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Introduction. The physical properties of alternating
and random copolymers are different.1,2 Most alternat-
ing copolymers containing acrylate or methacrylate
units were synthesized by copolymerizing the two
monomers in the presence of metal halides or organo-
metallics, which is known as a “Lewis acid-complexed
alternating copolymerization”.2-4 Syntheses of poly-
(styrene-alt-methyl acrylate),3,4 poly(styrene-alt-methyl
methacrylate (MMA)),3,4 poly(propylene-alt-methyl acry-
late),3,5 poly(ethylene-alt-methyl acrylate),3,4 and poly-
(vinyl chloride-alt-MMA)4 have been reported. However,
the steric bulk of MMA makes it difficult to synthesize
poly(ethylene-alt-MMA) and poly(propylene-alt-MMA)
directly by alternating copolymerization of ethylene or
propylene with MMA, even in the presence of a Lewis
acid.4,5 We previously synthesized poly(ethylene-alt-
MMA) by reducing poly(vinyl bromide-alt-MMA).6 An-
other approach to construct well-defined alternating
copolymers might be to 1,4-homopolymerize diene mono-
mers and subsequently hydrogenate the polymers.

This paper reports the anionic polymerization of
methyl 2,4-dimethyl-2,4-pentadienoate (MDMPd) and
methyl 2-methyl-2,4-hexadienoate (MMHd) by 1,4-ad-
dition. Hydrogenation of poly(MDMPd) (1) and poly-
(MMHd) (2) produced head-to-tail (H-T) (3) and head-
to-head (H-H) poly(propylene-alt-MMA) (4), respectively
(Scheme 1). To the best of our knowledge, this is the
first synthesis of a completely alternating copolymer
between propylene and MMA. The H-H copolymers
should have new properties that are different from those
of the H-T copolymers. Although Vogl et al. have
already reported the synthesis and thermal properties
of H-H homopolymers,7-10 including H-H poly(methyl
acrylate)7 and poly(styrene),8 only a few studies on the
regioisomeric ordered copolymers have been pub-
lished.11,12

Results and Discussion. MDMPd and MMHd were
prepared via Wittig reaction of methacroleine and
crotonaldehyde with a phosphoric ylide, Ph3PdC(CH3)-
(COOCH3), respectively,13,14 according to the procedure
of House and Rasmusson.15

Hatada et al. have reported that polymerization of
MMA by tert-butyllithium (t-BuLi)-alkylaluminum or
bis(2,6-di-tert-butylphenoxy)methylaluminum produces
stereoregular PMMA with narrow molecular weight
distributions in toluene.16-18 We used similar initiator
systems for the polymerization in this work. The po-
lymerization results of MDMPd and MMHd are sum-
marized in Table 1. Both monomers were polymerized

in toluene at 0 °C using t-BuLi as the initiator in the
presence and absence of an organoaluminum reagent.
All of the resulting polymers were white and soluble in
chloroform, tetrahydrofuran, and N,N-dimethylform-
amide. Their structure was determined by IR, 1H, and
13C NMR and elemental analyses.19 1H and 13C NMR
demonstrated that polymer 1 is composed of only 1,4-
addition units. Dorman et al. found that the resonances
of carbons 1 and 4 in cis-2-hexene were shifted 5.1-5.9
ppm high field of those of trans-2-hexene.20 Similar
results were reported for trans- and cis-3-hexene and
4-octene.20 However, the proton-decoupled resonance
signals of carbons in 1 were all single peaks, and none
of the resonances of isomers were observed in the 13C
NMR spectrum. The difference nuclear Overhauser
effect (NOE) analysis (irradiated dCH at 5.09 ppm)
showed a negative signal (1.7%) for -CH2- at 2.06-
2.13 and 2.50-2.53 ppm. These results demonstrated
that all of the polymers 1 consisted of 100% E-double
bonds. In the absence of an organoaluminum compound,
the molecular weight (Mn ) 3.1 × 104) of polymer 1a
determined by size exclusion chromatography (SEC) is
higher than that calculated from the monomer/initiator
ratio [Mn(calcd) ) 0.26 × 104], and the molecular weight
distribution is broad (Mw/Mn ) 3.14). The broad molec-
ular weight distribution may be due to attack of the
polymer anion at the carbonyl group of the MDMPd
monomer. Addition of organoaluminum catalysts pro-
duced polymers 1b-d with relatively narrow molecular
weight distributions, although the initiator efficiency
(Ieff) was still low (runs 2-4). Methylaluminum bis(2,6-
di-tert-butyl-4-methylphenoxide) (MAD)21 improves both
the polymer yield and initiator efficiency. Organoalu-
minum aryloxides are bulky but do not reduce the Lewis
acidity much.21 This system produced poly(MDMPd) in
98% yield, with Mw/Mn ) 1.13. This suggests that
coordination of MAD or i-Bu3Al to the monomer not only
activates the monomer but also prevents termination
by attack of the growing polymer at the ester group of
the monomer.

MMHd also polymerized regioselectively by 1,4-trans
addition, although the initiator efficiency was low.22 The
trans 1,4-structure was confirmed by the fact that the
1H NMR coupling constant of CHdCH-C (JCHdCH) was
15.6 Hz in CDCl3.23 In the absence of an aluminum
catalyst, no polymer was obtained (run 5). Neither
MDMPd nor MMHd polymerized at -78 °C.

Polymers 1 and 2 were hydrogenated with diimide
generated by thermal decomposition of p-toluenesulfon-
ylhydrazide (TSH),24 to generate H-T copolymer 3 and
H-H copolymer 4, respectively, in good yields (Table
1).25 Polymers 3 and 4 have no IR absorptions due to
carbon-carbon double bonds. The 1H NMR resonances
of the CdC double bonds are also completely absent,
and the spectrum is consistent with a copolymer con-
taining equimolecular amounts of propylene and MMA
units. The molecular weights of the hydrogenated
polymer (Mn and Mw/Mn of 1d were 5.4 × 104 and 1.13)
indicated that dehydrogenation proceeds without main
chain scission (those of 3d produced by hydrogenation
of 1d were 5.5 × 104 and 1.14). The chemical shifts in
the 13C NMR spectra of the alternating copolymers 3
and 4 reflected their different stereochemistries. How-
ever, we have not assigned the resonances yet. We will
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report more extensive work on the stereochemistry of
these polymers by detailed NMR spectroscopy in the
future.

Differential scanning calorimetry (DSC) demonstrated
that polymers 1-4 are amorphous with prominent glass
transitions (Tg) in Table 1 and no melting endotherm
(Tm) in the range -60 to 200 °C. The Tg of polymer 1
which had the Tg at 18-30 °C is lower than that of
polymer 2 (27-36 °C). As expected, the Tg of hydroge-
nated polymer 3 (H-T) at 15-18 °C is lower than that
of the parent polymer 1. In contrast, the Tg of H-H type
copolymer 4 at 35-46 °C is 8-14 °C higher than those
of parent polymer 2. Interestingly, the Tg’s of 4 are about
30 °C higher than those of 3. These results agree well
with the 30 °C higher Tg’s of H-H poly(methyl acrylate)
relative to the corresponding H-T polymers.7 This is
presumably due to more restricted molecular motion in
the H-H type copolymer due to steric hindrance be-
tween the ester and methyl substituents.7,11

The thermal degradation behavior of the H-T and
H-H alternating copolymers was investigated under
nitrogen atmosphere by thermogravimetric (TG) analy-
sis. Figure 1 shows the TG curves of isotactic poly-
(propylene) (Mn ) 250 000), atactic poly(MMA) (Mn )
104 000, Mw/Mn ) 1.85), H-T copolymer 3d, and H-H
copolymer 4d. H-H copolymer 4d is the most thermally
stable of the four polymers. The 10% weight loss
temperature of copolymer 4d is 367 °C, and that of 3d
is 350 °C. The difference in the thermal decomposition
behavior of these polymers is more clear from the
derivative thermogravimetric (DTG) curve. The decom-
position rate maximum temperature of 3d is 399 °C,
and that of 4d is 27 °C higher. Similarly, the decompo-
sition rate maximum of 4c (426 °C) in the DTG curve
is higher than that of 3c (392 °C). Alternating polymers
3c and 4c were obtained by t-BuLi/i-Bu3Al + Sp
initiator, while 3d and 4d were obtained from t-BuLi/
MAD initiator system. From the 1H NMR split pattern
of methoxy protons (3.52-3.62 ppm), the stereoregu-
larities of 3c and 4c were considered to be different from

those of 3d and 4d, respectively. Mn of 3c (2.2 × 104)
was lower than that of 4c (6.0 × 104), whereas Mn of
3d (5.5 × 104) was higher than that of 4d (2.9 × 104).
These results confirm that the thermal stability of poly-
(propylene-alt-MMA) is mostly influenced by its chemi-
cal structure (sequence), and the H-H structures are
not the weakest bonds. This is consistent with thermal
stability of H-H polystyrene8 and H-H poly(methyl
acrylate-alt-MMA).11

As described above, well-defined H-T and H-H poly-
(propylene-alt-MMA)s were synthesized via anionic
polymerization of methyl 2,4-alkadienoates. Further
studies on the living polymerization and the properties
of the resulting polymers are in progress.
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Table 1. Anionic Polymerization of Methyl 2,4-Alkadienoates Initiated by t-BuLia and Subsequent Hydrogenation with
p-Toluenesulfonylhydrazide (TSH)

hydrogenationf

run monomer additive [M]0/[I]0
b time (h) product yield (%) Mn

c × 10-4 Mw/Mn
c Ieff

d (%) Tg
e (°C) product yield (%) Tg

e (°C)

1 MDMPd none 25 72 1a 73 3.1 3.14 8.3 18 3a 72 16
2 MDMPd i-Bu3Al 25 72 1b 13 2.1 1.38 2.2 30 3b 84 16
3 MDMPd i-Bu3Al + Spg 25 72 1c 40 1.9 1.43 7.4 29 3c 95 15
4 MDMPd MADb 25 72 1d 98 5.4 1.13 6.4 24 3d 89 18
5 MMHd none 50 168 2a trace 4a
6 MMHd i-Bu3Al 50 168 2b 78 10.6 1.64 5.2 27 4b 97 35
7 MMHd i-Bu3Al + Spg 50 168 2c 80 4.1 1.40 13.7 36 4c 83 46
8 MMHd MADh 25 168 2d 60 2.4 1.22 8.8 30 4d 77 44

a [M]0 ) 1.5 mol/L in toluene at 0 °C. b Feed molar ratio of monomer to initiator (t-BuLi). c Determined by SEC in THF relative to
polystyrene. d Initiator efficiency, defined as [(MW of monomer) × [M]0/[I]0 × yield/100]/Mn. e Determined by DSC (heating rate: 10 °C/
min). f [Repeating unit]0 ) 0.08 mol/L in toluene at 110 °C for 260 h; [TSH]0/[repeating unit]0 ) 5.0. g (-)-Sparteine. h Methylaluminum
bis(2,6-di-tert-butyl-4-methylphenoxide).

Scheme 1

Figure 1. Thermogravimetric (TG) curves of polymers under
N2 atmosphere: (- ‚‚ -) poly(MMA); (- - -) H-T copolymer 3d;
(- ‚ -) poly(propylene); (s) H-H copolymer 4d.
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