
derivative due to the size of the THP group, which is
evidenced by the similarity in reactivity of theortho and
metaderivative. The effect of the substitution pattern of the
phenyl ring on the polymerization was compared to the
unsubstituted derivativeN-phenyl maleimide. The reaction
carried out in DMF produced relatively low DPs and in

benzene non-homogenous reaction mixtures formed; there-
fore, no comparisons could be made due to the apparent
overwhelming effect of DMF.

The concentration of AIBN in the systems during the
polymerization of the N-(THP-oxyphenyl) maleimides
also had a marked effect on the observed molecular weights
of the polymers (Table 2).

The observed DPs for all of theN-(THP-oxyphenyl)
maleimide derivatives were greatly increased, producing
for the first time very high molecular weight phenolic-
based polymaleimides, which are soluble in a wide range
of solvents. The system is now reacting in the normal man-
ner expected for a conventional free radical polymerization
with regards to changes in the initiator concentration. The
fact that this behaviour is observed for reactions carried out
in benzene and not in DMF highlights the chain transfer
effect of the DMF on the propagating radical. The relatively
high concentration of DMF in the previously reported
polymerizations means that it has a controlling influence
on the course of the polymerizations. Thus previous work
was complicated by the presence of the free phenol, the use
of chain transfer type solvents and the high levels of initiator
used. The use of the tetrahydropyranyl derivatives addresses
all these issues; not only does it mask the phenolic function-
ality, but, perhaps even more importantly, it markedly
improves the solubility of theN-substituted maleimide
monomers and polymers in non-polar solvents. Thus it
eliminates the need to use solvents such as DMF or dioxane,
which we have clearly shown to act as chain transfer agents
in these systems. Whilst chain transfer to DMF has been
noted in other systems, e.g. styrene, the effects on molecular
weight are not as great as shown here for the maleimide-
derived radicals. Previous methods of masking the hydroxyl
substituent have not addressed all these issues.

3.4. Thermal properties and deprotection studies of poly(N-
(tetrahydropyranyl oxyphenyl) maleimides (12–14)

Deprotection of the polymers can be accomplished either
chemically under acidic conditions [20] or thermally at
elevated temperatures according to Scheme 2.

The thermal deprotection of the poly(N-(tetrahydro-
pyranyl oxyphenyl) maleimides) was followed by the
Fourier transform infrared (FTIR) spectral changes of a
sample of the polymer heated to 3008C (Fig. 1). The

Scheme 2. Deprotection of poly(N-(THP-oxyphenyl) maleimides)15–17.
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protected polymer has a series of absorption bands at
approximately 2950 cm¹1, which is characteristic of the
tetrahydropyranyl group and no strong hydroxyl band. The
FTIR spectra of the deprotected polymer shows a strong
broad absorption band at 3470 cm¹1, which is characteristic
of a hydroxyl group and the bands associated with the THP
group are gone. The spectral data (i.e. FTIR, NMR, etc.) of
the deprotected polymer were found to be comparable to
that of authentic poly(N-(hydroxy phenyl) maleimides) pre-
pared by previous methods. Similarly, a sample of poly(N-
(THP-oxyphenyl) maleimide) was deprotected in the bulk
using HCl. The spectral data were similar to the polymers
deprotected by heat treatment.

The thermal properties of the poly(N-(tetrahydropyranyl
oxyphenyl) maleimides) (15–17) were examined using dif-
ferential scanning calorimetry (DSC). Two consecutive
measurements were taken for each sample which gave infor-
mation about the deprotection reaction and the thermal
properties of the deprotected polymers. The first run was
heated at a rate of 158C min¹1 up to 3258C. The resulting
thermograms reveal an endothermic event between 220 and

2408C (thermal deprotection temperature,Tdp), depending
on the substitution of the phenyl ring, corresponding to the
deprotection of the THP group. The samples were allowed
to cool to room temperature and a second run at a heating
rate of 158C min¹1 up to 4008C was performed as shown in
Fig. 2 for poly(N-(2THP-oxyphenyl) maleimide) (15), to
measure the glass transition (Tg) of the deprotected polymer.

Attempts to measureTg of the deprotected polymer thus
formed were unsuccessful. Similar difficulties have been
observed by other workers [31,32] attempting to measure
Tg for poly(N-(4-t-butyloxycarbonyl phenyl) maleimide)
(DP of 87), where after deprotection, there was no observa-
ble Tg. Previous workers have measured the thermal
properties of relatively low molecular weight poly(N-(4-
hydroxyphenyl) maleimide) (DP of 20) and foundTg to be
2558C [38]. The absence of a clearTg could be associated
with the notion that the size of the polymeric chains is
reflected in the thermal stability of the polymer, i.e. the
larger the chains the higher theTg [13,39]. Our methodology
produces polymeric materials of very high molecular
weight, therefore we would expect to observe much higher
Tg values than anything previously observed for lower
molecular weight polymaleimides and is therefore not easily
determined.

The thermal stability of the polymers was further inves-
tigated by thermal gravimetric analysis (TGA). All the
poly(N-(THP-phenyl) maleimides) (15–17) were found to
be stable up to around 2008C, depending on the substitution
of the phenyl ring, but above 2008C they undergo thermal
deprotection of the THP group by releasing dihydropyran
(DHP), as shown in Fig. 3 for poly(2THP-PMI) (15).

The percentage weight loss from the TGA thermogram
was estimated to be approximately 28%, which is in close
agreement with the theoretically calculated percentage
weight due to the evolution of DHP of approximately
30%. The results for the other two polymers were also in
close agreement with the theoretical weight loss. Possible
deviations could be the result of some retention of the DHP
in the polymeric material or the occurrence of side reactions

Fig. 1. FTIR spectra of poly(N-(2THP-oxyphenyl) maleimide) (15) before (a) and after (b) thermal deprotection of THP group at 3008C.

Fig. 2. DSC analysis of poly(N-(2THP-oxyphenyl) maleimide) (15) in a
nitrogen stream at a heating rate of 158C min¹1: first run, deprotection of
THP group up to 3258C; second run, deprotected polymer up to 4008C.
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with the DHP group at the elevated temperatures used. Con-
tinued heating eventually leads to the decomposition of the
main chain of the polymers at around 3808C. The temper-
ature at which the polymer starts to decompose was defined
as the onset of thermal decomposition temperature (Tdec)
and was determined for each of the polymers (15–17).
The results of the thermal analysis for each of the polymers
are summarized in Table 3.

Examining the overall trends in the thermal stability of
the polymeric materials, from Table 3, we observe that the
para derivative is the most thermally stable of the three
substitution patterns. This is evident in both the temperature
at which thermal deprotection of the THP group occurs (Tdp)
and by the onset of the decomposition of the polymeric
backbone (Tdec). The Tdp values for theortho and meta
derivatives are lower than that observed for thepara
derivative (17). This is probably related to there being
more steric interaction between the THP group and the
maleimide ring in theortho andmetaderivatives, whereas in
theparacase the THP group is unhindered by such interactions.

The temperature at which the thermal decomposition of
the main polymeric backbone of the poly(N-(hydroxyphenyl)
maleimides) occurs is also dependent on the substitution
pattern of the phenolic ring. The highestTdec values are
associated with the polymers with the substituents in the
para position relative to the maleimide ring. For example,
a difference of over 208C is observed betweenTdec of
P(2THP-PMI) (15) and P(4THP-PMI) (17).

4. Conclusions

New methodology has been developed for the synthesis
in high yields ofN-(hydroxyphenyl) maleimides of differing
substitution patterns. Polymerization in DMF typically gave
low DPs, which was attributed to the presence of the free
phenolic group and chain transfer to the solvent. Protection
of the phenolic group with an acetoxy group marginally
improved the observed DPs, but the effects of the solvent
were still controlling the polymerizations. Protection of the
phenolic group with a tetrahydropyranyl (THP) protecting
group, masks the phenolic functionality and markedly
improves the solubility of the monomeric and polymeric
materials in inert non-polar solvents. The free radical
polymerization of the THP protected maleimide derivatives
produced high molecular weight polymers and upon
deprotection produced, for the first time, high molecular
weight poly(N-(hydroxyphenyl) maleimides). All polymers
exhibited excellent thermal stability.
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