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Donor-Acceptor Complexes in Copolymerization. 
XXXVII. Alternating Diene-Dienophile 
Copolymers. 5. Formation of Conjugated 
Diene-Maleic Anhydride Copolymers 
through Retrograde Dissociation of 
Furan-Maleic Anhydride Diels-Alder Adduct 

NORMAN G. GAYLORD and SUKUMAR MAITI 

Gaylord Research Institute Inc. 
Newark, New Jersey 07104 

A B S T R A C T  

The equimolar, alternating copolymer of isoprene, as well 
as  other conjugated dienes, and maleic anhydride is formed 
by the radical catalyzed reaction of the conjugated diene 
with maleic anhydride in the presence of furan as well  as 
with the furan-maleic anhydride Diels- Alder adduct. The 
retrograde dissociation of the cyclic adduct above 60°C 
regenerates furan and maleic anhydride which in the pres- 
ence of isoprene forms the isoprene-maleic anhydride 
ground state complex. The latter yields the correspond- 
ing cyclic adduct in the absence of a radical catalyst and 
undergoes excitation and homopolymerization in the 
presence of a catalyst. 
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INTRODUCTION 

GAYLORD AND MAITI 

The copolymerization of conjugated dienes and maleic anhydride 
in the presence of free radical catalysts yields equimolar, alter- 
nating copolymers [ 1-31. Furan [ 4, 51 and 2-methylfuran [ 51 also 
copolymerize with maleic anhydride under analogous conditions to 
form alternating copolymers. 

The furan-maleic anhydride Diels-Alder adduct undergoes rad- 
ical catalyzed polymerization in solution above 60'C to produce the 
identical copolymer as is formed from the monomers. The adduct 
apparently undergoes a retrograde dissociation to regenerate the 
monomers which then copolymerize through excitation of the ground 
state comonomer charge transfer complex [ 51. 

The present report describes the preparation of conjugated 
diene- maleic anhydride alternating copolymers through the retro- 
grade dissociation of the furan-maleic anhydride Diels- Alder 
adduc t. 

E X P E R I M E N T A L  

M a t e r i a l s  

Maleic anhydride was purified by sublimation. Furan was dis- 
tilled immediately before use. Isoprene was distilled over calcium 
hgdride. The furan-maleic anhydride Diels- Alder adduct, mp 
123- 125OC, was recrystallized from ether. Azobisisobutyronitrile 
(AIBN) was recrystallized twice from ethanol. t-Butyl peroxypiva- 
late (BPP) as a 75% solution in mineral spirits and benzoyl peroxide 
(BP) were used as received. Solvents were purified and dried 
according to standard procedures. 

P o l y m e r i z a t i o n  

The reaction of isoprene with the furan-maleic anhydride adduct 
was carried out under a nitrogen atmosphere either in a tube sealed 
with a rubber serum cap or in a flask equipped with a mechanical 
stirrer, condenser, thermometer, and dropping funnel. In the 
former case, additions to the reaction mixture were made by 
hypodermic syringe. 
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DONOR-ACCEPTOR COMPLEXES. XXXVII 1483 

A solution of the catalyst and isoprene or other conjugated diene 
in about 10% of the solvent was added over a 10-min period to a 
preheated solution of the adduct in the remainder of the solvent. 
The reaction was either allowed to continue at the desired tem- 
perature for an additional period of time or terminated immediately 
by precipitation with cold dry benzene. The precipitated copolymer 
was filtered, washed thoroughly with hot benzene and, after a final 
wash with petroleum ether, was dried in vacuo a t  50'C. The co- 
polymer was purified by precipitation from acetone solution. 

C, 65.01; H, 6.07; 0, 28.92. Calculated for C A O S  (1:l furan-maleic 
anhydride): C, 57.80; H, 3.64; 0, 38.56. Found C, 64.90; H, 6.08; 
0, 29.06. 

combined with the washings and evaporated carefully to dryness 
a t  50°C. The residue was extracted with cold diethyl ether to 
separate the soluble isoprene- maleic anhydride adduct from the 
insoluble furan-maleic anhydride adduct. 
identified by elemental analyses and mixed mp with authentic 
samples. 

Analysis: Calculated for CsHl& (1: 1 isoprene-maleic anhydride): 

The filtrate from the precipitation of the reaction mixture was 

The adducts were 

C h a r a c t e r i z a t i o n  

Intrinsic viscosities of the copolymers were determined in 
methyl ethyl ketone a t  30°C in a Ubbelohde viscometer. 

Although the soluble copolymers were readily identified a s  
equimolar, alternating isoprene- maleic anhydride copolymers 
by elemental analyses, IR spectra (films from acetone) and NMR 
spectra (in acetone-& at 100 MHz at 72'C), the insoluble copolymers 
had the analysis of a partially hydrolyzed product until heated in 
refluxing xylene with azeotropic removal of water. 

R E S U L T S  

The competitive reaction between isoprene and furan with maleic 
anhydride a t  60-70°C gives an essentially quantitative yield of the 
isoprene- maleic anhydride Diels-Alder adduct. Even at 24°C the 
ratio of I-hIAnh/F-MAnh adducts is 1 O : l  (Table 1). 

When the reaction is carried out by adding a solution of a per- 
oxide catalyst in the dienes to a solution of maleic anhydride at  
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60- 80'C, the product is the equimolar, alternating isoprene-maleic 
anhydride copolymer (Table 2). 

As a result of the retrograde reaction of the furan-maleic 
anhydride adduct which occurs a t  and abwe 60T, the addition of 
isoprene to a solution of the adduct a t  60-80°C results in the 
formation of the isoprene-maleic anhydride adduct [ 51. When a 
free radical catalyst is added with the isoprene, the product is the 
equimolar, alternating isoprene- maleic anhydride copolymer 
(Table 3). Similar results a r e  obtained with other conjugated 
dienes (Table 4). 

The copolymer is soluble in polar organic solvents when the 
radical catalyzed reaction between the conjugated diene and the 
furan-maleic anhydride adduct is carried out in polar organic 
solvents such as acetone, methyl ethyl ketone, cyclohexanone, 
tetrahydrofuran, or dioxane. However, when the reaction is 
carried out in methyl isobutyl ketone, the product has the correct 
analysis for the equimolar diene-maleic anhydride copolymer but 
is insoiuble in these solvents (Table 5).  The furan-maleic anhy- 
dride copolymer prepared from the monomers .in methyl isobutyl 
ketone is a soluble product while the isoprene-maleic anhydride 
copolymer prepared from the monomers in the same solvent is 
insoluble (Table 2). Therefore, the insolubility of the isoprene- 
maleic anhydride copolymer obtained from the furan-maleic 
anhydride adduct is apparently unrelated to the presence of furan. 

DISCUSSION 

The reaction between a conjugated diene, such a s  isoprene or 
furan, and a dienophile, such as maleic anhydride, proceeds 
through the formation of an equimolar comonomer charge transfer 
complex to yield the cyclic Diels-Alder adduct. When the reaction 
is carried out in the presence of a free radical catalyst or under 
UV radiation, the product is an equimolar, alternating copolymer. 
It has been proposed [ 11 that the adduct is formed from the com- 
plex in the ground state while the copolymer results from the 
homopolymerization of the exciplex, i.e., the complex in the 
excited state. 

It was  previously reported [ 4, 51 that furan and maleic anhy- 
dride, which readily form a cyclic adduct, a re  copolymerized to 
an equimolar alternating copolymer in the presence of a radical 
catalyst. The identical copolymer is produced when the adduct 
is heated above 60°C in the presence of a radical catalyst. When 
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1486 GAYLORD AND MAITI 

the adduct is heated in the absence of a radical catalyst in a sealed 
tube, i t  is recovered on cooling. When it  is heated in vacuo or in 
an open vessel, furan is evolved and maleic anhydride is recovered. 

cates that the retrograde reaction proceeds through the ground 
state complex without excitation. However, the formation of the 
copolymer in the presence of the radical catalyst indicates that 
the ground state complex is in equilibrium with the monomers 
and undergoes excitation and homopolymerization in the presence 
of the catalyst. 

The failure to obtain copolymer when the adduct is heated, indi- 
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The high yield of the isoprene-maleic anhydride adduct obtained 
in the competitive reaction with furan at 24°C as well as the quan- 
titative yield obtained at  60-70°C (Table 1) indicate the high con- 
centration of the isoprene- maleic anhydride ground state complex 
in the presence of furan. 

well as  the significantly greater amount of isoprene-maleic 
anhydride adduct than furan-maleic anhydride adduct from the 
radical-catalyzed reactions of isoprene with monomeric furan and 
maleic anhydride (Table 2) and with the furan-maleic anhydride 
adduct (Table 3) suggest that the retrograde reaction proceeds 
through the ground state complex to regenerate the monomers or 
that the latter are formed directly from the adduct. When the 
monomers are regenerated in the process of isoprene, the 
isoprene-maleic anhydride complex is the predominant species. 
The failure to incorporate furan-maleic anhydride units in the 
copolymer suggests either that the furan- maleic anhydride ground 
state or excited state complexes do not coexist with the isoprene- 
maleic anhydride ground state or excited state complexes, that the 
furan-maleic anhydride ground state complex does not undergo 
excitation in the presence of isoprene or the isoprene-maleic 
anhydride ground state complex or exciplex, or that the excited 
furan-maleic anhydride complex does not copolymerize with the 
isoprene-maleic anhydride exciplex due to an extreme difference 
in their relative reactivities. The possibility that isoprene dis- 
places furan in the ground state complex cannot be excluded by 
the available data. 

maleic anhydride copolymers from the radical-catalyzed reaction 
of isoprene with maleic anhydride in the absence as  well as in the 
presence of furan, or with the furan-maleic anhydride adduct in 
methyl isobutyl ketone, is similar to the results obtained when 
the isoprene-maleic anhydride copolymerization is carried out 
in aromatic hydrocarbons such as benzene or toluene [ 13. Since 
the soluble isoprene-maleic anhydride copolymer does not readily 
undergo cross-linking when heated in acetone solution in the 
presence of a radical catalyst and since the copolymer produced 
in dioxane, tetrahydrofuran, methyl ethyl ketone, cyclohexanone, 
etc., is soluble, the presence of the radical catalyst per se is not 
rosponsible for the cross-linking reaction. 

maleic anhydride [ 61, aliphatic ketone-maleic anhydride [ 71, and 

The formation of the isoprene-maleic anhydride copolymer as 

The formation of insoluble, presumably cross-linked, isoprene- 

Although the formation of photochemical aromatic hydrocarbon- 
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isoprene-aliphatic ketone [ 81 adducts has been well established, the 
possible interactions of the complexes which are the precursors of 
these adducts with the conjugated diene-maleic anhydride complex 
in the presence of a radical catalyst has not been reported and may 
result  in the formation of the cross-linked diene-maleic anhydride 
copolymer. 
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