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ABSTRACT: Radical copolymerizations of cis-propenyl vinyl ether, 2-methylpropenyl vinyl 
ether and cis-dipropenyl ether with maleic anhydride were carried out, and completely cyclized, and 
alternating copolymers were obtained with the I : 2 composition of divinyl ethers and maleic 
anhydride. 13C-NMR spectroscopic data indicated that the polymers contained in common the 
bicyclic unit composed of one molecule of each monomer and the maleic anhydride unit. The 
bicyclic unit was characterized by the cis junction and the trans ring closure, and the maleic 
anhydride unit was formed by trans opening of the double bond. Introduction of methyl 
substituents do not appear to affect the polymer structure, though assignments become less definite. 

KEY WORDS 13C-NMR Spectroscopy I Cyclopolymerization I Oivinyl 
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The cyclocopolymer of divinyl ether and maleic 
anhydride is attracting much attention, since its 
hydrolyzed product possesses various biological 
activities such as anti-tumor activity, interferon 
induction, antibacterial activity, immune response 
stimulation, etc. 1 •2 

deuterated polymer. On the other hand, Samuels5 

suspected the formation of the [3, 3, O]bicyclic unit 
in II, from polymer solution measurements and 
molecular model studies. 

Although the formation of the cyclocopolymer 
has been known for some time, a definite structure 
determination of the polymer was not made until 
recently. In his pioneering study, Butler3 proposed 
the presence of the [4, 3, O]bicyclic structure as in I. 

0 ol:;)=o 
II 

Butler and Chu4 reconfirmed this structure by their 
recent 300 MHz 1 H-NMR study of the partially 

* Contribution No. 612 from Department of Organic 
Synthesis. 

** Correspondence should be setn to this author at the 
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We investigated the structure of the 1 :2 cycloco
polymer by 13C-NMR spectroscopy and concluded 
that the polymer was composed predominantly of 
structure 11.6 The steric structure of the copolymer 
could be also determined by a comparison of the 
observed and calculated chemical shifts. 

In this paper, we extended our previous work to 
divinyl ether derivatives, and examined the polymer 
structures by 13C-NMR spectroscopy. The divinyl 
monomers used are as follows. 

CH:f'C\ /CH=CHz 
0 

Divinyl ether (DVE) cis-Propenyl vinyl ether (PVE) 

/CH3 H\, H, /H 
CH:;FCH CH=C C=C C=C 

\/ \ / '-/ \ 
0 CHJ CH3 0 CH3 

2-Methylpropenyl vinyl cis-Dipropenyl ether (OPE) 

ether (CH3-PVE) 
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EXPERIMENTAL 

Materials 
The preparation and purification of divinyl ether 

(DVE), cis-propenyl vinyl ether (PVE) and 2-
methylpropenyl vinyl ether (CH3-PVE) are de
scribed elsewhere. 7 •8 cis-Dipropenyl ether (OPE) 
was prepared by the base-catalyzed rearrangement 
of diallyl ether. Diallyl ether (bp 94-95°C, lit9 

94°C) was treated by potassium tert-butoxide in 
dimethylsulfoxide at 90°C for 90 h. The isomerized 
product was distilled, washed with alkali and water, 
and redistilled: bp 90-92°C (lit10 90-94°C), 
0.8016. Gas chromatography and IR and NMR 
spectroscopies indicated that the product contained 
3--4% of the cis,trans- or trans,trans-isomer as the 
sole impurity. 

a,{J-Diethylsuccinic anhydride11 was prepared by 
refluxing thionyl chloride and a,{J-diethylsuccinic 
acid12 obtained by the acid (H2S04) hydrolysis of 
ethyl a-cyano-a,{J-diethylsuccinate.13 The product 
was characterized by elemental analysis and IR and 
NMR spectroscopies. 13C-NMR data of the prod
uct is shown below. 

19.1 11.4 23.4 10.6 

c-c:tt-c 45.3 

0 0 173.6 

c-CH6C-;-c 

0173.6 

Maleic anhydride (MAn) was purified by sub
limation and azobisisobutyronitrile (AIBN) was 
recrystallized from ethanol. Solvents were purified 
by the usual procedure. 

Polymerization 
Given amounts of monomers, AIBN and solvent 

were placed in ampoules and subjected to the freeze
pump-thaw cycle several times. The ampoules were 
then sealed in vacuo and immersed in a constant 
temperature bath. The polymers obtained in 
dimethylformamide (DMF) and acetone were pre
cipitated in ether and reprecipitated from acetone 
and ether. In other solvents, the polymers pre
cipitated during polymerization were collected and 
reprecipitated from acetone and ether. The purified 
polymers were dried in vacuo at room temperature 
for 15 h. The copolymer composition was estimated 
by elemental analysis after correction for the water 
content. The water content was 4--5% for all the 
polymers. 
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Instruments 
The measurement of 13C-NMR spectra was con

ducted with a Bruker WH-90 FT-NMR instrument 
(22.63 MHz) under noise decoupling. 1 H-NMR and 
IR spectra were obtained with Varian A60 (60MHz) 
and Shimadzu IR-400 instruments, respectively. UV 
spectra were obtained with a Shimadzu UV-400 
instrument. 

RESULTS AND DISCUSSION 

Formation of Charge-Transfer Complexes between 
Monomers 
When PVE and MAn were mixed in benzene, a 

pale yellow color developed. This was conceivably 
due to the formation of a charge-transfer com
plex. The role of charge-transfer complexes in 
the radical cyclopolymerization has been discussed 
by Butler and coworkers in detail. For instance, 
Butler and Fujimori14 observed a charge-transfer 
band between DVE and MAn at 270 nm and 
found a correlation between the equilibrium con
stant of the complex formation and the rate of co
polymerization. Discoloration was more evident 
in the case of CH3-PVE and OPE. Figure I shows 
UV spectra of divinyl ether derivatives mixed with 
MAn. The position of A.max shifts to longer wave
lengths with increasing methyl substitution: 

QJ 
u 
c 
ll1 -e 
0 
U1 
-" 
<( 0. 25 

(2) 

350 
Wave length(nm) 

Figure 1. Electronic spectra of charge-transfer com
plexes of divinyl ethers with maleic anhydride: solvent, 
CHC13 ; divinyl ethers, 1.0 moll- 1 ; MAn, 7.5 x 10- 3 mol 
1- 1 Absorbances due to divinyl ethers and maleic an
hydride are deducted. 
(!), DVE+MAn; (2), PVE+ MAn; (3) CH3-PVE+ MAn; 
(4) DPE+MAn. 
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Table I. Radical copolymerization of PVE (M1 ) and MAn (M2)a 

M2 Total monomer. AIBN Polymerization time Conversion 
Run Mole 

fraction moll- 1 moll- 1 min 

I 0.15 2.00 5.0 X 10- 3 13 
2 0.30 2.00 5.0 X 10- 3 13 
3 0.50 2.00 5.0 X 10- 3 13 
4 0.67 2.00 5.0 X 10- 3 12 
5 0.75 2.00 5.0 X 10- 3 12 
6 0.90 2.00 5.0 X 10- 3 20 
7 0.33 2.00 !.Ox 10-2 25 
8 0.50 2.00 !.Ox 10- 2 25 
9 0.67 2.00 1.0 X 10-2 25 

10 0.67 2.00 5.0 X 10- 3 20 
II d 0.67 0.60 2.5x10- 3 1290 
12' 0.67 2.00 1.0 X 10- 2 180 

a Polymerization conditions; 60"C, benzene medium unless stated otherwise. 
b Estimated from elemental analysis. H20 content was corrected. 
' Measured in acetone at 30°C. 
d Polymerization solvent, acetone and CS2 (CS2 80 vol%). 
' Polymerization solvent, acetone. 

% 

9.5 
9.4 

11.2 
9.6 
7.3 
6.0 

40.0 
43.7 
36.3 
60.5 
82.7 
86.1 

m2 (Polymer) 
mole 

fractionb 

0.65 
0.55 
0.66 
0.66 
0.66 
0.67 
0.67 
0.66 
0.67 

0.65 

Table II. Radical compolymerization of CH3-PVE (M 1) and OPE (M1) with MAn (M2 )a 

Run 
No 

M, 

13 CH3-PVE 
14 CH3-PVE 
15 CH3-PVE 
16 OPE 

M, 
Mole 

fraction 

0.50 
0.50 
0.67 
0.65 

a 60°C; AIBN, 5.0x 10- 3 moll- 1 . 

Total 
monomer 

Solvent 

moll- 1 

2.00 OMF 
2.00 C6H6 
1.00 C6H6 
2.00 C6H6 

b Estimated from elemental analysis. H20 content is corrected. 
' Measured in acetone at 30°C. 

Polymer-
ization 

time 

h 

2.5 
2.2 
1.5 
2.0 

Converstion 

% 

7.1 
42.4 
27.6 
26.4 

m2 (Polymer) 
mole fraction 

0.68 
0.65 
0.66 

['7]' 

1.01 
0.20 
0.43 

['7]' 

O.o? 

0.29 

Jcmax = 282 (DYE), 298 (PYE), 315 (CH3-PYE) and 
326 nm (DPE). 

The charge-transfer absorption was less apparent 
in polar media, as already noted for the DYE-MAn 
combination.14 

Copolymerization of PVE with MAn 
The copolymerization data of PYE and MAn are 

given in Table I. The copolymer composition 
(PYE: MAn unit) was always I: 2, as determined by 
elemental analysis after correction for water. This 
was confirmed by back titration of tht< polymer 

carboxylate for several samples. The copolymer
ization proceeded without gelation up to high 
conversions. Gelation occurred much more readily 
in the case of DYE-MAn. The copolymerization 
rate was fairly constant when the mole fraction of 
PYE was greater than ca. 30% (Table I, runs 1--4). 
The specific viscosity of the copolymer was largest 
at the PYE fraction of ca. 70%. Both the poly
merization rate and the specific viscosity of the 
copolymer were smaller than CS2 or acetone used as 
the polymerization solvent in place of benzene 
(Table I, runs II, 12). 
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Copolymerization ofCH3-PVE and DPE with MAn suggests that methyl substitution interfere with po
lymerization. The bathochromic shift of the charge
transfer absorption is in the reversed order as shown 
in Figure 1. Apparently, the ground-state interac
tion (charge-transfer absorption) of divinyl ethers 
and MAn is not related to the ease of copoly
merization. 

Table II summarizes the copolymerization of 
CH3-PVE and OPE with MAn. Gelation did not 
occur even at high conversions. The copolymer 
compositions were shown to be I: 2 CH3-PVE (or 
DPE)-MAn by elemental analysis. 

A comparison of run 3 of Table I and runs 14 and 
16 of Table II indicates that the rate of copoly
merization with MAn increase in the following 
order: DYE > PVE > CH3-PVE > OPE. This 

General Structures of the Copolymers 
As discussed previously,6 the cyclocopolymer of 
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171.7 171.3 

180 80 

51.0 

60 40 
ppm from TMS 

J 
20 0 

Figure 2. 13C-NMR spectrum of poly(DVE-MAn) obtained in CHCI3 : sample, 24wt% in 
acetonejacetone-d6 ; pulse width, 9 11s; 8000 scans. 

50.6 
Acetone and Acetone-d6 

170.8 

Jl 1Jt_ 6. 7 

I I 

1707 80 60 40 20 0 

ppm from TMS 

Figure 3. 13C-NMR spectrum of poly(DPE-MAn) (Table II, No. 16): sample, l9wt% in acetone-d6 ; 

pulse width, 9 11s; 10000 scans. 

Acetone-d 6 

J.___, 
50.2 

171.3 

j 
ppm from TMS 

Figure 4. 13C-NMR spectrum ofpoly(PVE-MAn) (Table I, No. 10): sample, 17 wt% in acetone-d6 ; pulse 
width, 9 JlS; I 0000 scans. 
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171.0 

172.4 

.,:::l! r 
ppm from TMS 

Figure 5. 13C-NMR spectrum of poly(CH3-PVE-MAn) (Table II, No. 14): sample, 24 wt% in acetone
d6; pulse width, 9 JlS; 6000 scans. 

C-CHf;-C od,n;; 
'O 173.6 

c-c} 1 d'·' c, c 
_,.c-c c-c! 

c 't 

l 
'o,. c 

):-c c-<( 
C ")--.f.,;:9 c 

77.9 

4 6 0 173.6 -c c 
0 173.7 

17 

III Poly(DPE-MAn) (obsd) 

Scheme 1. 

DYE and MAn is made of a symmetrical bicyclic 
structure (II), which gives in a 13C-NMR spectrum 
single peaks for the methine carbon adjacent to the 
ether oxygen and for the methine carbon of the 
anhydride ring. There are only two carbonyl carbon 
peaks considered to belong to the bicyclic and 
monocyclic rings (one each). 

13C-NMR spectra of the four cyclopolymers are 
shown in Figures 2-5. These spectra contain com
mon carbonyl carbon peaks at 171.0 ± 0.3 ppm. The 
same chemical shift would be observed if all the 
copolymers contain the same bicyclic unit with the 
same configuration. The chemical shift of the car
bonyl carbon of the monocyclic ring was recalcu
lated by using more appropriate model compounds: 
cis- and trans-diethylsuccinic anhydrides. The pro-
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cedure is shown in Scheme 1. Improvements of 1-3 
ppm were obtained relative to the previous value.6 

The calculated chemical shifts for the carbonyl 
carbon and the methine carbon of the trans sub
stituted monocyclic ring, 173.6 and 42.1 ppm, re
spectively, are in good agreement with the observed 
values (173.7 and 43.6 ppm) given in Figure 2. The 
other carbonyl carbon peak at 171.0 ± 0.3 ppm thus 
belong to the bicyclic ring. In fact, the calculated 
shift for this carbon was 172.9 ppm.6 It may be 
concluded that the bicyclic structure is common to 
the four copolymers. 

IV Poly(DPE-MAn) V Poly(PVE-MAn) 

VI Poly(CH3-PVE-MAn) 

If the bicyclization proceeds in the head-to-tail 
manner, the 6,5-bicyclic unit (I) will be formed, in 
stead of the 5,5-bicyclic unit (II) obtainable from 
the head-to-head bicyclization. This possibility was 
denied for poly(DVE-MAn) prepared in CHC13 .6 

The head-to-tail bicyclization, if it occurs, would 
give structure VII in the case of poly(PVE-MAn). 

0 CH3 0 0 

O VII 
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t -c o 43.6 

-J 2 0 0 171.3 

(obsd) 

l 
83 3 

- c:fEJ c "s c- 47.8 

071. 

0110 8 VIII (calcd) 
(obsd) 

Scheme 2. 

The limited number of 13C-NMR peaks observed 
for this copolymer (in particular, a single peak for 
the methine carbon adjacent to ether oxygen and 
only two carbonyl carbon peaks) indicate the for
mation of highly symmetrical structural units. If the 
pyran unit is involved in the bicyclic structure as in 
VII, two of the methine peaks and four of the 
carbonyl carbon peaks should be present. 

Steric Structure of Poly( DPE-MAn) 
Assuming that IV has the same configuration as 

that of poly(DVE-MAn), the effect of methyl sub
stitution on the chemical shift is readily calculated 
using data on alkylcyclohexanes and diethylsuccinic 
anhydride, as shown by Scheme 2. The calculated 
and observed chemical shifts agree with each other. 
In addition, the exocyclic methine peak in IV is 
located at 36.7 ppm which is 6 ppm apart from the 
exocyclic methylene peak of III (ca. 31 ppm) and is 
compatible with the effect of methyl substitution. 

Other types of the symmetrical bicyclic structure 

(IX, X and XI) are conceivable for poly
(DPE-MAn). 

rr rr ?1 11 
c-c-:Bfo c-c-c c-c-cBlo c-c-c 8. 3 5.1 

45.4 49.7 

0 ° 0 
IX 

r ? r f 
c-c-cJ:tc-c-c 

0. 

XI 

87.4 

54.1 

X 

However, these structures are sterically improbable. 
The presence of four cis-substituents on the tetrahy-
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drofuran ring as in IX exerts large steric hindrance, 
and the trans fusion of the succinic anhydride ring 
and the tetrahydrofuran ring (X and XI) is sterically 
very difficult. Thus, structures IX and XI can be 
excluded by the steric consideration and disagree
ment of the calculated chemical shift. Structure X 
give a reasonably good agreement of the chemical 
shifts, but, the steric consideration renders it 
improbable. 

The 13C-NMR spectrum of Figure 3 cannot be 
fully explained by single structure VIII. There are 
minor, unassigned peaks at 14.8 ppm (methyl re
gion), 39.8 ppm (exocyclic methine region) and 
53.5 ppm (region of the methine carbon next to 
carbonyl). Similar, small peaks are present for 
poly(DVE-MAn) at 34.2 and 53.8 ppm in Figure 2. 
In general, high-field peaks (<55 ppm) are broad 
and complex in Figure 3. Poly(DPE-MAn) has 
many asymmetric carbons. Because of high steric 
hindrance, the steric variation of connection of the 
ring shown below may exert significant influences 
on the chemical shift. 

H 

meso-l meso-2 

IJ#! 
racemic-! racemi-2 

o/ 
meso-3 

racemic-3 

The splitting of 13C-NMR peaks due to the mode 
of connection of the unit ring has been observed for 
poly(divinylacetal)s15 and po1y(diallylamine)s. 16 

Steric Structure of Poly( PVE-MAn) and Poly
(CH3-PVE-MAn) 
In the 13C-NMR spectrum of poly(PVE-MAn), 
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there are twin peaks at 77.9 and 82.9 ppm. These 
peaks are attributed to the methine carbon adjacent 
to ether oxygen. The corresponding one in 
poly(DVE-MAn) was a single peak at 77.9 ppm. 
The splitting in Figure 4 is supposedly produced by 
the unsymmetrical methyl substitution, and there
fore, stereochemistry of the bicyclic ring should be 
limited to one kind. It is noteworthy that the peak at 
77.9 ppm is common to the carbon peak of 
poly(DVE-MAn) at 77.9 ppm and the peak at 
82.9 ppm have a counterpart at 83.3 ppm in the 
spectrum of poly(DPE-MAn). This means that the 
bicyclic ring of V is formed, including stereochem
istry, by combining the half bicyclic rings of II and 
IV; see XII. 

The sharp, lower-field peak of the twin peaks at 
is assigned to the monocyclic car

bonyl carbon in III and VIII. Broadening of the 
lower-field peak 173.9 ppm) in Figure 4 
(XII) is understandable if a small y-substituent effect 
of the methyl group on the carbonyl carbon is taken 
into consideration. The peak at 50.2 ppm is com
mon to those of Figures 2 and 3 (51.0 and 50.6 ppm, 
respectively) and is assignable to the junction car
bon of the bicyclic ring. The pattern of peaks 
located in higher-fields than 45 ppm is rather com
plex. This may be caused by the sterically complex 
mode of connection of the ring unit, as discussed 
above. 

In the 13C-NMR spectrum of poly(CH3-PVE
MAn), there are relatively broad, twin peaks (78 
and 86 ppm) in the region of the methine carbon 
next to ether oxygen. The peak at 78 ppm cor
responds almost exactly to the methine carbon peak 
(77.9 ppm) of poly(DVE-MAn). The chemical shift 
difference between the twin peaks 
77.0 = 8.3 ppm at the peak maximum) is close to the 
effect of gem-dimethyl substituent on the f3 car
bon.17 

(I) 
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The splitting of the carbonyl carbon peak into 
four may be explained by the gem-dimethyl effect, 
as discussed for poly(PVE-MAn). It is thus sug
gested that the polymer contains unique monocyclic 
and bicyclic units XIII as in the case of the other 
copolymers. Tentative assignments are given in 
XIII. 

19.3 
n.o as.J CfH3 

-c y--=..;.''· 7 ---i"'o""--.0 

51.9 CH3 XIII 
"'49.5 

l 1.0 0 

The higher-field peaks are generally broad. This 
may be caused again by restriction of the polymer 
conformation. 

Mode of Propagation 
It is assumed in the above discussion that the site 

of the first reaction remains the same (i.e., less 
substituted vinyl group) in the unsymmetrical di
vinyl ethers. Then, structures are formed. If, 
however, the mode of propagation is not constant 
with PVE and CH3-PVE, the following structures 
may also be involved. 

-c o ctsi ts:-
0 0 XIVb 0 

Poly(PVE-MAn) 

-<H 
XV a J l XVb J o):Jo 

Poly(CH3-PVE-MAn) 

This poly-PVE-MAn) contains two monocyclic 
units (XIVa and XIVb) in addition to the normal 
monocyclic unit in V. Structure XIV a is the same as 
the monocyclic unit of poly(DPE-MAn), IV, and 
structure XIVb is the same as the monocyclic unit of 
poly(DVE-MAn), II. Therefore, the presence of 
these irregular structures can be confirmed or de
nied by comparing 13C-NMR spectra of the co
polymers. If XIVa is present, peaks characteristic 
of the monocyclic unit of poly(DPE-MAn) must be 
found. The peaks characteristic of the monocyclic 
unit in VIII (Scheme 2) cannot be found in the 
spectrum of Figure 4. Similarly, the peaks charac
teristic of XIVb (cf Figure 2) cannot be found in 
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?1 0, R2 
-c .... 6i cfFC"' -cRo y-1.,.----.\-

• \ ____,. R3 % o..£...o,.l=Q 
0 0 

DVE: R1 = Rz = R3 = H OPE: R1 = Rz = CH3, R3 = H 

PVE: R1 = R3 = H, Rz = CH3 CHrPVE: R1 = H, Rz = R3 = CH3 

Scheme 3. 

Figure 4. These results indicate that the irregular 
structures cannot be present in poly(PVE-MAn) at 
least as major components. 

Similar arguments can be applied to possible 
irregular structures in poly(CH3-PVE-MAn), and a 
comparison of Figure 5 with Figure 2 indicates their 
absence. 

Course of Cyclocopolymerization 
Scheme 3 summarizes the copolymerization proc

ess of divinyl ether and its methyl derivatives with 
maleic anhydride. The major course of propa
gation is the same among the four copolymerization 
systems. The divinyl monomers always react with 
the propagating radical at the less substituted vinyl 
group. The resulting radical adds to maleic anhy
dride and the new propagating species cyclizes in a 

head-to-head manner to form the [3, 3, O]bicyclic 
ring. The cyclization includes the trans ring closure 
with formation of the cis bicyclic junction. The 
cyclized radical then adds to maleic anhydride. The 
double bond of maleic anhydride opens in the trans 
fashion in the subsequent process. Although the 
polymerization rate and molecular weight are 
lowered with methyl substitution, the pattern of 
the propagation remains the same. 
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