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ABSTRACT: In the cyclopolymerization of o-vinylphenyl acrylate (VPA) with a conven-
tional radical initiator and with alkylaluminum chlorides, polymers containing residual acrylic
and vinylic double bonds were obtained. The cyclic structure and the sequence in the poly-
mers were investigated by IR and NMR spectra of methylated polymers, in comparison with
those of random and alternating copolymers of o-methoxystyrene—methyl acrylate; the
methylated polymers were derived from the diazomethane treatment after the hydrolysis of
the original cyclized polymers. The IR spectra indicated that the polymerization of VPA
proceeded through head-to-tail additions with the cyclic structure of a seven-membered ring.
There was a distinct difference of methoxy proton resonance in the NMR spectra of the methy-
lated polymers derived from cyclized polymers prepared with a conventional radical initiator
and in the presence of alkylaluminum chlorides. The spectrum of the former corresponded
with that of the random copolymer and the spectra of the latter with that of the alternating
copolymers. On the basis of the NMR measurement, the sequence of addition of the acrylic
and the vinylic double bonds was random for the radical cyclopolymerization, and alternating
for the cyclopolymerization in the presence of alkylaluminum chlorides. The cyclopolymeriza-
tion in the presence of alkylaluminum chlorides was explained by the molecular complex mech-

anism.
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It has been well known that the cyclopolymeri-
zation tendency generally depends on the ring size
and falls sharply for rings of more than six atoms
in the cyclopolymerizations of nonconjugated
diolefins.! As one of the driving forces for cycliza-
tion, an intramolecular interaction between two
double bonds in the polymerization process is im-
portant.”™* Thus, if it is possible to find the reac-
tion conditions causing such an interaction for
diolefins, an increase in cyclopolymerization tend-
ency can be expected.

The authors have reported that the addition of
alkylaluminum chlorides to o-allylphenyl acrylate
(APA)®, 2-(o-allylphenoxy)ethyl acrylate (2-
AOEA),® and 4-(o-allylphenoxy)butyl acrylate (4-
AOBA)® caused an increase in their cyclopoly-
merization tendency and gave highly cyclized poly-

mers containing eight-, eleven-, and thirteen-mem-
bered rings, respectively. The cyclopolymeriza-
tion tendency slightly decreased upon increasing
the number of atoms between the acrylic and the
allylic double bond, in the order of APA>2-
AOEA>4-AOBA. Even for 2-AOEA and 4-
AOBA, however, the values of k,/k., the ratio of
rate constants for the linear propagation and
cyclization, were comparable to the value for
acrylic anhydride,” a symmetrical 1, 6-diene, in the
radical polymerization. These results suggest
that the addition of alkylaluminum chlorides
caused the formation of an intramolecular inter-
action between the two double bonds in the poly-
merization process.

Therefore, it is interesting to see how alkyl-
aluminum chlorides affect the cyclopolymerization
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of the analogous monomer forming a smaller ring
than APA, since such a monomer should generally
possess a greater cyclization tendency. The pre-
sent paper reports the cyclopolymerization of o-
vinylphenyl acrylate, which gives polymers con-
taining seven-membered rings.

EXPERIMENTAL

Reagents

Monomers. o-Vinylphenyl acrylate was pre-
pared by the reaction of o-vinylphenol® and
acryloyl chloride. The fraction boilling at 97—
99°C (4 mm) was collected: n%’ 1.5485; di® 1.0734.

Anal. Caled for C;;H,00,: C, 75.84; H, 5.79.
Found: C, 75.89; H, 5.90.

o-Methoxystyrene was obtained from O-methy-
lation of o-vinylphenol by dimethyl sulfate. o-
Vinylphenyl acetate was prepared from o-vinyl-
phenol and acetyl chloride, and o-cresyl acrylate

from o-cresol and acryloyl chloride. Methyl
acrylte was commercially obtained.
Alkylaluminum Chlorides.  Diethylaluminum

chloride, ethylaluminum sesquichloride, and ethyl-
aluminum dichloride were kindly supplied by
Mitsui Petrochemical Industries, Ltd.

Polymerization

The polymerizations were carried out as de-
scribed in a previous paper.” For the polymeri-
zation of VPA in the presence of AlEt,Cl the reac-
tion system was homogeneous. In the presence
of AlEt, ;Cl; 5 and AIEtCl;, a slurry precipitate
formed as the reaction proceeded. All the poly-
mers obtained, even in homogeneous polymeriza-
tion system, were insoluble in benzene, chloroform,
and other organic solvents.

The methylated polymers were derived from
treatment with diazomethane after the hydrolysis
of the polymers obtained, as described in a pre-
vious paper.’

The random copolymer of o-methoxystyrene
and methyl acrylate was prepared with AIBN at
60°C. The alternating copolymer was obtained
in the presence of AlEt; ;Cl; s according to the
described method.’

The copolymerization of o-vinylphenyl acetate
and o-cresyl acrylate was carried out in the pres-
ence of alkylaluminum chlorides in the described
manner.’

Analysis

Determination of the Mole Fraction of Residual
Double Bonds in Polymers.  The mole fraction of
acrylic and vinylic double bonds (f, and f,) was
determined by measuring the ratio of the optical
densities at 1410 and 1490 cm™ (D1410/D1sso), and
920 and 1490 cm™ (Dyg0/D1sso). The calibration
curves were made using the following specimens as
the standard for f, and f,: the polymer obtained
from the anionic polymerization of VPA (f,=0,
f.=1.0); the polymer obtained from the radical
polymerization of VPA at low monomer concen-
tration (f,=0); the VPA monomer (f,=1.0).

Determination of the Copolymer Composition.
The composition in the copolymers of o-vinyl-
phenyl acetate—o-cresyl acrylate was determined
according to gas chromatographic technique for
o-cresol which formed when the copolymers were
hydrolyzed with 10-%; methanolic potassium hy-
droxide.

Measurements. Infrared measurements were
carried out with a Shimadzu IR-430 infrared spec-
trophotometer. The NMR spectra of the methy-
lated polymers and the copolymers were obtained
at 35°C in deuterated chloroform as about 10-9%;
solution, using a Hitachi R-22 high resolution
NMR spectrometer.

RESULTS AND DISCUSSION

Polymerization of o-Vinylphenyl Acrylate (VPA)
The results of the radical polymerization in
benzene solutions are given in Table I. The poly-
mers obtained were soluble in chloroform. The
IR spectra of monomer and its polymer are shown
in Figures 1 and 2, respectively. The IR spectrum
of the polymer indicates the presence of an acrylic
and a vinylic double bond which are observed by
the absorption bands at 1410 and 920 cm™, re-
spectively. The mole fraction of the residual
acrylic double bonds (f,) was larger than that of
the residual vinylic double bonds (f,). - All the
vinylic double bonds and the majority of the
acrylic double bonds were consumed at the mono-
mer concentration of 2.01 mol /™" or below. The
mole fraction of cyclic structural units (f;), calcu-
lated from the equation of f,=1—(f,+f,), in-
creased with a decrease in the monomer concen-
tration, as is generally found in cyclopolymeriza-
tion, and was 0.71 at the monomer concentration
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Table I. Radical polymerization of o-vinylphenyl
acrylate®
[M], Time, Conversion, o e
mol /! min % AN fe
6.16 20 2.5 0.645 0.155 0.20
(bulk)
3.99 30 2.2 0.555 0.07 0.375
2.01 45 6.7 0.455 0.015 0.53
0.97 90 5.6 0.345 0 0.655
0.48 150 13.7 0.29 0 0.71

¢ Solvent, benzene; temp, 60°C; [AIBN], 10 mmol/-1,
® The mole fraction of residual acrylic double bonds.
¢ The mole fraction of residual vinylic double bonds.
4 The mole fraction of cyclic structural units calculat-
ed from the equation fo=1—(fa+/7)-

of 0.48 mol /™.

Results of the polymerization in the presence of
alkylaluminum chlorides are summarized in Table
II. Spontaneous polymerization, i.e., in the ab-
sence of a free-radical initiator, occurred in the
presence of any alkylaluminum chloride. The ad-
dition of the initiator induced a more rapid poly-
merization. Figure 3 shows the dependence of
conversion after a 20-min reaction period on the
ratio of alkylaluminum chlorides to the monomer
(Al/M). The rate of polymerization increased as
the Al/M molar ratio increased in the presence of
AlEt,Cl. In the presence of AlEt; sCl; s and
AIEtCl,, the rate reached maximum values at an
Al/M molar ratio of 1.0.

The IR spectrum of the polymer obtained in the
presence of AIEtCl, is shown in Figure 2. The
presence of the residual acrylic and vinylic double
bonds in the polymer was observed as also in the

Table II. Effect of Al/M molar ratio on the
polymerization of o-vinylphenyl acrylate
in the presence of alkylaluminum

chlorides®
Al/M, Time, Conver-
molar min sion, fiP f°
ratio %
AlEt,Cl
0.5 90 10.3 0.27 0.155
1.0 40 15.8 0.315 0.145
1.5 30 23.1 0.24 0.225
2.0 20 14.8 0.235 0.27
AlEt; ;Cl; 5
0.5 30 18.5 0.285 0.18
1.0 15 16.9 0.255 0.14
1.5 15 23.6 0.18 0.115
2.0 40 12.2 0.225 0.11
AIEtCl,
0.5 12 9.2 0.30 0.16
1.0 7 13.3 0.265 0.08
1.5 20 8.7 0.28 0.06
2.0 20 6.9 0.305 0.115

» Solvent, toluene; [M], 0.5 mol [~*; temp, 40°C.
b The mole fraction of residual acrylic double bonds.
¢ The mole fraction of residual vinylic double bonds.

case of the conventional radical polymerization.
A comparison of the spectra of polymers prepared
under different conditions shows no substantial
difference, except for that in the intensities of the
absorptions due to unsaturations. The amount
of the residual acrylic double bond was larger as
compared with that of the vinylic one, except at
the Al/M molar ratio of 2.0 in the presence of
AlEt,Cl as given in Table TI. The amount of
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Figure 2.

1R spectra of poly(o-vinylpenyl acrylate) prepared:

(a) with AIBN at 60°C, f,=0.555,

f+=0.07; (b) in the presence of AIEtCl,, f,=0.30, f,=0.16.

unsaturations was larger than that in the radical
polymerization at the same monomer concentra-
tion.

The Cyclic Structure in Polymers and the Sequence
Analysis
For the conventional radical polymerization of
VPA, the propagation reactions including cycliza-
tion are

~h e o a—y- ()
NA’O + ? k_”— N/I\—-/I\. (2)
v v VAR
N/Ix- + Y e N/i\—\l/' (3)
v A v A
—ye Xl y—a. (4)
' SN—
—~ve + A Rl y—a. (5)
it T
~vet Yy ~ V=Y ()
A A A A

where V—A represents VPA, and V and A
represent a vinylic and an acrylic double bond,
respectively. As the vinylic double bond was com-
pletely consumed with a decrease in monomer con-
centration, the chain end of ~11\ reacts predomi-
v

nantly through the reaction of eq 1.

Both unsaturations partly remained also for the
polymerization in the presence of alkylaluminum
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Figure 3. Dependence of conversion after 20-min re-
action period on the Al/M molar ratio: (A) in the
presence of AIEt,Cl; ({J) in the presence of AlEt; ;Cl; 5;
(O) in the presence of AIEtCl,; solvent, toluene; [M],
0.5 mol /~1; [AIBN], 5 mmol /~1; temp, 40°C.

chlorides, and these amounts were larger than
those for the radical polymerization; the results
are entirely unlike those of APA.® For the poly-
merization of APA, the residual unsaturation in
the polymers obtained was only an allylic one, and

‘the addition of alkylaluminum chlorides gave a

marked increase to the cyclopolymerization tend-
ency.

Thus the effect of addition of alkylaluminum
chlorides to VPA was elucidated by the investiga-
tion of the cyclic structure in polymers and the
sequence analysis. In the cyclopolymerization of
VPA, there is the possibility of the formation of
polymers containing six- and seven-membered
rings, as indicated in (I) and (II). The structure
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_CH2
~~ CHp=CH-CH—CHp ~ ~—~CHzCH “CH~_
\ 2 2 1
C=0 C=0
/ U
o o

(1) (n)

of cyclized units was deduced from the procedure
described in previous papers.”® The cyclized
polymer is transformed into a methylated polymer
corresponding to the copolymer of methyl acrylate
and o-methoxystyrene by hydrolysis and diazo-
methane treatment. The methylated polymers (A
and R) were derived from the cyclized polymers
obtained by the polymerization in the presence of
AlEt;Cl and by conventional radical polymeriza-
tion, respectively. By the same polymerization
procedures, the alternating and the random co-
polymers of methyl acrylate and o-methoxysty-
rene (copolymers (A and R)) were prepared.
Figure 4 shows the IR spectra of the methylated
polymers and copolymers. The spectra of the
copolymers (A and R) are superimposable. A
similar observation that there was no substantial
difference between the random and the alternating
copolymers of styrene—methyl acrylate and styrene
—acrylonitrile was reported by Hirooka, et al.’
The methylated polymers (A and R) have IR ab-
sorption characteristics identical with those of the
copolymers, except that the intensities of some

absorption bands are slightly different. As the
copolymers (A and R) should have the head-to-
tail bondings, in common with other copolymers,"
the agreement of these spectra indicates that VPA
polymerized to give polymers containing seven-
membered rings (II).

The NMR spectra of the copolymers and the
methylated polymers are shown in Figure 5. A
distinct difference in methoxy proton resonance is
observed between the copolymer R (Figure 5 (a))
and the copolymer A (Figure 5 (b)). For the
random copolymer of styrene—methyl acrylate,
Ito, et al., observed that the resonance of me-
thoxy proton was split into three peaks having
poor resolution and suggested that this splitting is
due to triad monomer sequences and configura-
tional triad sequences."! However, Hirooka, et
al.,?! and Izu, et al.,'® reported that this methoxy
proton resonance was split into five to seven peaks.
For the alternating copolymer of styrene—methyl
acrylate, the methoxy proton resonance showed
three peaks to be assigned to co-isotactic, co-
heterotactic, and co-syndiotactic SMS triads, with
a decreasing field, with M and S representing an
acceptor and a donor monomer, respectively.’

In the spectrum of the copolymer A (Figure 5
(b)), there are four peaks at 3.11, 3.28, 3.40, and
3.52 ppm in the region of methoxy proton reso-
nances. Since the low-field component at 3.52
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Figure 4. IR spectra of (a) the random and (b) the alternating copolymer of o-methoxystyrene
and methyl acrylate, and the methylated polymer derived from poly(o-vinylphenyl acrylate)
prepared: (c) with AIBN; (d) in the presence of AIEt,Cl.
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Figure 5. NMR spectra of (a) the random and (b)
the alternating copolymer of o-methoxystyrene and
methyl acrylate, and the methylated polymer derived
from poly(o-vinylphenyl acrylate) prepared: (c) with
AIBN; (d) in the presence of AIEt,Cl; (e) in the
presence of AlEt; ;Cl, 5; (f) in the presence of AIEtCl,.

ppm is assigned to the methoxy proton resonance
of o-methoxystyrene unit, that of methyl acrylate
unit is split into three peaks which are very prob-
ably due to the co-tacticity of SMS triad sequences
as in the case of the alternating copolymer of
styrene—methyl acrylate. Although three peaks
appear at 3.31, 3.34, and 3.64 ppm in the spec-
trum of the copolymer R (Figure 5 (a)) as well,
the methoxy proton resonance of methyl acrylate
units shows broadening and poor resolution. This
is due to a combination of triad monomer se-
quences, i.e., SMS, MMS, and MMM triads, and
stereosequential effects. In the spectra of the
methylated polymer A (Figure 5(d,e,f)), four
peaks are observed at 3.17, 3.36, 3.48, and 3.61
ppm. Since the methoxy proton resonance of o-
methoxystyrene unit corresponds to the low-field
component at 3.61 ppm, that of the methyl acrylate
unit is well resolved into three components and is
split mainly by stereosequential effects. Therefore,
the triad monomer sequences must consist essen-
tially of the SMS triad. In contrast, the methoxy

12

proton resonances are mainly broadened and poor-
ly resolved in the spectrum of the methylated poly-
mer R (Figure 5(c)) due, undoubtedly to con-
figurational triad as well as to the monomer se-
quence effects. Thus, the triad monomer se-
quences consist of SMS, MMS, and MMM triads,
which are ascribed to the random reaction via eq 1
to 6 in the cyclopolymerization. These results in-
dicate that the characteristics of the polymeriza-
tion of VPA in the presence of alkylaluminum
chlorides are quite different from those of the con-
ventional radical polymerization.

Regarding the cyclocopolymerization of APA
and 2-AOEA with p-chlorostyrene in the presence
of alkylaluminum chlorides, this result could be
explained by the molecular complex mechanism;
the polymerization was treated as a copolymeriza-
tion between the intramolecular complex and the
intermolecular complex which were formed in the
process.”®  For the polymerization of VPA in the
presence of alkylaluminum chlorides, therefore, it
seems that the polymerization also proceeds ac-
cording to copolymerization between the intra-
molecular complex (complex); and the intermo-
lecular complex (complex)., as shown in eq 7 and 8

Voo <v ----- A ) (complex); (7)

—_— (V """ ll\ > (complex), (8)
A v
al

_ﬂ_-.

where al represents the alkylaluminum chlo-
rides. Consequently, the acrylate units in the
polymer will have styrene units on both sides,
namely SMS triads. This mechanism explains the
results from the sequence analysis of the methyl-
ated polymer A. However, the number of re-
sidual acrylic double bonds was greater than that
of residual vinylic double bonds, as is shown in
Table II.

The reason for this discrepancy was examined
by copolymerization of the corresponding mono-
vinyl compounds, o-vinylphenyl acetate and o-
cresyl acrylate. Figure 6 shows the compositional
data of the copolymerization in the presence of
alkylaluminum chlorides. The copolymers ob-
tained in the presence of AlEt; ;Cl; ; had a near

Polymer J., Vol. 11, No. 1, 1979
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Figure 6. Variation of copolymer composition with
monomer feeds in the system of o-vinylphenyl acetate
(M;)—o-cresyl acrylate (M,): (») in the presence of
AIEt,Cl; (O) in the presence of AlFEt; ;Cl, ;; (O) in
the presence of AIEtCl,; solvent, toluene; [M;]+[M,],
0.92mol [7%; [All/(IMi]+[M,]) molar ratio, 0.5;
temp, 20°C.

2: 1 composition (m; =0.64), irrespective of mono-
mer feed ratio, and those obtained in the presence
of AIEtCl, slightly varied the composition. These
results indicate that the copolymerization involved
more complex steps than that in the Mayo-Lewis
model. The free monomer, besides the intermo-
lecular complex, should participate in the copoly-
merization. In every alkylaluminum chloride the
proportion of styrene units was larger than that of
acrylate units at a 1: 1 molar ratio in feed. The
deviation from the equimolar composition in-
creased in the order of AIEt,CI<AIEt, ;Cl; s<
AlIEtCl,. It is very likely that these results corre-
spond to a discrepancy in the amounts of the two
residual unsaturations in the polymerization of
VPA.

Conclusively, this discrepancy is interpreted as
being caused by some participation of a reaction

Polymer J., Vol. 11, No. 1, 1979

represented by eq 9 giving the corresponding
amount of residual acrylic double bonds to the

~v* 4 \ll —_— vy ¥ /\.,\'/—\I/"e
! |
A A A A A A (9)
B : H H i H
al al al al a al

polymer. Hence, the SS sequence should be in-
troduced without influence on the SMS triad by
the occurrence of this reaction.
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