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Abstract—Racemic x-methylbenzyl vinyl ether was copolymerized with optically active (S)-(—)- or
(R)-(+ )-N-(x-methylbenzyl)maleimide using 2,2’-azobisisobutyronitrile in order to examine the possi-
bility of stereoelective radical polymerization of vinyl-type racemic monomers. The resuiting copolymers
were found to have almost alternating sequences of the two kinds of monomeric units. The non-
polymerized x-methylbenzyl vinyl ether, recovered from the copolymerization system, showed an optical
activity of opposite sign to the optically active comonomer used, indicating clearly that the co-
polymerization process is stereoelective. It was confirmed that «-methylbenzyl vinyl ether preferentially
incorporated in the copolymer has the same absolute configuration as the optically active N-substituted

maleimide.
INTRODUCTION

A “stereoelective (or ‘“‘asymmetric-selective’)
polymerization is a process in which preferential
polymerization of either of the enantiomorphic
monomers from the mixture occurs to form an
optically active polymer; the unreacted monomer is
consequently enriched in the opposite antipode. Ever
since Inoue er al. [1] reported a preparation of an
optically active polymer from racemic propylene
oxide with a diethylzinc:d-borneol system, a variety
of stereoelective ring-opening polymerizations have
been made with racemic oxiranes [2-5], thiiranes
[2-6], 2-amino acid N-carboxy anhydrides [2, 7] and
B-propiolactones [5, 8--10] by use of chiral catalysts.

Many kinds of racemic vinyl-type compounds
were also polymerized stereoelectively under stereo-
chemical control by chiral organometallic catalysts
to give optically active polymers with asymmetric
centres in their lateral chains. Pino et al. observed
stereoelection phenomena in coordinated anionic
polymerization of racemic x-olefins in the presence of
chiral Ziegler- Natta-type catalysts: for example,
racemic 3-methyl-1-pentene [11], 3.7-dimethyl-1-
octene [11], and 4-methyl-1-hexene [12] were poly-
merized by using a (+)-bis[(S)-2-methylbutyl]zinc/
TiCl, catalytic system. Higashimura and Hirokawa
[13] elucidated a stercoelective cationic polymeriza-
tion of racemic cis-1-methylpropyl propenyl ether by
(—)-menthoxyaluminum dichloride. giving rise to a
polymer with a positive optical activity. Recently,
Okamoto et al. have studied a highly stereoelective
polymerization of racemic methacrylic [14, 15] and
acrylic [16] esters by using Grignard reagent/(—)-
sparteine systems. These stereoelective polymeriza-
tions were gencrally interpreted in terms of the
predominance of one type of monomeric enantiomer
at the chiral catalytic site; the configuration of the
chiral ligand of the catalyst governs the configuration
of the enantiomer preferentially incorporated in the
polymer chatn.

On the other hand. stereoelection of racemic
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monomers was also observed in copolymerization
with chiral comonomers, using stereospecific cata-
lysts. Racemic 3,7-dimethyl-1-octene and 3-methyl-
1-pentene were copolymerized. respectively, with
(S)-3-methyl-1-pentene  and  (R)-3,7-dimethyl-1-
octene in the presence of TiCl,/Zn(i-C,H,), or TiCl,,
Al(i-C,H,), catalyst by Ciardelli et al. [17]. who
proved that the copolymerization is stereoselective
[18] and also stereoelective. Similarly, cationic co-
polymerization of racemic I-methylpropyl vinyl ether
with (S)- or (R)-1-phenylethyl vinyl ether was
demonstrated by Chiellini {19] to be stercoselective
and stereoelective in the presence of a heterogeneous
catalyst, Al(O-i-C;H;),/H,SO,.

No study has been reported on stereoelective rad-
ical polymerization but it is of great interest whether
such a process can occur. In principle, stereoelection
cannot be expected in radical polymerization of ra-
cemic monomers initiated by chiral radical initiators.
Even if a chiral primary radical is able to differentiate
between enantiomorphic monomers in the initiation
step of the polymerization, the ability should decrease
rapidly as propagation proceeds. Hence, the concen-
tration of growing radical chain end composed of an
(R)-monomeric unit would be statistically equal to
that composed of an (§)-monomeric unit. Some
asymmetric control at the growing active site is
needed for attainment of stereoelective radical poly-
merization as well as in the case of stereoclective 1onic
polymerization noted above.

Utilization of chiral comonomers instead of chiral
radical initiators, however, may solve the problem of
stereoelective radical polymerization of racemic
monomers. If a growing radical chain end composed
of a chiral monomeric unit differentiates between
enantiomorphic monomers, a stereoelective radical co-
polymerization must be achieved. We have attempted
alternating copolymerization of a pair of electron-
rich racemic monomer and electron-deficient chiral
monomer. In the present investigation, stereoelective
radical copolymerization of racemic x-methylbenzyl
vinyl ether with (S)-(—)- or (R)-(+)-N-(x-methyl-
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benzyl)maleide was studied using 2,2’-azobisiso-
butyronitrile (AIBN) as initiator.

EXPERIMENTAL
Materials

Racemic o-methylbenzyl vinyl ether. The monomer was
prepared by a vinyl transetherification [20). A mixture of
racemic a-methylbenzyl alcohol and a large excess of iso-
butyl vinyl ether was refluxed for 48 hr in the presence of a
small amount of mercuric acetate as catalyst. After removal
of the volatile materials, the residue was fractionated by
distillation under reduced pressure, followed by distillation
over Na metal through a 30cm packed column, b.p.
71-72°/13 Torr (lit. [21] 70-73°/14 Torr); d2 0.9477. LR.
(neat) v, cm~": 700, 760, 1500, 1600 (Ph), 1380, 1460 (CH,);
1640 (C=C); 1200(=C—0O—C). U.V. (in methanol)
Amax(8): 264 (140); 258 (190); 252(166); 203 (shoulder,
15,700). Anal. caled (%) for C,H,,0: C81.04; H38.16.
Found: C80.91; H 8.10.

(S)-(— )-N-(a-methylbenzyl)maleimide (3). An ethereal
solution of (S)-( —)-z-methylbenzylamine (1), [«])¥ —39.7°
(neat), 98.5% e.e. [23], was added dropwise to a cold
solution of the stoichiometric amount of maleic anhydride
in dry ether with stirring to precipitate a white powder of
(S)-(—)-N-(z-methylbenzyl)maleamic acid (2), which was
filtered, washed with ether, dried in vacuo, and used in the
next step without purification, m.p. 120-121¢; [z]¥ —213.9°
(¢ = 12.5 g/d], methanol).

The maleamic acid (2) was dehydrated to cyclize by
applying the procedure used in the preparation of N-
substituted maleimides [24, 25]. A mixture of 136g of 2,
100 g of anhydrous sodium acetate, and 900 ml of acetic
anhydride was heated on an oil bath at 90" for 20 hr with
stirring. During the reaction, the mixture turned dark
brown. After cooling, the mixture was treated with a large
amount of ice-cold water to separate a black tar in the lower
layer. The crude product was washed with cold water and
purified by reduced pressure distillation to give
(S)-(—)-N-(x-methylbenzyl)maleimide (3) as viscous and
colourless liquid in 68% yield (85 g) based on the maleamic
acid, b.p. 125-126"/2 Torr; m.p. 23%; d?* 1.161; [«]5 —69.2°
(neat). L.R. (neat) v, cm~": 700, 760, 1500, 1600 (Ph); 1370,
1460 (CH,); 1710 (C=0). U.V. (in methanol) 2., (¢):
297 (560); 263 (426), 258(438); 251(409); 210(17.800).
Anal. caled (%) for C;H;\NO,: C71.63; H 5.51; N 6.96.
Found: C 71.40; H 5.47; N 6.88.
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(R)-(+)-N-(a-methylbenzylymaleimide. This monomer
was prepared from (R)-(+)-a-methylbenzylamine, [x]3
+39.5° (neat), 97.3% e.e. [26], and maleic anhydride in the
same manner as above. Physical properties of this com-
pound were identical with those of the (§)-(—)-isomer
except for specific rotation, [2]5 +71.8" (ncat).

Procedures

The copolymerization was carried out in a sealed glass
ampoule in a thermostated water bath for a prescribed time.
The system was treated with a large amount of ether to
precipitate the copolymer. It was necessary to mince the
copolymer to extract the nonpolymerized monomer mix-
ture. The copolymer was purified by reprecipitation from a
tetrahydrofuran solution with a large excess of methanol
and the precipitated copolymer was filtered and dried in
vacuo.

The ether-extract was concentrated and the non-
polymerized a-methylbenzyl vinyl ether was recovered by
distillation at reduced pressure in the presence of
1.1-dipheny!l-2-picrylhydrazyl (DPPH) as a polymerization
inhibitor. The recovered xz-methylbenzyl vinyl ether was
polymerized by BF; OE¢, in toluenc at —78".

Measurements

Viscosity measurement of the copolymers was performed
in tetrahydrofuran at 30 + 0.1° using an Ubbelohde-type
viscometer. I.R. spectra were measured with a Jasco IRA-2
spectrophotometer, using KBr plates. U.V. spectra were
taken on a Hitachi 200-10 spectrophotometer, using a pair
of 10 mm quartz cells. Specific rotation, [x];,, was measured
with a Jasco DIP-4 polarimeter. Optical rotatory dispersion
(ORD) spectra were recorded on a Jasco J-20 automatic
recording spectropolarimeter with a 10 mm quartz cell.

RESULTS AND DISCUSSION

Copolymerization of racemic x-methylbenzy!l vinyl
ether (M) with (S)-( —)-N-(a-methylbenzyl Yymaleimide
(M)

The copolymerization was performed with various
molar ratios M, to M, at 30° for 48 hr in the
presence of AIBN as initiator. The copolymerization
proceeded homogeneously. Every copolymer isolated
was soluble in benzene, toluene, benzonitrile, anisole,
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polymerized, whereas M, was not homopolymerized 2 EZ viorw or w532
by radical initiation. Although the compositions of 3 2 2 g
the copolymers were affected by the monomer com- = g
position, every copolymer was rich in M, and the 2 Lo z “%
copolymerization seems to proceed alternately to é 2 %%_ ZRAY ~AA @a fg:} E=
some extent, especially for higher ratios M,/M,. H SEg|mooy a8 ATy
=S ok E
. ) 2T 8
Stereoelection of (RS)-a-methylbenzyl vinyl ether $ §E 3
Racemic zx-methylbenzyl vinyl ether (M,) was ° -~ 2E 5
. . =3 + Al [ =1
copolymerized with (S)-(—)-N-(2-methylbenzyl)- 8 T n v wig
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polymerized by cationic initiation with BF; OEt, to 3 E%E
give a polymer with a positive optical activity. These £ 50
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monomer, with (§)-(—)-M,, the recovered benzyl
vinyl ether was optically inactive (runs S-11, S-12),
implying that the vinyl ethers were freed of M,, an
optically active and high boiling comonomer, by the
distillation.
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The stereoelectivity in the copolymerization of
the racemic monomer with the optically active co-
monomer should vary with polymerization condi-
tions. The effect of polymerization temperature on

the stereoelection was studied at 0, 30, 50 and 70-
:,, —®® a5y XIC ©m with the same contents. Table 2 shows the con@itions
v dos Sos Ss5o ss and the results. The mole fraction of M, in the
‘_Q . .
° copolymers was in the range of 0.42 to 0.47, slightly
3 increasing with decrease in polymerization tem-
= . .
3 erature. The specific rotation value of th -
s |2 —vo NDIT o o p p . 0 te\co
5| 5 o= =8 —Ae 3= polymers was almost constant irrespective of the
= E —~ ococ SO o950 ==} . . .
Sz K ¥+ conversion but not of the polymerization tem-
2| & 3 perature. In spite of the decreasing in (S)-(—)-M,
gl g = . L. . f . . -
HER v monomeric unit, i.e. increasing in M,, specific rota-
g ‘ 35 o3 R ww| ©E tion value of the copolymer was increased in negative
— - — - X . . . .
3 £ §a5 $=3 4 o “¥2| 2w sense by decreasing polymerization temperature. It is
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2 2 . Al : . g
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z ; Z X h o X
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M, in the copolymerization of M, with (§)-(—)-M, (O) or

(R)-(~)-M, (@) at various temperatures. M, =(RS)-x-

methylbenzyl vinyl cther: 3.791g (25.61 mmol). M, =

optically active N-(x)-methylbenzyl)maleimide: 2.322¢g
(11.55 mmol). AIBN: 10 mg (0.061 mmol).
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Stereoelectivity (%)
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Fig. 3. Variation of overall stereoelectivity with conversion
of M, in the copolymerization of M, with M, at various
temperatures. M, = (RS)-x-methylbenzyl vinyl ether:
3.791g (25.61 mmol). M, =(S)-(—)-N-(x-methylbenzyl)-
maleimide: 2.322 g (11.55mmol). AIBN: 10mg (0.061 mmol).

version of M, in the copolymerization. The con-
version of M, is given by the following equation.

% conversion of M,
148 x
~ 148x +201(1 — x)
weight of copolymer

weight of initial M, x 100 (D
where x denotes mole fraction of M, in the co-
polymer. The specific ~otation of the nonpolymerized
M, was almost proportional to the conversion of M,.
It is apparent that the slope of the straight line is
decreased with increase in polymerization tem-
perature, indicating that the stereoelectivity is higher
at a lower temperature. The lowering in stereo-
electivity with polymerization temperature is reason-
able, comparing with temperature dependency of
optical yield in general asymmetric organic reactions
271.

The driving force of the stereoelective phenomenon
observed in the copolymerization can be regarded as
the enantiomer-selection ability of the chiral M,
radical site upon the enantiomorphic monomers. The
overall stereoelectivity in the copolymerization is
calculated from the conversion of M, and optical
purity of the nonpolymerized M,, using equation (2).

%, stereoelectivity e
=", e.e. of M, in copolymer
(100 — °; conversion of M)

% conversion of M,
x °. e.e. of nonpolymerized M, 2)

The relationships between the overall stereoelectivity
and the conversion of M, are shown in Fig. 3. The
decrease in stereoelectivity with the conversion of M,
may be duc to a significant lowering in the concen-
tration of (S§)-(—)-M, at the micro-environment
around the active radical site, accompanying the
progress of stereoelection. The stereoelectivity is

higher at a lower temperature at the same conversion.
At 70, the stereoelectivity was reduced to about
one-half that at 0 at every conversion. From the
approximately linear relationship between the stereo-
electivity and the conversion of M,, the stereo-
electivity in the initial stage of the copolymerization
1s evaluated by extrapolation to be about 2°; at 0.

CONCLUSIONS

A stereoelection phenomenon was observed in
“radical”’ copolymerization of (RS )-x-methylbenzyl
vinyl ether with (S)-(—)- or (R)-(+)-N-(x-methyl-
benzyl)maleimide. Although the degree of stereo-
election of the racemic monomer was not high, the
optical activity of the nonpolymerized x-methyl-
benzyl vinyl ether was of opposite sign to that of the
optically active comonomer, clearly indicating that
the copolymerization is stereoelective. The degree of
stereoelection was the same as those reported for
stereoelective copolymerizations by stereospecific
catalysts [17, 19] in which the catalytic complex plays
an important role in the stereoelection and the stereo-
selection of enantiomorphic monomers in the transi-
tion state. It is noticeable that stereoelection occurs
in the copolymerization by a “radical” mechanism, in
which no counter ion is present around the propa-
gating active site. The stereoelection is, therefore, due
only to the enantiomer-selection ability of the propa-
gating active site of the chiral N-(x-methylbenzyl)-
maleimide radical upon (S)-(—)- and (R)-(+)-x-
methylbenzyl vinyl cthers.

The chiral centre of the optically active N-(x-
methylbenzyl)maleimide is situated in the ;'-position
with respect to the double bond. The cyclic structure
of the maleimide ring, however, may overcome the
problem of being far from the double bond. generally
disadvantageous [18] for stereoelection. Thus. be-
cause of the rigidity of the molecular structure. the
chirality of the N-x-methylbenzyl group may pro-
duce effective stereoelection in the copolymerization.
Hence. the racemic monomer would be differentiated
by the maleimide radical with chiral N-x-methyl-
benzyl group.
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