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ABSTRACT 

The experimental results of the current work have three parts. 

First, the synthesis and characterization of several new copolymers by 

the free-radical copolymerization between several highly substituted 

electron-deficient olefins and furan, benzofuran, indene, a1phamethy1-

styrene, and diviny1 ether is discussed. Electron-poor olefins used 

included dimethyl cyanofumarate, carbomethoxyma1eic anhydride and 

tricarbomethoxyethene. The spontaneous reactions of these monomer pairs 

were also investigated in both bulk and solution. Second, the effect of 

synthesis temperature on the composition of the previously reported 

(co)polymers of styrene with tricarbomethoxyethene and dimethyl dicyano

fumarate are given. A ceiling temperature for the synthesis of this 

copolymer was found to be 220°C. Attempted copolymerization of tetra

carbomethoxyethene gave evidence of a small but detectable amount of 

reaction. Finally, detailed procedures for the synthesis of dimethyl 

cyanofumarate, carbomethoxymaleic anhydride and tricarbomethoxyethene 

are given, including a new synthesis of carbomethoxymaleic anhydride. 

viii 



CHAPTER 1 

INTRODUCTION 

The synthesis of polymers with new and different properties is 

always a goal of the polymer chemist. The large variety of uses that 

polymers can be put to is directly related not only to the great 

variation in the properties of different polymers, but also to the 

ability of the polymer chemist to design and fine tune the polymer 

properties to a specific application. 

Structure-property relationships can be an important aid in the 

design of a polymer with specific characteristics. The Fox copolymer 

glass transition equation, to be found in older polymer texts, is a use

ful example of this. Major adjustments in crystallinity and physical 

properties may be made by a small variation in backbone symmetry, 

substitution, or mobility. Two properties commonly of interest to the 

polymer chemist are decomposition temperature and stiffness. 

Polymers with low stability may have a variety of applications. 

Examples include release coatings, photoresists, and plastics where 

eventual degradation is desirable. Many factQrs, both kinetic and 

thermodynamic, affect thermal degradation. These include endgroup, 

ceiling temperature, and resistance to oxidative and hydrolytic decom

position. A high degree of substitution with chromophores may increase 

photochemical degradation. 

I 
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The ceiling temperature of an addition polymer is the temperature 

at which the polymer is thermodynamically unstable with respect to 

monomer. Note that a polymer above its ceiling temperature will be 

stable if no mechanism exists for degradation; that is to say the 

polymer is kinetically stable. A strong relationship exists between the 

ceiling temperature of a polymer and the steric hindrance of the back

bone, as shall be discussed in the Literature section of this work. 

Increased steric hindrance along a polymer backbone lowers the ceiling 

temperature of the resulting polymer. Incidentally, it also increases 

chain stiffness, leading to a polymer that is hard and brittle. 

Such hindrance can be provided by the presence of bulky side 

chain groups like t-butyl, or simply by a high degree of substitution of 

smaller groups such as methyl, phenyl, cyano, and/or carbomethoxy. The 

discovery of the free radical copolymerization of tri- and tetra

substituted olefins, described in the Literature section of this work, 

provides a route to the synthesis of highly substituted alternating 

addition copolymers. 

The experimental results of the current work h~ve three parts. 

First, the synthesis and characterization of new copolymers by the free

radical copolymerization between several highly substituted e1ectron

deficient olefins and furan, benzofuran, indene, a1pha-methy1styrene, 

and divinyl ether is discussed. The spontaneous reactions of these 

monomer pairs were also investigated in both bulk and solutions. The 

effect of synthesis temperature on the composition of the previously 

reported (co)po1ymers of styrene with tricarbomethoxyethene and dimethyl 

dicyanofumarate are given. These results were part of an only partially 



successful attempt to determine the ceiling temperature of this 

copolymer. Attempted copolymerization of tetracarbomethoxyethene gave 

evidence of a small but detectable amount of reaction. 

3 



CHAPTER 2 

LITERATURE 

Ole fins bearing three or four strongly electron withdrawing 

substituents display a wide variety of interesting polymer and organic 

chemistry. The synthesis and copolymerization of a series of olefins 

substituted with three cyano and/or carbomethoxy groups, including tri

carbomethoxyethene and dimethyl cyanofumarate, was reported by Hall and 

Daly (1975). Copolymers containing a series of para-substituted 

styrenes, vinyl acetate, and other singly substituted electron-rich ole

fins, were synthesized with free radical initiation. They noted that 

dimethyl cyanofumarate was more reactive than tricarbomethoxyethene. 

These copolymers contained one carbon substituent on each backbone atom. 

Attempted copolymerization with disubstituted ole fins such as alpha

methylstyrene, 1,1-diphenylethene and stilbene failed. 

Abdelkader (1981) reported the spontaneous copolymerization at 

room temperature between dimethyl cyanofumarate and para-methoxystyrene. 

A bright yellow EDA (Electron Donor Acceptor) complex was formed, and 

1:1 alternating copolymer was formed in 98% yield. Spontaneous poly

merization has also been reported for the pair carbomethoxymaleic 

anhydride and styrene by Hall et al. (1982a). 

Reactivity in copolymerization of tetrasubstituted electron defi

cient monomers was investigated by Hall ·et al. (1982c). Dimethyl 

dicyanofumarate copolymerization with styrene was facile, although this 

4 



5 

monomer was high melting and difficultly soluble. This copolymer had 

1.25 carbon substituents on each backbone atom. Tetracarbomethoxyethene 

failed to copolymerize. An X-ray crystallographic study showed dimethyl 

dicyanofumarate to be a planar molecule, and tetracarbomethoxyethene to 

have two ester groups bent out of the plane of the molecule. This 

demonstrates the importance of the conjugation of olefin substituents. 

A characteristic reaction of electron-rich and electron-deficient 

ole fins is the formation of electron donor-acceptor (EDA) complexes. 

The formation of these complexes is often, but not always, accompanied 

by coloration. The role of such complexes in copolymerization was 

reviewed by Hill, O'Donnell, and O'Sullivan (1982). As formation of EDA 

complexes is reversible, they mayor may not lie on the reaction 

pathway. 

Electron-deficient ole fins also undergo several reactions that 

give small molecule products. Hall, et a1. (1982b) reported [4+2] 

cyc10addition to the conjugated ester carbonyl of tricarbomethoxyethene, 

dimethyl cyanofumarate and dimethyl dicyanofumarate. Styrene and isobu

tyl vinyl ether were added to form the corresponding cyclic acetal 

pyrans. Wagner-Jauregg reaction of carbomethoxyma1eic anhydride with 

styrene was reported by Hall et a1. (1982a). 

These reactions were reviewed by Hall (1983). A covalently 

bonded tetramethy1ene intermediate was suggested as a common pracursor 

for these products, and as a source of propagation centers for radical 

or ionic polymerization. 

Some further clues to the reactivity of these olefins can be 

found in the behavior of their disubstituted analogs. Competition 
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experiments have been run on diethyl maleate and fumarate, the analogous 

1,2-dicyano compounds and maleic anhydride by Bader et a1. (1957). 

Relative rates of the addition of methyl radicals to these olefins were 

measured in methyl ethyl ketone at a series of temperatures. At 64.9°C, 

the trans diester and both nitrile compounds had similar relative rates, 

in the range of 175-205. This was a bit less reactive than maleic 

anhydride, which had a relative rate of 388. Only the cis diester was 

significantly less reactive, with a relative rate of only 22.9. This 

was attributed to steric crowding forcing the ester groups out of the 

plane of the molecule, decreasing overlap of the ester groups in the 

transition state. This non-planarity has also been observed for tetra

carbomethoxyethene, which failed to copolymerize. 

In their book Maleic Anhydride, Trivedi and Culbertson (1982) 

showed that a seemingly .small substitutent change can have a drastic 

effect on polymerizability. Maleic anhydride homopolymerizes with dif

ficulty and with loss of carbon dioxide. Maleimide homopolymerization 

was facile,-either by radical or anionic initiation, although rearrange

ment occurred under basic conditions. 

The results of competition experiments on methyl 3-cyanoacrylate 

have been reported by Giese (1983). It was found that the ester end was 

more reactive than the nitrile end towards cyclohexyl radicals by a 

83:17 ratio. This preference appeared to be reversed in the 

1,1,2,2-tetrasubstituted case reported by Hall and Sentman (1982). 

Dimethyl 1,1-dicyanoethene-2,2-dicarboxylate was reported to copoly

merize with styrene with addition to the cyano group bearing end. 
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The five compounds used as electron-rich ole fins in the present 

work are more or less well known monomers of varying properties and 

polymerizability. Furan is an object of commerce with a variety of end 

uses, including copolymerization. Furan displays both diene-like and 

aromatic properties. The polymer chemistry of furan was discussed in a 

review by Gandini (1977). Homopolymerization occurred cationically, but 

not via free radicals. Since the copolymerization of furan and maleic 

anhydride was discovered by Butler, Badgett, and Sharabash (1970), it 

has been the object of much study and some controversy. Gaylord et al. 

(1972) reported that copolymer was formed by heating the Diels-Alder 

adduct of furan and maleic anhydride to 60°C in the presence of ini

tiator. The structure of the resulting copolymer showed 1,4 addition to 

furan. This was discussed in detail in the reviews by Butler (1983) and 

Gandini (1977). Diels-Alder reaction between carbomethoxymaleic anhy

dride and furan was reported by Hall et al. (1982a). This reaction does 

not go to completion in solution, rather an equilibrium mixture is 

formed. 

Benzofuran is stabilized by aromaticity to an even greater extent 

than furan. Mizote et al. (1966) investigated the resonance stabiliza

tion and the copolymerization of several monomers including (resonance 

energies follow and are ~ 5 Kcal/mol) : indene (38 Kcal/mol), styrene 

(46 Kcal/mol) and benzofuran (70 Kcal/mol). They found benzofuran to be 

a sluggish monomer in cationic homo- and copolymerizations. Goethals, 

Cardon, and Grosjean (1973) reported the copolymerization of benzofuran, 

indole, and benzothiophene with maleic anhydride. The structure of the 



resulting copolymers showed 2,3 addition and no disruption of the 

benzene ring. 

8 

Diels-Alder reaction between indene and maleic anhydride was 

reported by Alder, Pascher, and Vagt (1942). Berson and Aspelin (1964) 

found evidence that the valence isomer isoindene is involved in the for

mation of this adduct, in which maleic anhydride is added 1,3 across the 

5-membered ring of indene. 

Divinyl ether copolymerization has been studied intensively. 

Butler (1980) and Breslow (1985) have written reviews from the academic 

and industrial perspectives respectively. These materials are of 

interest, as the copolymer between divinyl ether and maleic anhydride 

has shown a variety of biological effects such as interferon induction 

and antitumor activity. It should be noted that this copolymer has a 

bewildering number of names and acronyms including but not limited to 

"Pyran copolymer," "NSC 46015," "DIVEMA copolymer," and "DVE-MA." 

Divinyl ether copolymers had low or no residual unsaturation and 

were not crosslinked. The mechanism of cyclopolymerization explained 

the lack of crosslinking usually expected with a diviqyl monomer. The 

5- and 6-membered rings contained in cyclopolymers were largely free of 

steric hindrance. 

Copolymers of divinyl ether may have either 1:1 or 2:1 com

position, as reviewed by Cowie (1985) in his recent book. Maleic 

anhydride and methylmaleic anhydride formed 2:1 copolymers, while 

dimethylmaleic anhydride, chloromaleic anhydride, bromomaleic anhydride, 

and dichloromaleic anhydride all formed copolymers with 1:1 composition. 

The copolymerization of ch10roma1eic anhydride, a trisubstituted olefin, 



and divinyl ether was reported by Guilbault and Butler (1971). A 1:1 

copolymer was formed, which underwent dehydrochlorination on heating. 

9 

Steric effects are quite important in understanding the polymeri

zation of alpha-methylstyrene. This monomer does not undergo free

radical homopolymerization, although it may be homopolymerized 

ionically. No matter what the mechanism, alpha-methylstyrene has a low 

heat of polymerization and a low ceiling temperature. 

The reaction of aromatic ole fins with two moles of a powerful 

dienophile via cycloaddition has been reviewed by Wagner-Jauregg (1980). 

In this reaction, styrene and substituted styrenes behaved as dienes 

towards highly reactive dienophiles. The first step of this addition 

yielded an even more reactive diene which added another molecule of the 

dienophile. 

Another possible route the reaction between alpha-methylstyrene 

and maleic or carbomethoxymaleic anhydride can take was suggested by 

Zadra and Tazuma (1978). They patented a surfactant made by addition of 

two moles of maleic anhydride to alpha-methylstyrene. They suggested 

that the resulting molecule was formed by a Diels-Alder reaction 

followed by ene reaction with a second mole of maleic anhydride. The 

polymerizability of this 1,1-disubstituted monomer was strongly affected 

by temperature, due to the ceiling temperature effect. 

Vinyl monomers exhibit a temperature at which polymerization is 

no longer feasible known as the ceiling temperature. Most common mono

mers such as styrene, vinyl compounds, and acrylates have ceiling tem

peratures well above usual polymerization temperatures, and it was with 

the assumption that ceiling temperature effects are negligible that the 



usual copolymer composition equation, the Mayo equa~ion, was derived. 

It was expected that major variations from this equation would occur 

near the ceiling temperature. 

10 

Dainton and Ivin (1958) reviewed the experimental work on copoly

mers of sulfur dioxide and various alkenes. Ceiling temperatures of 

these copolymers were near common polymerization temperatures. Ceiling 

temperatures of a wide variety of polysulfones were compared, and 

increasing substitution of the alkene appeared to lower ceiling tem

perature. Reversibility of the propagation step, commonly called depro

pagation, was given as the mechanism for the ceiling temperature effect. 

Experimental evidence for depropagation was given by the isomerization 

of cis- and trans-2-butenes during copolymerization with sulfur dioxide. 

Lowery (1966) derived a series of equations expressing copolymer 

composition as a function of the reactivity ratios and the equilibrium 

constants of the various depropagation reactions. These were used to 

describe the copolymerization of alpha-methylstyrene with styrene. The 

equations were very complex, as the differing reactivities of all the 

various endgroups present in the copolymerization must be taken into 

account. Note that if the effect of the penultimate monomer resid~e in 

the growing monomer chain is significant, eight endgroups of differeing 

reactivity must be accounted for. The resulting equation was solved 

using an iterative technique on a computer. 

O'DriDcoll and Gasparro (1967) applied the result from Lowery's 

Case II to several copolymerizations near the ceiling temperature of one 

of the comonomers. Lowery's Case II assumed that only active centers 

terminating in three monomer residues of the lower ceiling temperature 
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monomer can depropagate. They found that Case II described the 

composition behavior with temperature for the copolymers of alpha

methylstyrene and styrene, methyl methacrylate (MMA), and acrylonitrile. 

Wittmer (1971) at BASF studied the copolymerization of MMA and 

alpha-methylstyrene at a series of temperatures from 20-100°C. He 

explained the results in terms of the Mayo equation, but allowed reac

tivity ratios to vary with temperature. Wittmer assumed that active 

centers terminating in three residues of the same monomer will depropa

gate. Sawada (1976) listed six mechanisms for copolymerization near the 

ceiling temperature with differing assumptions about which endgroups 

will depropagate. 

Johnson and Rudin (1971) studied the copolymerization of alpha

methylstyrene and methacrylonitrile. They found no evidence of ceiling 

temperature effects in this system, even in polymerizations done at 

60°C. They suggested that alpha-methylstyrene may be accumulating in 

the lower molecular weight polymer. 



CHAPTER 3 

SYNTHESIS OF NEW COPOLYMERS 

Results 

Eleven new copolymers between electron-deficient olefins and 

electron-rich monomers were synthesized. Copolymer data are compiled in 

Table 1. 

+ 
RO 

1:1 Alternating Copolymer 

Benzofuran formed a 62.3% yield of copolymer with carbomethoxy-

maleic anhydride when neated in bulk at 60°C with AIBN. This polymer 

had an inherent viscosity of 0.44. When a solution of benzofuran and 

car~omethoxymaleic anhydride was initiated by redox at O°C the homo-

polymer of carbomethoxymaleic anhydride was formed. 

RO 
1:1 Alternating Copolymer 

A 9.3% yield of copolymer was formed in solution polymerization 

with dimethyl cyanofumarate at 60°C, with AIBN initiation. The size 

exclusion chromatography (SEC) trace of this material was bimodal with 

peaks at 40,000 and 4500 Da1. Only a trace of ethyl ether and methanol 

12 
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insoluble material was formed at 25°C with UV initiation, when the 4W 

source was used. No reaction was observed with redox initiation at O°C. 

These benzofuran copolymers are fluffy white powders. Elemental 

analysis and 60 MHz NMR support the assigned structure. Carbon-13 

nuclear magnetic resonance spectroscopy and APT (attached proton test, 

see Patt and Schoolery, 1982), were run in deuterochloroform on the 

solution copolymer in order to attempt to determine the mode of addition 

to benzofuran. Unfortunately the differences between calculated spectra 

for 2,3- and 3,2-additions were small, about the same size as the 

observed bandwidths so no unambiguous assignment was possible. 

Alpha-methylstyrene was copolymerized with dimethyl cyanofumarate 

in solution at room temperature. Initiation was by redox or AIBN 

photolysis by UV radiation (4W source). Copolymer made with redox ini-

tiation discolored on exposure to the atmosphere within one minute to a 

shiny black color. Polymer intitiated by UV (4W source) was a fluffy 

white powder. Elemental analysis and 60 MHz NMR support the assigned 

structure. Differential scanning calorimetry was run on the UV ini-

tiated material, and no glass transition temperature was evident below 

the decomposition temperature of 265°C. 
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RO 
Mixture 

The copolymerization between carbomethoxymaleic anhydride and 

alpha-methylstyrene occurred to some extent, although small molecule 

product(s) contaminated the product. This occurred even when AIBN was 

used as a source of free radicals. 

o RO 
1:1 Copolymer 

o 

The 1:1 copolymer from carbomethoxymaleic anhydride and furan was 

formed in 64.4% yield by thermal initiation of bulk monomers. Inherent 

viscosity was 0.13. 

o RO 

Furan copolymerized with dimethyl cyanofumarate in 61.1% yield 

with thermal initiation, although this dropped on dilution. The 

inherent viscosity was 0.51. The resulting polymers were hygroscopic 

white powders. Differential scanning calorimetry was run and this 

material decomposed at 165°C. Elemental analysis and 60MHz NMR support 

the assigned structure. A carbon-13 nuclear magnetic resonance spectrum 

was run on this copolymer in order to attempt to determine the mode of 

addition to furan. The spectrum was (all values in PPM): 50.7, 51.1, 



15 

52.8, 54.0, 85.5, 86.0, 88.7, 115.1, 126.4, 131.9, 165.9, and 168.0. 

This spectrum was consistent with 1,4-addition. 

Copolymerization between carbomethoxymaleic anhydride and indene 

was facile. Inherent viscosity was 1.01. Combustic'l analysis indicated 

~2 mo1% excess of indene in the product. 

R· , 

COOCH3 

Indene was copolymerized with dimethyl cyanofumarate with ini-

tiation by AIBN, redox and UV (4W and 450W sources). Elemental analysis 

and 60 MHz NMR support the assigned structure. Inherent viscosity was 

0.91. This 1:1 product showed no glass transition below its decom-

position temperature of 250°C. A 1:1 copolymer was formed from 1:1 and 

2:1 feeds. 

+ 
R· 

1:2 Copolymer 

The copolymer between dimethyl cyanofumarate and divinyl ether 

had 2:1 stoichiometry. Yield was 50.1%, and the inherent viscosity was 

0.43. '£his material was a fluffy white powder. Attempts to synthesize 

the copolymer in bulk gave insoluble products, which were discarded. 



16 

+ R· 1:2 Copolymer 

The copolymer between carbomethoxymaleic anhydride and divinyl 

ether was a pale brown powder. This color was not removed by overnight 

washing in a Soxhlet extractor. Elemental analysis indicated 2:1 com-

position. This polymer held acetonitrile tenaciously; 1.5% solvent (by 

nitrog"en analysis) remained after 24 hours drying. Inherent viscosity 

was 0.23. 

+ 
R· 1:1 Copolymer 

A 1:1 copolymer was formed between divinyl ether and tricar-

bomethoxyethene in solution with a 64.3% yield. This material was 

completely soluble in 10% aqueous sodium hydroxide (NaOH). Elemental 

analysis and 60 MHz NMR support the assigned structure. Inherent 

viscosity was 0.28. Attempts to synthesize the copolymer in bulk gave 

insoluble products which swelled on addition to methyl ethyl ketone. 

These were discarded. 

Indene reacted with tricarbomethoxyethene in solution with AIBN 

initiation to give a 14.1% yield of 1 :,1 copolymer. This material had a 

polystyrene equivalent weight of 2,300 ~al. 
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One trial was done to investigate the reaction between carbo

methoxymaleic anhydride and N,N-diethylaniline. Combining these two 

compounds in deuteroacetonitrile gave a vigorous reaction. Intense 

coloration formed immediately. An exothermic reaction followed shortly, 

boiling the reaction mixture. A shift of the methoxy proton peak from 

delta 3.8 to 2.1 was observed in the NMR spectrum. Apparently some sort 

of ester cleavage occurred, but no further work was done on this system. 

Only a trace of methanol insoluble material was formed in the 

attempted redox initiated copolymerizations between dimethyl cyanofu

marate and either trans-anethole, ethyl propenyl ether or cinnamyl 

alcohol. A dark green coloration was noted for the latter monomer pair 

in benzene. No polymer was observed in similar attempts to copolymerize 

dimethyl cyanofumarate with cyclohexene, 1,I-diphenylethene, cis

stilbene, phenanthrene and dihydropyran. Blood red coloration was noted 

in all cases on addition of N,N-diethylaniline to dimethyl cyanofumarate 

containing solutions. Initiation by UV (450W source) failed to induce 

the copolymerization between 1,I-diphenylethene and dimethyl 

cyanofumarate. 

Attempted solution copolymerizations between chloromaleic 

anhydride and either indene or alpha-methylstyrene were done. Yields of 

less than 15% of ethyl ether-insoluble products were isolated after one 

precipitation. Due to low yields, this material was not characterized. 

No polymer is formed when alpha-methylstyrene is heated with tri

carbomethoxyethene in the presence of AIBN, despite reaction times as 

long as one month. 



18 

Attempts to copolymerize tricarbomethoxyethene and dimethyl 

dicyanofumarate with trans-stilbene failed in bulk at 140 DC and at 70 DC 

with AIBN. Similarly, 1,I-diphenylethene was inert as a comonomer with 

dimethyl cyanofumarate. 



CHAPTER 4 

RESULTS OF SPONTANEOUS REACTIONS 

Bulk Reaction Results 

Results of the bulk reactions are given in Table 2. Pale to 

bright coloration was observed on mixing of the two bulk monomers in 

nearly all cases. Carbomethoxymaleic anhydride gave the most intense 

colors: bright yellow with divinyl ether, green with furan, and dark 

orange with the other electron-rich monomers. In nearly all reactions 

containing carbomethoxymaleic anhydride, polymerization occurred within 

one minute of mixing the monomers at room temperature in the presence of 

air. With benzofuran heating was necessary to form polymer. 

Spontaneous polymerization at room temperature was evidenced by gain in 

reaction mixture viscosity, heat evolution, and the disappearance of the 

coloration due to the presence of the EDA complex. This heat evolution 

caused the furan and divinyl ether-containing runs to boil, and the 

product was a brittle foam. 

Spontaneous Reactions of Carbomethoxymaleic Anhydride 

Some polymer was formed in all of the carbomethoxymaleic 

anhydride-containing runs, although heating was necessary in the benzo

furan case. Yields were not maximal for several reasons. First, the 

small scale of these reactions magnified any loss of product. Loss of 

volatile monomers occurred as reaction mixtures spontaneously heated up. 

Loss of material occurred in the filtration process used to separate 
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products from broken glass, as gel adhered to the glass and was lost. 

Workup of the products was hampered by poor solubility of the polymers 

and high viscosity of the resulting solutions. Several days of stirring 

were sometimes necessary to get these materials dissolved. 

Some polymer was formed by the reaction between alpha

methylstyrene and carbomethoxymaleic anhydride. Bright coloration 

disappeared in less than one minute and the reaction mixture became 

viscous. Purification of the resulting polymer was hindered by the 

presence of a highly insoluble small molecule product. This small mole

cule had similar solubility characteristics to the copolymer, being 

soluble in methyl ethyl ketone and insoluble in ethyl ether. Petroleum 

ether was a poor precipitating solvent in all cases, giving turbid oils 

as precipitated product. 

Spontaneous Reactions of Dimethyl Cyanofumarate 

Dimethyl cyanofumarate was less reactive than carbomethoxymaleic 

anhydride in spontaneous rections. Observed EDA (Electron Donor

Acceptor) colors were less intense or even absent, as with divinyl 

ether. No immediate reaction was observed on mixing, "but heating for 21 

hours gave at least a trace of polymeric or oligomeric product in all 

cases. The product from dimethyl cyanofumarate and indene was 

apparently a quantitative yield of polymer, but it was insoluble. Only 

a trace of yellow sticky gum was formed by the spontaneous reaction 

between divinyl ether and dimethyl cyanofumarate. 
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Spontaneous Reactions of Maleic Anhydride 

Maleic anhydride was much less reactive towards spontaneous poly

merizations than either carbomethoxymaleic anhydride or dimethyl cyano

fumarate. Color resulting from EDA complexation ranged from pale to 

nonexistent. Polymer was formed with alpha-methylstyrene and indene. 

Not surprisingly, the Diels-Alder reaction occurred with furan. In all 

cases, starting material was observed in the NMR spectra of the ether 

soluble fraction. 

Summing up, polymerization was the predominant reaction observed 

with these olefins, especially in bulk. Some spontaneous polymerization 

was observed in all carbomethoxymaleic anhydride and dimethyl cyano

fumarate containing runs. Polymer was also isolated by the reaction of 

indene or alpha-methylstyrene with maleic anhydride. Only furan, benzo

furan, and divinyl ether failed to give detectable polymer on heating 

with maleic anhydride. 

Spontaneous Reaction Results in Deuteroacetonitri1e Solution 

The results of reactions in solution may be found in Table 3. In 

deuteroacetonitrile, benzofuran and indene failed to react with any of 

the electron-poor olefins studied: dimethyl cyanofumarate, maleic 

anhydride, chloromaleic anhydride, and carbomethoxymaleic anhydride. 

Furan failed to react with dimethyl cyanofumarate in solution also. The 

three maleic anhydrides reacted with furan to give equilibrium mixtures 

of Diels-Alder adducts. These Diels-Alder reactions were the only ones 

observed between maleic anhydride, chloromaleic anhydride, and the 

electron-rich olefins studied. A poor yield of small molecule products 



was formed on reaction of alpha-methylstyrene or diyinyl ether with 

dimethyl cyanofumarate. These products decomposed or perhaps oligo

merized on attempted separation with TLC (Thin Layer Chromatography). 
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Carbomethoxymaleic anhydride formed the Diels-Alder adduct with 

furan. A small molecule was formed by reaction of carbomethoxymaleic 

anhydride with alpha-methylstyrene, possibly the Wagner-Jauregg adduct. 

Carbomethoxymaleic anhydride spontaneously polymerized with 

divinyl ether even without degassing. A dark brown coloration appeared 

immediately on mixing, and the reaction mixture was unpourable within 

one hour. 

Summing up, dimethyl cyanofumarate formed small molecule products 

with divinyl ether and alpha-methylstyrene. Furan formed equilibrium 

mixtures of the Diels-Alder adducts with the three maleic anhydrides. 

Divinyl ether underwent spontaneous copolymerization with carbomethoxy

maleic anhydride. All other combinations gave no reaction. 



CHAPTER 5 

THERMAL COPOLYMERIZATIONS OF STYRENE WITH ELECTRON-POOR OLEFINS 

An attempt was made to determine the ceiling temperature of the 

styrene copolymers of several highly-substituted", electron-poor olefins. 

Spontaneous copolymerizations of tricarbomethoxyethene, tetracarbo

methoxyethene, and dimethyl dicyanofumarate with styrene were done at a 

series of temperatures. The products from tricarbomethoxyethene and 

dimethyl dicyanofumarate were essentially 1:1 alternating copolymers. 

Tetracarbomethoxyethene acted as an inhibitor of spontaneous polymeriza

tion of styrene. Temperatures ranged from 140-220°C. Data on the 

resulting copolymers are listed in Table 4. 

Copolymerization of tricarbomethoxyethene with styrene was well 

behaved, with molecular weight decreasing with increasing reaction tem

perature. No color was observed throughout freeze-thaw, heating or 

cooling. At a reaction temperature of 140°C, the polystyrene equivalent 

molecular weight was 1,030,000 Da1. This was ten times larger than the 

molecular weight of thermally initiated polystyrene made under identical 

conditions of time and temperature. A trend towards greater styrene 

incorporation with increasing polymerization temperature was observed, 

but this effect was small. As reaction temperature increased, the yield 

of methanol insoluble product decreased drastically. At 220°C, the 

yield of methanol insoluble material was only 0.9%. 
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The methanol soluble product of the reaction between tricarbomethoxy

ethene and styrene was isolated by stripping the methanol used to 

precipitate the polymer and cooling the residue to -45°C. This solid 

was filtered, dried, and characterized. Nuclear magnetic resonance and 

IR analysis showed this material to be copolymer, no doubt of lower 

molecular weight than the methanol insoluble fraction. This material 

was shown to have a tricarbomethoxyethene content of 41.1 mol%, compared 

to the methanol insoluble material with 37.0%. 

Dimethyl dicyanofumarate turned bright yellow when mixed with 

styrene. This color disappeared on immersion in a dry ice bath, only to 

reappear on warming. This cycle appeared to be reversible. Similar 

behavior was observed for dimethyl dicyanofumarate mixed with 

1,I-diphenylethene. 

Dimethyl dicyanotumarate copolymerizes with styrene to give high 

molecular weight polymer. The dimethyl dicyanofumarate containing poly

mers formed at 160°C and lSO°C were light brown in color, even after two 

precipitations. Copolymer synthesized at IS0°c contained dimethyl 

dicyanofumarate detectable by SEC even after three precipitations. The 

NMR spectra of these materials gave two very broad peaks, corresponding 

to aromatic and aliphatic absorbances. The aromatic peak lacked the 

shoulder due to the ortho protons on adjacent styrene residues, so it 

was apparent that t~e polymer was alternating and about 1:1. Elemental 

analysis was done on the polymer synthesized at 160°C. The nitrogen 

content was 7.72%, which corresponds to 45 mol% dimethyl dicyanofumarate 

in the polymer. 



25 

An attempt to polymerize tetracarbomethoxyethene with styrene in 

bulk at 70 0 e with AIBN failed due to the insolubility of the solid ole~ 

fin. A temperature of at least l40 0 e is needed to dissolve the tetra

carbomethoxyethene in the styrene. The products of the reaction of 1:1 

mixtures of styrene and tetracarbomethoxyethene were fairly mobile solu

tions, which solidified on cooling to an opaque, two-phase solid. No 

color was observed throughout freeze-thaw, heating or cooling. The 

methanol insoluble product was shown to be nearly pure polystyrene by 

NMR and IR analysis. The methanol soluble fraction was found to contain 

unreacted tetracarbomethoxyethene and styrene oligomers. The twice pre

cipitated polymer was found to be polystyrene by NMR a~d IR. A carbonyl 

group was detectable in the IR, even after two precipitations in metha

nol. This was also reported by Hall and Sentman (1982). Size exclusion 

chromatography shows presence of a trace of unreacted tetracarbomethoxy

ethene in the polymer even after this purification. 

The molecular weight of this polymer was 40,000 Da1, low compared 

to that of bulk polymerized styrene at the same temperature. Styrene 

was thermally polymerized at 140 0 e in 1:4 mole ratio methyl benzoate. 

No initiator was used. The resulting polymer was of 130,000 Dal molecu

lar weight, and showed no carbonyl peak in the IR spectrum. 



CHAPTER 6 

DISCUSSION 

This work extended the generality of the copolymerization of tri-

and tetrasubstituted electron-deficient olefins. These monomers copoly-

merized with sterically hindered 1,1- and 1,2-disubstitutedolefins, 

were capable of disrupting the aromatic systems of furan and benzofuran, 

and were active in cyclopolymerization. Competing cycloadditions did 

not prevent clean copolymerization, except with alpha-methylstyrene. 

Ceiling temperature effects were not evident at polymerization tem-

peratures below 2DDoC. 

Synthesis of Novel Addition Copolymers 

A detailed discussion of the new alternating addition copolymers 

formed by the free-radical reaction between electron-rich and electron-

poor olefins follows. 

Free radical copolymerization of furan may give one of two modes 

of addition, or possibly a mixture of both. Either 2,3 or 2,5 addition 

to the ring, in a manner analogous to butadiene, may occur: 

R' 

R-R' RD 
o 

The carbon-13 nuclear magnetic resonance spectrum was consistent 

with 1,4-addition, with olefinic absorbance3 at 126.4 and 131.9 PPM. 
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The copolymer of furan with dimethyl cyanofumarate gave a polymer 

much more hygroscopic than even the carbomethoxymaleic anhydride con-

taining materials. This was unexpected in a non-charge bearing polymer, 

but the presence of hydrophilic groups such as methyl esters and 

dihydrofuran rings helps to explain this. The formation of the 

Diels-Alder adduct between carbomethoxymaleic anhydride and furan was no 

hindrance to the formation of copolymer. 

The reactivity of benzofuran was subject to a different type of 

isomerization. The copolymerization products of benzofuran, indole, and 

benzothiophene with maleic anhydride display 2,3 addition to the furan 

ring and no disruption of the benzene aromatic system. Isomerization of 

a different sort becomes possible when unsymmetric comonomers such as 

dimethyl cyanofumarate are used. Addition may occur at either the 2 or 

3 position: 
R' R 

R-R' @OR' 
This gives rise to the possibility of 2,3 or 3,2 addition, or a mixture 

of both. This possibility of isomerization does not exist for the 

maleic anhydride containing copolymer. Carbon-13 nuclear magnetic reso-

nance and APT were run on the copolymer between benzofuran and car-

bomethoxymaleic anhydride to distinguish between the possible isomers, 

but no conclusive results were obtained. 

Benzofuran is a sluggish monomer, much less reactive than indene, 

for example. Although a bright orange EDA complex was formed on mixing 

with the highly reactive carbomethoxymaleic anhydride, no spontaneous 
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polymerization was evident at room temperature. Higher temperatures 

(60 0 e) were needed to incorporate benzofuran in the copolymers. At low 

temperatures no reaction occurred with dimethyl cyanofumarate. 

Homopolymerization occurred with carbomethoxymaleic anhydride. 

This suggesdts that the energy of activation for the addition of 

a benzofuran molecule to a growing polymer chain is high. This is 

highly plausible due to the relative stability of both the aromatic 

system of benzofuran and the disubstituted carbomethoxymaleic anhydride 

terminated growing polymer chain. A higher reaction temperature was 

necessary to overcome this barrier to addition. 

Indene proved to be a highly reactive comonomer towards both car

bomethoxymaleic anhydride and dimethyl cyanofumarate. Polystyrene 

equivalent molecular weights and solution viscosities were very high, 

suggesting high reactivity in the addition step. These copolymers had 

1.25 carbon substituents per backbone atom and at least one substituent 

on each backbone atom. 

In this work the copolymer between dimethyl cyanofumarate and 

alpha-methylstyrene was formed at room temperature. The steric 

hindrance in the structure of the copolymer was evident in the lack of a 

glass transition temperature before the copolymer decomposed at 265°e in 

the ose. The current report may be compared to that of Hall and Daly 

(1975) who reported no reaction between dimethyl cyanofumarate and 

alpha-methylstyrene at 72°e with AIBN and higher dilution. 

Lowering the temperature and increasing monomer concentration 

generally favors addition polymer formation. A small change in these 

variables can cause a drastic change in the amount of polymer at 
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equilibrium, especially near the ceiling temperature, which is 61°C for 

alpha-methylstyrene homopolymerization [Odian (1981)]. Facile synthesis 

of the copolymer between dimethyl cyanofumarate and alpha-methylstyrene 

occurs at 25°C. Alpha-methylstyrene is much less reactive than indene, 

which forms copolymers from 0-60°C. This difference in reactivity was 

also reflected in the lower polystyrene-equivalent molecular weights and 

viscosities of the alpha-methylstyrene copolymers when compared to the 

indene copolymers. 

An insoluble small molecule was formed by the reaction between 

alpha-methylstyrene and carbomethoxymaleic anhydride, probably the 

Wagner-Jauregg adduct. Formation of this adduct was apparently irrever

sible, as it precipitated from solution and did not appear to revert to 

polymer. Attempts to purify the copolymer formed spontaneously on 

mixing bulk monomers at room temperature was prevented by the presence 

of this small molecule. Attempts to copolymerize alpha-methylstyrene 

and tricarbomethoxyethene with redox initiation gave starting material. 

In the current work, attempted solution copolymerizations of 

chloromaleic anhydride with indene and alpha-methylstYFene at 60°C with 

AIBN gave lo,~ yields of ether insoluble materials, so further work was 

not done with this monomer. Better yields may be possible for a bulk 

copolymerization done at lower temperature. 

Three new copolymers of divinyl ether were synthesized. A 1:1 

copolymer was formed between tricarbomethoxyethene and divinyl ether 

with AIBN initiation in solution. Poor results in attempted bulk 

copolymerization may be e~plained as follows. At very high con

centration intermolecular processes may compete with intramolecular 
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ones, allowing divinyl ether to react as a more conventional diene and 

crosslink. Hydrolysis of the methyl ester groups occurred at room tem

perature in 10% aqueous NaOH to give the water soluble polyanion. The 

1:1 stoichiometry of this copolymer may reflect the lesser reactivity of 

tricarbomethoxyethene towards electron-rich radicals. The relatively 

unreactive chloromaleic anhydride has also been reported to have formed 

1:1 copolymer with divinyl ether. 

A 2:1 copolymer was formed between dimethyl cyanofumarate and 

divinyl ether in solution. This composition reflected the high reac

tivity of the planar dimethyl cyanofumarate monomer, especially towards 

an unhindered, electron-rich vinyl ether. 

A 2:1 copolymer was formed spontaneously when carbomethoxymaleic 

anhydride and divinyl ether were mixed in deuteroacetonitrile solution. 

Copolymer can also be made in solution at 60°C with AIBN. This polymer 

is of similar composition to the biologically active copolymer between 

divinyl ether and maleic anhydride, but has a higher functionality. 

Coloration observed on mixing of bulk monomers may be attributed 

to the formation of EDA complexes. These complexes mayor may not react 

further. A good example of this in the current work was benzofuran, 

which formed visible complexes with all of the electron-deficient ole

fins studied, but formed low yields of copolymer, even when heated with 

the highly reactive carbomethoxymaleic anhydride. It should be noted 

that some EDA complexes show no visible coloration, although their 

presence may be detected by UV spectroscopy and may affect reactivity 

and structure of the product. 



The generality of spontaneous copolymerizati~n on the simple 

heating of a mixture ~f electron-rich with electron-poor olefins was 

predicted by the tetramethylene mechanism of Hall (1983), and provides 

further evidence for the existence of the tetramethylene intermediate. 

A plausible mechanism of initiation for indene and carbomethoxymaleic 

anhydride may be found in Figure 1. The intermediate formed from this 

monomer combination would have largely biradical character. 

Side-Reactions to Copolymerization 
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The only side-reaction to copolymerization observed was the 

Diels-Alder reaction and only with alpha-methylstyrene and furan. 

Diels-Alder reactions of furan are readily reversible, so although such 

addition probably occurred, it did not prevent polymerization to high 

yields. The 2:1 double Diels-Alder or Wagner-Jauregg adduct forms 

irreversibly and presented a problem. 

No competition to polymerization of indene by cycloaddition was 

observed in bulk or in solution. The formation of these adducts was 

either reversible or slow, as indene copolymerization with 

carbomethoxyma1eic anhydride was facile. 

This was in contrast to the behavior of the products of the 

double Diels-Alder reaction. A highly reactive dienophile was needed to 

disrupt aromaticity, so this reaction was only a factor with carbo'

methoxymaleic anhydride. The highly crystalline addition product from 

the reaction of carbomethoxymaleic anhydride and alpha-methylstyrene did 

not appear to revert to monomer to any extent. This product was prob

ably the Wagner-Jauregg adduct as similar reaction has been observed 
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with styrene by Hall et al. (1982a), and carbomethoxymaleic anhydride is 

an extremely powerful dienophile. Since this reaction was irreversible, 

it removed monomer from the system and prevented clean polymerization. 

This product was also formed at room temperature. It seems 

possible that the copolymer between carbomethoxymaleic anhydride and 

alpha-methylstyrene may be obtainable by lowering the reaction 

temperature. 

The Diels-Alder-Ene product reported by Zadra and Tazuma (1978) 

was formed at much higher temperatures, ISO-210°C. Ene reactions do not 

usually occur at 60°C, so the Wagner-Jauregg product is more plausible 

for these conditions. 

The deuteroacetonitrile solutions of these ole fins showed much 

less propensity towards spontaneous polymerization than the bulk reac

tions. Only the monomer combination of carbomethoxymaleic anhydride and 

divinyl ether gave polymer spontaneously on mixing. Intense coloration 

due to EDA complex formation was observed in solution for this monomer 

pair. Two reasons for this lack of reactivity when compared with bulk 

conditions are immediately evident. First, no attempt was made to degas 

the solution reactions. Atmospheric oxygen remained in solution to 

inhibit free-radical reactions. Also, decreasing monomer concentration 

disfavored the bimolecular addition needed to form the initiating 

species. 

There are several additional factors involved in the relative 

lack of reactivity of furan, benzofuran, and divinyl ether in spon

taneous reactions with dimethyl cyanofumarate in solution. Furan and 

benzofuran are stabilized by delocalization. Why the reactive divinyl 
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ether failed to react with dimethyl cyanofumarate is less apparent. It 

may be due to the high volatility of this monomer. A significant por

tion of the divinyl ether may have been in the headspace of the NMR 

tube. Work on a larger sacle may be necessary to detect oligomerization 

or cyclization. 

Colorless oils were formed on mixing dimethyl dicyanofumarate 

with alpha-methylstyrene or divinyl ether. The instability of these 

products with respect to silica-gel TLC implied that they may be cyclic 

acetal pyrans. These ketene acetals are acid labile and also decompose 

on silica-gel TLC. 

To sum up, although a measurable amount of polymer was formed by 

the bulk spontaneous reactions of maleic anhydride and dimethyl cyano

fumarate, the reaction only went to completion (within 21 hours) with 

carbomethoxymaleic anhydride. Even benzofuran, relatively sluggish 

monomer, was spontaneously polymerized to some extent on heating. Thus, 

in certain systems carbomethoxymaleic anhydride may be considered a 

potential room temperature initiator. Use of this material as an ini

tiator may be sharply limited by the incorporation of it as a comonomer. 

Carbomethoxymaleic anhydride may find use in the curing of 

unsaturated polyesters, where the presence of other electron deficient 

olefin functionality such as fumarate, maleate, maleic anhydride (where 

electron-poor propagating radicals such as those substituted with car

bonyl groups may be less reactive towards the carbomethoxymaleic 

anhydride) would conserve the initiator. Using the same reasoning, 

styrene-maleic anhydride resins may be formed at low temperatures by the 

use of a small amount of carbomethoxymaleic anhydride as initiator. 
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This non-gas-evolving and non-oxidizing initiator may be useful in spe

cialized applications. 

Thermal Copolymerizations--Ceiling Temperature Investigation 

The copolymerization between tricarbomethoxyethene and styrene 

was well behaved with molecular weight and yield dropping with 

increasing temperature (see Figure 2). No drastic temperature effects 

on composition were noted (see Figure 3), although a small increase in 

styrene content occurred at higher temperatures. 

The composition of the spontaneously formed copolymer between 

tricarbomethoxyethene and styrene was fractionated according to the 

molecular weight. This may have been an artifact of the large amounts 

of methanol used as a precipitating solvent, as an increased tricar

bomethoxyethene content would increase methanol solubility. At higher 

temperatures the amounts of recovered copolymer dropped off drastically 

as would be expected for a polymer at its ceiling temperature. It was 

difficult to determine if this drop in yield was due to a ceiling tem

perature effEct, or if it was a result of the high rate of initiation in 

this highly reactive system. A high rate of reaction may have produced 

a product of low enough molecular weight to be soluble in the large 

volumes of methanol used in the work-up. 

Two notable difficulties were encountered in determining the 

composition of these materials. The use of UV spectroscopy was aban

doned when it was found that these copolymers did not give linear Beer's 

Law plots. It was found that extensive solvent removal with a drying 
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pistol was needed to remove all the methanol and to insure accurate NMR 

integrations. 

Dimethyl dicyanofumarate copolymerized spontaneously with styrene 

at 160°C and 180°C to give about 1:1 copolymers. Yield and molecular 

weight decreased with increasing temperature as expected. The colora

tion of these polymers implies the presence of reactions other than 

simple C-C single bond formation. Liepins, Campbell, and Walker (1968) 

reported CN triple bond participation in polymerization, and reactions 

of this sort may lead to colored products. 

Attempted Copolymerization of Tetracarbomethoxyethene 

Spontaneous polystyrene formation was retarded in the presence of 

tetracarbomethoxyethene. The presence of a 1:1 mole ratio of this ole

fin causes lowered yields and molecular weight of spontaneously formed 

polystyrene. A carbonyl group was detected in the IR spectra of 

polystyrene synthesized in this manner. This was also reported by Hall 

and Sentman (1982). This was not good evidence for incorporation as SEC 

showed presence of a trace of tetracarbomethoxyethene monomer even after 

two precipitations in methanol. Only a trace of the olefin is needed to 

give rise to this peak in the IR spectra. 

The molecular weight of polystyrene synthesized in the presence 

of tetracarbomethoxyethene was about 40,000 Da1. This was low compared 

to the molecular weight of bulk polymerized styrene at the same tem

perature. One possible mechanism accounting for this low molecular 

weight is the abstraction of the methoxy protons on tetracarbomethoxy

ethene. As the resulting radical would be reactive towards propagation, 
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this would lead to chain transfer. To investigate this, polymerizations 

were done in methyl benzoate. A styrene spontaneous polymerization 

reaction was done as in 1:4 mole ratio methyl benzoate. This provided a 

model for this chain transfer reaction. As the aromatic nucleus is 

rather inert to chain transfer reactions, any reduction in molecular 

weight caused by this compound could be attributed to abstraction of the 

methoxy proton. The resulting polymer was of 130,000 Dal molecular 

weight, and showed no carbonyl peak in the IR. Chain transfer to methyl 

cannot account for low molecular weights. 

Molecular models of tetracarbomethoxyethene and the propagating 

end group radical are useful in understanding this effect. The monomer 

molecule can easily be approached from above and below, as the methyl 

groups are held away from the alkene functionality in the plane of the 

molecule. This agrees with the analysis of Giese (1983), who states 

that beta substituents show little or no steric effect on the addition 

of free radicals to alkenes. This work cannot rule out the occurrence 

of a small amount of addition to the olefin double bond. 

On the other hand, the propagating radical is probably planar, as 

the radical can be delocalized into the ester groups, but it is now 

adjacent to a tetrahedral carbon. The methyl groups can now lie above 

and below the plane of the radical, blocking attack from both sides. As 

these hydrogens are six nuclei away from the site of the reaction, this 

can form a stable chair conformation. This conformation is not 

available to the completely planar monomer. Steric hindrance of this 

radical, combined with the stabilizing effect of two ester substituents, 

may result in a species inert to propagation reactions. In any case 



this is a small effect, detectable only by the magn~fication of such 

reactions by subsequent addition polym~rization. 
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CHAPTER 7 

MONOMER SYNTHESIS 

The following multi-step synthesis of tricarbomethoxyethene was 

done by a procedure modified from that of Hall and Daly (1975). The 

time necessary to perform the synthesis was shortened by two days by the 

substitution of a 2-fout Vigreux column for a spinning band column in 

the separation of trimethyl 1,1,2-ethanetricarboxylate from starting 

material. 

Trimethyl 1,1,2-Ethanetricarboxylate 

To a 1 liter (L) 3-necked Morton flask fitted with condenser, 

drying tube, pressure equalizing addition funnel, thermometer, and 

magnetic stirring, was added 600 mL of dry methanol and 11.5 g (0.5 mol) 

of sodium. The sodium was allowed to dissolve (1-2 hours) and then 66 g 

(0.50 mol) dimethyl malonate (previously distilled) was added, with 

cooling by an ice bath. It should be noted that 11 L of hydrogen gas 

evolved and this operation was done in a fume hood. The reactor content 

was cooled to IS-20°C, and the dropwise addition of a solution of 47 mL 

(0.5 mol) of methyl chloroacetate in 150 mL dry methanol was then 

started. A white precipitate of sodium chloride (NaCl) signified the 

start of reaction. Temperature was maintained at IS-20°C and addition 

took about two hours. After the addition was complete, the reaction 

mixture was allowed to warm to room temperature and was stirred over

night. 
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The reaction mixture was filtered to remove inorganic salts and 

stripped on a Rota-vapor. The resulting oil was added to 600 g of ice 

and water, and neutralized with dilute aqueous hydrochloric acid to pH 

7. The water was then extracted with five 300 mL portions of ethyl 

ether. The combined ether fractions were washed with saturated NaCl 

solution, dried with magnesium sulfate, and stripped. This oil was 

distilled through a short path apparatus (llODC and 0.3 Torr) to give a 

mixture of the desired product and unreacted dimethyl malonate. These 

were separated by distillation through a 2-foot Vigreux column at 0.1 

Torr and a head temperature of 70 DC. A heat gun was used to prevent the 

product from solidifying in the condenser outlet. Yield was 42.07 g 

(41.2%). The NMR spectrum in deuterochloroform was (delta values): 

(d,2H) 2.95, (s,3H) 3.75, (s,6H) 3.80, and (t,lH) 3.85. 

Trimethyl l-Bromo-l,1,2-Ethylenetricarboxylate 

The entire. product from the previous step was dissolved in 400 mL 

carbon tetrachloride and placed into alL three-necked round-bottomed 

flask fitted with thermometer, magnetic stirrer, addition funnel, con

denser, and a base trap to absorb evolved hydrogen bromide gas. Azo

bis-isobutyronitrile (0.20 g) was added as a free radical source. 12.1 

mL (~1.2S mol) of bromine (washed with sulfuric acid) was added in small 

portions as the reaction mixture was irradiated with a sunlamp at room 

temperature. After a 2-20 minute induction period, hydrogen bromide gas 

evolved and the reaction mixture changed in color from red to yellow. 

Addition took about one hour; the reaction mixture was stirred and irra

diated overnight. The excess bromine and solvent were stripped with 



aspirator vacuum at 30°C. This material was used immediately for the 

next step in the synthesis, as it was rather unstable. 

Tricarbomethoxyethene 
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AIL 3-necked Morton flask fitted with thermometer, pressure 

equalizing dropping funnel, magnetic stirrer, condenser, and drying tube 

was flamed out. The crude bromide from the previous step was washed 

into the reactor with 400 mL of dry ethyl ether, and was cooled to O-SoC 

with an ice bath. 27.5 mL triethylamine (distilled from phosphorus pen

toxide) dissolved in 150 mL ethyl ether was added dropwise to the 

stirring reaction mixture. A white precipitate of triethylammonium 

hydrobromide formed immediately. The amine solution was added slowly so 

that the temperature stayed below 5°C. Reaction was complete one hour 

after the addition was finished. 

To the reaction mixture was added 200 mL of water containing 1 mL 

of concentrated HCI. The water phase was washed with three 100 mL por

tions of ethyl ether. The ether fractions were combined and washed with 

saturated NaCI solution, dried over magnesium sulfate, and stripped to 

give a pale green oil. The oil was distilled through a short path 

apparatus (80-83°C, 0.3 Torr) to give a colorless oily solid. The 

distillate tended to crystallize, so condenser cooling water was kept at 

about 35°c and a heat gun was used. Too generous use of stopcock grease 

has caused the product of this step to be a liquid, with a contaminant 

peak in the NMR at delta=O.l. The yield was 28.27 g (69.4%) of 

distilled alkene. This product was recrystallized from a mixture of 

hexane and ether. Repeated recrystallizations gave a product melting 
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40.0-40.5°C. The NMR spectrum in deuterochloroform was (delta values): 

(s,3H) 3.67, (s,3H) 3.70, (s,3H) 3.85, and (s,IH) 6.85. 

Attempted Knoevenagel Synthesis of Tricarbomethoxyethene 

A seemingly attractive alternate synthesis of tricarbomethoxy

ethene is the Knoevenagel reaction between dimethyl malonate and methyl 

glyoxylate (or its hemiacetal). This reaction worked well on a gram 

scale with toluene solvent, but it scaled up poorly. The product from 

such reactions under several conditions (see Table 5) was mostly the 

hydrated alkylation product, l,2,2-tricarbomethoxyethanol. 

The NMR spectrum of this compound in deuterochloroform was (delta 

values): d-3.4, broad peak-3.8, m-4.9, and a rounded singlet between 

4.9-8.2 that shifted on addition of deuterium oxide. This compound 

proved remarkably resistant to dehydration. This alcohol was heated to 

150°C in the presence of either para-toluenesulfonic acid or potassium 

bisulfate catalysis. Poor yields of the dehydration product were 

obtained in both cases although some evolution of water occurred. The 

accepted mechanism for this dehydration is acid catylized El elimina

tion. For this substrate, the intermediate carbocation is destabilized 

by two electron withdrawing groups. The reluctance of formation of this 

intermediate explains the poor reactivity. 

Olefin formation via acetate pyrolysis goes by a different 

mechanism which does not involve carbocation formation. Attempts were 

made to synthesize tricarbomethoxyethene by Knoevenagel reaction in 

acetic anhydride solvent. Acetic acid was removed by distillation. 

Yield was 43.8% after distillation to an oil containing a few crystals, 
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but a good yield of solid product was not obtained due to the low 

melting point of tricarbomethoxyethene. 

Attempted Hydrolysis-Decarboxylation 

Yet another conceivable route to tricarbomethoxyethene is the 

partial hydrolysis of tetracarbomethoxyethene to form 1,I,2-tricarbo-

methoxy acrylic acid. This material might be decarboxylated to form the 

desired triester. A method was developed for the basic ester cleavage 

of tetracarbomethoxyethene. 

CH300C ,----!COOCH3 

CH
3
00C ;----\COOCH3 

Alcoholic potassium hydroxide in methylene chloride was used as 

base to give the salt of the desired acrylic acid, which precipitated 

from the reaction mixture. In a 4-necked 100 mL round-bottomed flask 

fitted with condenser, addition funnel, and two stoppers was placed 2.6 

g tetracarbomethoxyethene, 30 mL methylene chloride, and 10 mL methanol. 

Ten mL of 1 M potassium hydroxide in methanol was slowly added over two 

hours at room temperature. The sodium salt of the desired acrylic acid 

precipitated from solution. This salt was very water soluble and inten-

sely hygroscopic. Conversion was measured by isolation of starting 

material, which was insoluble in water. 

The potassium salt was neutralized with dry gaseous hydrochloric 

acid. This gave a white solid that dissolved in water to give an acid 

solution (pH Hydrion papers), but the free acid was intensely hygrosco-

pic and liquified on exposure to the atmosphere. An attempt to decar-

boxylate in boiling water failed. As the decarboxylation conditions for 
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vinylic acids call for vigorous conditions such as refluxing quinoline, 

this approach was abandoned. 

Dimethyl Cyanofumarate 

The procedure used was a scale-up of a procedure developed by Dr. 

Anne Padias of the University of Arizona Chemistry Department, and was 

developed in conjunction with Mr. Ashish Pandya. This procedure was an 

alternative to the multistep procedure of Hall and Daly (1975). Methyl 

glyoxylate was formed in situ by removal of methanol from its hemiacetal 

(then available as an 80% solution from Aldrich). Knoevenagel reaction 

of this highly reactive aldehyde with methyl cyanoacetate then occurred 

and was forced to completion by the azeotropic removal of water. 

+ ) 

All glassware was soaked for one hour in alcoholic HCI (4:1) to 

remove any traces of base. To a 300 mL, 3-necked round-bottomed flask 

fitted with an 8-inch Vigreux column, "fractional take off head, addi-

tional funnel, and one stopper was added 30 g of methyl cyanoacetate 

(Aldrich, washed with aqueous bicarbonate and distilled), 72 g methyl 

hemiacetal of methyl glyoxyalte (gift from Monsanto, distilled), and 100 

mL acetonitrile (distilled from phosphorus pentoxide). These were 

heated to boiling in an oil bath (bath temperature 110-130°C), and 

methanol and water were removed by azeotropic distillation. Additional 

solvent was periodically added to maintain the volume of the reaction 
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mixture. Reaction progress was monitored by following the head tempera

ture; pure acetonitrile distilling over signified the end of reaction. 

The reaction product was stripped under aspirator vacuum to give 

a colorless oil. This oil was distilled in a Kuge1rohr distillation 

apparatus (Aldrich, oven temperature 1l0°C, vacuum 0.3 Torr) to give an 

oily solid which was recrystallized from ethyl ether. Refrigeration of 

the solution sometimes was necessary to cause crystal formation. All 

attempts to use mixed solvents such as hexane-ethyl ether gave oils 

rather than recrystallization. Recrystallized yield was 44.6%. Use of 

unpurified starting materials often resulted in a discolored crude pro

duct and lower yields. Use of undried solvent gave erratic results. 

The recrystallized product was fine white needles melting at 

59.5-60.loC. 

Attempted Synthesis by HCN Addition 

An attractive route to the synthesis of dimethyl cyanofumarate 

involves the addition of HCN to dimethyl fumarate of dimethyl maleate. 

The dimethyl cyanosuccinate can be converted to dimethyl cyanofumarate 

by bromination-dehydrobromination as in Hall and Daly (1975). Attempted 

addition of HCN to dimethyl fumarate in ethanol catalyzed by acetic acid 

gave starting material. Hydrogen cyanide was liberated in situ by the 

action of acetic acid on sodium cyanide. It was reasoned that poor 

solubility of the highly symmetrical fumarate prevented reaction. 

Reaction under similar conditions was run on dimethyl maleate, which is 

liquid at room temperature. The product was water soluble and showed 

the characteristic C=C absorbance in the infrared (IR) spectra. 



Apparently basic ester cleavage to the carboxylate salt predominated 

over addition, so this approach was abandoned. 

Carbomethoxymaleic Anhydride 
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This procedure is similar to that of Hall, Rhoades, and Nogues 

(1981), but with a modified heating schedule. Use of higher temperature 

resulted in higher yield, and allowed a reduced reaction time. 

Difficulties were experienced in the scale-up of the synthesis of 

this compound. This was a procedure for the synthesis of ~3 g of car

bomethoxymaleic anhydride. Tricarbomethoxyethene (5.0 g) and 7.5 g of 

phosphorus pentoxide were ground together with a mortar and pestle. 

This operation was done on the benchtop when the relative humidity was 

low, but exclusion of moisture by means such as a glove bag may be 

needed when humidity is higher. The resulting mixture was placed in a 

14/20 50 mL round-bottomed flask fitted with short path distillation 

head, drying tub~, and receiver. The flask was immersed in a 180°C oil 

bath for one hour. During this time the reaction mixture swelled and 

formed an ominous black mass. The bath temperature was then lowered to 

160°C. Vacuum (0.1 Torr) was applied, and about 3.1 g (80.3%) of the 

anhydride was distilled out. The distillation was slow and the tem

perature of the heating bath was slowly raised to 180°C. A heat gun was 

used to increase yield by driving the product out of the distillation 

head. The product solidified on cooling and was recrystallized from 

ethyl ether. Melting point was 37.5-38.5°C. The proton magnetic reso

nance spectrum in deuterochloroform was: (s,3H) 3.95 and (s,1H) 7.45. 
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New Synthesis of Carbomethoxyma1eic Anhydride 

Carbomethoxyma1eic anhydride may also be synthesized from 

1, 2, 2-tricarbomethoxyethano1, which is available from Knoevenage1 

reaction. To a 3-necked, 100 mL round-bottomed flask fitted with an 

addition funnel, Vigreux column, thermometer, fractional take-off head, 

and one stopper was added 12.0 g methyl 2-hydroxy-2-methoxyacetate 

(Aldrich, distilled), 13.2 g dimethyl malonate (Aldrich, distilled), and 

25 mL acetonitrile (ref1uxed over calcium hydride and distilled). The 

reaction solution was brought to a boil with an oil bath and methanol 

was removed as an azeotrope. Reaction progress was observed by moni

toring the head temperature and was complete when pure acetonitrile 

distilled over. Acetonitrile was replenished during the reaction to 

maintain the volume of the reaction solution. Stripping the crude pro

duct with a Rota-Vapor gives a quantitative yield of 1,2,2-tricarbo

methoxyethanol suitable for the next step of the synthesis. The alcohol 

was a colorless oil. 

About 5.0 g of 1,2,2-tricarbomethoxyethanol and 10 g of 

phosphorus pentoxide were ground together with a mortar and pestle. The 

resulting mixture was placed in a 14/20 100 mL round-bottomed flask 

fitted with short path distillation head, drying tube, and receiver. 

The flask was immersed in a 180°C oil bath for one hour. During this 

time the reaction mixture swelled greatly and formed a black mass. The 

bath temperature was then lowered to 160°C. Vacuum (0.1 Torr) was 

applied, and about 1.0 g (40%) of the anhydride was distilled out. The 

distillation was slow and the temperature of the heating bath was slowly 

raised to 180°C. A heat gun was used to increase yield by driving the 
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product out of the distillation head. The product solidified on cooling 

and was recrystallized from ethyl ether. The use of a smaller flask 

gave a flask neck blocked with the black reaction mixture and a yield of 

only 10%. 

Tetracarbomethoxyethene 

Tetracarbomethoxyethene was synthesized in a method analogous to 

that for the tetraethyl ester, reported by Corson and Benson (1943). It 

was noted that the use of old, unpurified dimethylformamide gave rise to 

greatly increased reaction rates. Reaction was vigorous. The hydroly

sis of dimethylformamide gives formic acid and dimethylamine, either of 

which may catalyze the reaction. 

Chloromaleic Anhydride 

Chloromaleic anhydride was synthesized by the method of Hall and 

Snow (1983). It was noted that performing the dehydrochlorination under 

argon gave a colorless product after that step. 

Dimethyl Dicyanofumarate 

Dimethyl dicyanofumarate was synthesized by the method of 

Ireland, Jones, and Pizey (1976). The reaction was unaffected by the 

addition of 1% 2,2'-diphenylpicrylhydrazyl. 

Divinyl Ether 

Divinyl ether was prepared by the method of Lott, Smith, and 

Christiansen (1937). The solvent used was 2-ethylhexanol. A 500 mL 

Morton flask with mechanical stirring and a condenser were used to 
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dissolve small pieces of sodium in 100 DC solvent. This operation took 

1-2 hours. When magnetic stirring was used, 2-3 days were needed to 

dissolve the sodium. This monomer was quite volatile and special 

measures were needed to obtain a good yield. A jacketed vacuum adapter 

was used in addition to a 12-inch condenser. Circulating water for both 

was iced, and the receiver was cooled by an acetone-dry ice bath. The 

crude product was redistilled at ambient pressure and stored at O°C. 



CHAPTER 8 

EXPERIMENTAL 

Monomer synthesis is described elsewhere in this work. All solid 

monomers were purified by repeated recrystallization from recommended 

solvents as per Perrin, Armarego, and Perrin (1980) until the melting 

range was less than one degree. Indene (Eastman Kodak), styrene 

(Aldrich), l,l-diphenylethene (Aldrich), and alpha-methylstyrene 

(Aldrich) were shaken over potassium hydroxide (KOH) pellets, passed 

through a basic alumina column to remove inhibitor, and distilled at 20 

Torr vacuum. These monomers were tested for polymer by the methanol 

test before use and stored at 10°C. Any trace of turbidity in methanol 

indicated the presence of polymer so the monomer was redistilled. 

Benzofuran (Aldrich, 99.5%) was twice distilled from p~tassium hydroxide 

at 20 Torr and stored at 10°C. Furan (Alfa) was purified by distilla

tion from KOH and stored at O°C. Azo-bis-isobutyronitrile was 

recrystallized from methanol and dried under 2 Torr vacuum at room 

temperature. 

Cyclohexene was washed with 2% sodium hydrogen sulfite, then 

distilled water. The product was dried and distilled from KOH. Ethyl 

propenyl ether was shaken over KOH, then distilled under 20 Torr vacuum. 

Dihydropyran was shaken over KOH, then distilled. Cis-stilbene was used 

as supplied. Anethole was twice distilled at reduced pressure. 

49 
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Viscositiei were measured with a Kimax #100 viscometer. The 

polymer to be tested (50 mg) was dissolved in 10·mL dimethylformamide 

and the resulting solution was filtered through a sintered glass funnel. 

Relative viscosities were measured at 30°C. Inherent viscosities were 

estimate~ as per Billmeyer (1957). 

The 60 MHz NMR spectra were run on a Varian T-60 or an EM-360 

instrument. Multiple integrations were run ou spectra used to determine 

copolymer composition. Infrared spectra were run on a Perkin-Elmer 

740-A. Polystyrene equivalent molecular weights were determined using 

SEC in chloroform. Columns were a PSM60S and 300S in series. Detection 

was by UV absorbance. Attempts to use UV spectroscopy to determine 

styrene concentration in the copolymers failed as the absorbance was 

found to be non-linear with concentration. This behavior was in 

contrast to that of the system styrene-MMA, in which UV spectroscopy is 

the method of choice for determination of composition as reported by 

Tobolsky, Eisenberg, and O'Driscoll (1959). Elemental analyses were 

performed by MicAnal of Tucson, AZ. 

For bulk spontaneous reactions at 60°C, monomers (3 mmol each) 

were placed in a 1 mL ampule. Reaction mixtures with relatively non

volatile monomers (indene, alpha-methylstyrene, and benzofuran) were 

heated at 60°C until the crystalline monomer melted or dissolved and one 

phase formed. Two freeze-thaw cycles were done in liquid nitrogen to 

degas the mixture. The ampules were sealed and immersed in a 60°C oil 

bath for 21 hours. Ampules containing extremely viscous reaction pro

ducts were immersed in liquid nitrogen, shattered, and added to methyl 

ethyl ketone at O°C. Polymer dissolved slowly as the solvent warmed to 
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room temperature with stirring. Glass fragments were removed by filtra

tion through a sinteren glass funnel or by decantation. The method of 

using cold solvents greatly reduced the time needed to dissolve, and 

especially redissolve these samples. The resulting solution was 

filtered through a sintered glass funnel and dropped into rapidly 

stirring ethyl ether. Fluid reaction mixtures were precipitated 

directly. Polymer was isolated by filtration with a sintered glass 

funnel and dried over phosphorus pentoxide under vacuum (2 Torr). 

For spontaneous solution reactions at room temperature, monomers 

(1 mmol each) were dissolved in 0.50 mL deuterated acetonitrile 

(containing hexamethyldisiloxane as a reference material and nonvolatile 

internal standard) and placed in an NMR tube. The tube was wrapped in 

aluminum foil to exclude light and held at room temperature. The 60 MHz 

NMR spectrum of the contents was run during the course of the reaction. 

Four different means of initiation were used to synthesize 

copolymers, and are descri~ed below. 

Bulk Polymerization 

To a polymerization tube was added 0.003 moles of each monomer 

plus 1.00% (moles initiator per total moles monomer) of AIBN. The 

monomer mixture was degassed by two freeze-thaw cycles in liquid nitro

gen. The polymerization tube was forced to warm to room temperature 

under running tap water, then immersed in a 60°C oil bath for the indi

cated time. Temperature control was provided by a Therm-Q-Watch. The 

resulting polymer was dissolved in an appropriate solvent, usually 

Spectro grade acetonitrile or methyl ethyl ketone, and diluted to 
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reasonable viscosity. The resulting solution was filtered through a 

sintered glass funnel if needed. This solution was twice precipitated 

into excess rapidly stirring A.R. grade ethyl ether, isolated on a sin

tered glass funnel, and then dried over phosphorus pentoxide in a drying 

pistol at 56°C. 

Solution Polymerization 

The procedure was similar to that used for bulk polymerization, 

except with 1.00 mL Spectro grade acetonitrile added to the monomer mix

ture by syringe. No measures were taken to dry the solvent. 

Redox Polymerization 

N,N'-diethylaniline was distilled from phosphorus pentoxide, 

purged with argon and refrigerated. A 0.18 M stock solution of diethy

lani1ine was prepared immediately before use, and purged with argon. 

Solvent (benzene, toluene, or acetonitrile) and liquid monomers were 

also purged with argon before use. A reaction flask was fitted with 

magnetic stirring, a Claisen adapter, two rubber septa, and syringe 

needle as a positive pressure Argon inlet. To this flask was added 3 

mmol of each monomer, 0.50 mL solvent, and 0.09 mmol benzoyl peroxide. 

The resulting solution was cooled to O°C in an ice bath. Reaction was 

started by the addition of 0.50 mL of reductant solution either at once 

or in 0.10 mL a1iquots. The resulting polymer was twice precipitated as 

described in Solution Polymerization. 
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Photopolymerization 

In a quartz tube fitted with a rubber septum was placed 0.003 

moles of each monomer, 1.00 mL solvent plus 1% initiator (usually AIBN). 

The tube was flushed with nitrogen for ten minutes, then exposed to an 

ultraviolet (UV) radiation source of wattage indicated. Two different 

lamps were used in this work. The 4W source was a hand held 254 nm lamp 

of the sort used to detect TLC plates. Magnetic stirring and forced air 

cooling were used with the 4W lamp. The 450W unit was a Hanovia medium 

pressure mercury lamp. The Hanovia lamp was cooled with a fan and a 

quartz water jacket. Reaction temperature was kept below 30°C at all 

times. Polymer was twice precipitated as described under Solution 

Polymerization. 

Thermal styrene copolymerizations were done in either sealed 

glass ampules or polymerization tubes. Two freeze-thaw cycles were 

done on the monomers to degas. The polymerization container was placed 

in a constant temperature bath for the indicated time. The product was 

dissolved in 5 mL of A.R. grade chloroform, and twice precipitated into 

200 mL of A.R. grade methanol. All samples were drieq over phosphorus 

pentoxide in a drying pistol overnight. 



Table 1. Properties of New Copolymers 

Monomers Synthesis Polymer Inherent 
A D Method Yield Stoch. Viscosit~ 

CMA In a 57.3 1: 1 1.01 

CMA Fu a 64.4 1: 1 0.13 

CMA Bzf a 62.3 1:1 0.44 

CMA Dve b 64.3 2: 1 0.23 

DCF In b,c,d 77.9 1: 1 0.91 

DCF ams c,d 54.0 1: 1 0.22 

DCF Fu b 61.1 1: 1 0.51 

DCF Bzf b 9.3 1: 1 

DCF DVE a,b 50.1 2:1 0.43 

3CE DVE a,b 64.3 1: 1 0.28 

Synthesis Methods - see text, Experimental Section 

Calculated Analysis 
C H N 

66.16 4.45 0.00 

53.57 3.60 0.00 

61.31 3.68 0.00 

56.75 5.45 0.00 

67.37 5.26 4.91 

66.90 5.92 4.88 

55.50 4.65 5.92 

62.71 4.57 4.87 

52.98 4.95 6.85 

52.93 5.93 0.00 

Observed Analysis 
C H N 

65.81 4.37 0.02 

53.39 3.56 0.05 

61.19 3.60 0.00 

52.92 5.04 0.68 

65.76 5.26 4.73 

66.51 5.93 4.87 

55.93 5.04 5.54 

60.31 4.21 4.99 

53.01 4.90 6.78 

51.04 5.35 0.00 

Notebook 
Reference 

RFR5-70-3 

RFR5-70-4 

RFR5-69 

RFR5-105 

RFR4-97 

RFR4-116-2 

RFR5-50-1 

RFR5-106 

RFR5-94-1 

RFR5-102 

lJl 
.I:' 
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Table 2. Results of Spontaneous Reactiops in Bulk 

Monomers Polymer 
A D EDA Color Temp. Yield Other Products -- --

MA DVE None 60 0.0 

MA Bzf Pale Yellow Green 60 0.0 

MA Fu None 60 Diels-Alder 

MA ams None 60 18.0 

MA In Yellow Green 60 47.1 

DCF DVE None 60 0.0 Viscous Oil 

DCF Bzf Pale Yellow Green 60 Trace 

DCF Fu Very Pale Green 60 Low 

DCF ams Bright Yellow 60 Low 

DCF In Yellow Green 60 

CMA DVE Yellow 25 

CMA Bzf Orange 60 11.6 

CMA Fu Green 25 

CMA ams Orange 25 Insoluble Small Molecule 

CMA In Orange 25 40.9 



Table 3. Products of 1:1 Spontaneous Reactions in Deuteroacetonitrile 

Dimethyl 
Cyanofumarate 

Benzofuran No Reaction 

Indene No Reaction 

Furan No Reaction 

a-methyl styrene Small Molecule 

Divinyl Ether Small Molecule 

Maleic 
Anhydride 

No Reaction 

No Reaction 

Diels-Alder 

No Reaction 

No Reaction 

Chloromaleic 
Anhydride 

No Reaction 

No Reaction 

Diels-Alder 

No Reaction 

No Reaction 

Carbomethoxymaleic 
Anhydride 

No Reaction 

No Reaction 

Diels-Alder 

Small Molecule 

Polymer 

VI 

'" 
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Table 4. Properties of Spontaneously Formed Copolymers of Styrene 

Synthesis % Mol % PS Eq. Notebook 
Comonomer Temperature Yield Styrene Mole. wt. Reference 

None 140 95.4 100 100,000 RFR2-58-3 

3CE 140 44.1 54.7 1,030,000 RFRl-148 

3CE 160 32.4 58.8 990,000 RFRl-135-1 

3CE 180 24.5 59.5 412,000 RFRl-135-2 

3CE 200 13.9 63.0 RFRl-146 

3CE 220 1.0 61.1 RFRl-150 

DCF 120 51 RFR2-22 

DCF 160 54.3 55 473,000 RFR2-80-2 

DCF 180 36.8 50 121,000 RFR2-78-2 

4CE 140 51.9 100 3,000 RFR2-55-1 

4CE 140 68.3 100 RFR2-58-1 

4CE 160 55.8 100 46,000 RFR2-80-1 

4CE 180 59.6 100 41,000 RFR2-78-1 



Table 5. Attempted Synthesis of Tricarbomethoxyethene via Knoevenagel 
Reaction 

Trial Solvent Catalyst 

RFR3-69 Toluene e-alanine, acetic acid, free radical 
inhibitor 

RFR3-97 Toluene e-a1anine, acetic acid 

RFR3-102 Acetonitrile none 

RFR3-108 Acetonitrile e-alanine 

RFR3-118 Acetonitrile S-alanine, PTSA 

RFR3-127 Propionitrile acetic anhydride 

RFR3-135 Butyronitrile PTSA 
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Figure 1. tlechanism of Initiation for the Spontaneous Copolymerization 
of Alpha-methy1styrene with Carbomethoxyma1eic Anhydride 
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APPENDIX 1 

LIST OF ABBREVIATIONS 

AIBN = Azo-bis-isobutyronitrile 

ams = Alpha-methylstyrene 

Bzf = Benzofuran 

C = Celsius 

CMA = Carbomethoxymaleic Anhydride 

DCF = Dimethyl Cyanofumarate 

DSC = Differential Scanning Calometery 

DVE = Divinyl Ether 

EDA = Electron Donor Acceptor 

Fu = Furan 

Kcal = Kilocalories 

MA = Maleic Anhydride 

Hz = Hertz 

MMA = Methyl Methacrylate 

NMR = Nuclear Magnetic Resonance 

PTSA = Para-Toluenesulfonic Acid 

SEC = Size Exclusion Chromatography 

TLC = Thin Layer Chromatography 

3CE = Tricarbomethoxyethene 

4CE = Tetracarbomethoxyethene 
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