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ABSTRACT 

Copolymers of styrene with acrylonitrile or methyl acrylatf :J.re of commercial 

importance. Most often strictly regular alternation of the functional groups along the 

polymer backbone cannot be produced. Since regular alternation of the functional groups 

could yield polymers which possess more desirable properties, we have developed a novel 

strategy for strict control of functional group alternation by free radical cyclo

polymerizations of unsymmetrical non-conjugated dienes. Our preliminary results have 

yielded polymers with molecular weights up to 8100 and which appear to possess the 

anticipated cyclic structure. The presence of the desired pendant functional groups is 

indicated by IR spectroscopy. 1 H NMR spectra of the polymers show no vinyl protons 

from pendant alkenes. The polymers are soluble in common organic solvents. suggesting 

that the monomers were completely cyclopolymerized and that cross-linking was minimal. 

The comparison of thermal properties of the cyclopolymers with those of the 

corresponding copolymers shows that the cyclopolymers are as stable as the copolymers 

but more highly ordered than the copolymers. This dissertation will describe the design 

strategy, the syntheses of monomers of several carbon skeletal types. the results of 

polymerizations, and structural studies of these new polymers. 



INTRODUCTION 

Background of Cyclopolymerizations 

A very important and well-accepted principle that had been established early in 

the history of modem polymer science is that non-conjugated dienes, when subjected to 

addition polymerization conditions, result in formation of either linear polymers 

containing unreacted double bonds, or more likely, crosslinked polymers. However, 

during a research program, the results of which were reported in a series of papers 

published from 1949 to 1957,1-7 it was found that seve tal polymers produced from 

diallyl quaternary ammonium salts were soluble in water, and therefore not crosslinked, 

and yet they did not contain residual unsaturation. It was realized that, in these cases, 

both allyl double bonds were involved in chain growth which occurred via alternating 

intramolecular and intennolecular steps.S The presence of cyclic units in the main chain 

of these polymers was established by degradation reactions carried out on 

representative polymers.9 However, these studies did not establish the size of the ring 

in the polymers. In this mechanism, now known as cyclopoiymerization, cyclization 

occurs as a characteristic feature of the polymerization process and not as a deficiency 

in cross-linking and network fonnation. 

10 
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Before the principles of cyclopolymerization were established, it had been 

generally assumed that polymerization and copolymerization of diene monomers would 

lead to only cross-linked polymers. Although the observed extents of reaction at the gel 

point for addition of certain crosslinkable systems, such as methyl methacrylate

ethylene dimethacrylate and vinylacetate-divinyl adipate,1O were always greater than 

statistical predictions, II the formation of cyclic structures was considered of minor 

importance. After the cyclopolymerization mechanism had been described, it became 

clear that a similar explanation could be offered for an unusual copolymerization 

reaction. In 1951, a soluble 1:2 copolymer of divinyl ether and maleic anhydride had 

been synthesized which contained no carbon-carbon unsaturation. 12 Following these 

investigations a vast amount of work was carried out on cyclopolymerization and cyclo

copolymerization. Much of the early work went into the syntheses of new monomers 

and polymers to discover the range of structures which could be achieved and the 

properties that they possessed. Although it has long been understood that properties 

are closely related to the structures of polymers, early workers in this field were often 

satisfied when the linear nature of the polymers and the presence of cyclic units had 

been established. Thermodynamic factors were considered most important and hence, 

six-membered rings were assigned to the products obtained, based on an earlier well

accepted principle of polymerization theory that the more stabie of two competing 
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reactive species will predominate in the reaction. The corresponding five-membered 

ring structures are feasible and ring-size has been the subject of extensive investigations 

during recent years. 

Various attempts have been made to provide a general explanation for the 

characteristic features of the cyclopolymerization and cyclocopolymerization reactions. 

As the fundamental explanation of cyclopolymerization, it was proposed that an 

electronic interaction occurs between the non-conjugated double bonds of 1,6-dienes or 

between the intramolecular double bond and the reactive center which provides a 

favorable pathway for cyclization. 13 Alternatively, others considered steric effects to 

be more important. 14 The presence of a large pendant group was regarded as a 

hindrance to intermolecular reaction and conformational interconversion would bring 

the non-conjugated double bond to a favorable position for reaction. Later. 

unsatisfactory correlations between polymer structures and telomerization reactions led 

to concern over the relative importance of kinetic and thermodynamic factors in the 

cyclization step.15.i6 In the cyclopolymerization process, participation of charge

transfer complexes has been proposed.1 7 Proposals have also been made. based on 

molecular orbital theory, to account for the preference for five-membered rings in 

certain of these systems. is Studies of these ideas have provided information of 

importance not only to the mechanisms of cyclopolymerization and cyclocopolymeriza

tion but also to chain-growth polymerization in general. 

An understanding of the relative ease of cyclization or linear polymerization 

comes from a variety of sources. These include direct studies with various bifunctional 
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monomers in cyclization reactions 19-24 as well as ring-opening polymerization studies 

and data such as the heats of combustion of cyclic compounds. 25 - 29 Whether 

cyclization is competitive with linear polymerization for a particular reactant or pair of 

reactants depends on thermodynamic and kinetic considerations of the size of the ring 

structure which may be formed. 

Consider first the thermodynamic stability of different sized ring structures. 

Some of the most useful data on the effect of ring size on thermodynamic stability is 

that on the heats of combustion of cycloalkanes. A comparison of the heats of 

combustion per methylene group in these ring compounds with that in an open chain 

alkane yields a general measure of the thermodynamic stabilities of different sized 

rings.30•31 More percisely, thermodynamic stability decreases with increasing strain in 

the ring structure as measured by the differences in the heats of combustion per 

methylene group of the cycloalkane and n-alkane. The strain in cyclic strucures is very 

high for the three- and four-membered rings, decreases sharply for five-. six-. and 

seven-membered rings, inceases for eight- to eleven-membered rings. and then 

decreases again for larger rings. 

The strain in ring structures is of two types: angle strain and conformational 

strain. Ring structures of less than five atoms are highly strained due to the high degree 

of angle strain, that is, the larger distortion of their bond angles from the normal 

tetrahedral bond angle. Bond angle distortion is virtually absent in rings of five or 

more members. For rings larger than five atoms the strain due to bond angle distortion 

would be excessive for planar rings. For this reason rings larger than five atoms exist 
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in more stable, non planar forms. The differences in strain among rings of five 

members and larger are due to differences in comfonnation strain. The five- and seven

membered rings are somewhat strained in comparison to the six-membered ring due to 

the torsional strain arising from eclipsed conformations on adjacent atoms of the ring. 

Rings of eight or more members have trallsalllluiar strain arising from repulsive 

interactions between hydrogens or other groups which are forced to crowd positions in 

the interior of ring structure. Transannular strain virtually disappears for rings larger 

than eleven members; the ring becomes sufficiently large to accommodate substituents 

without transannular repulsions. 

The substitution of an oxygen, nitrogen, or other group for methylene does not 

appreciably alter the bond angles in the ring structure. Replacement of a methylene 

group by a less bulky oxygen atom or carbonyl group may, however, slightly increase 

the stability of the ring structure by a decrease in comformational strain. It has also 

been observed that substituents, other than hydrogen, on a ring structure generally 

increase its stability relative to the linear structure as repulsive interactions between 

substituents are less severe in the ring structure. 

In addition to thermodynamic stability kinetic feasibility is important in 

determining the competitive position of cyclization relative to linear polymerization. 

Kinetic feasibility for the cyclization reaction depends on the probability of having the 

functional'group ends of the reactant molecules approach each other. As the potential 

ring size increases, the monomers which would give rise to ring structures have many 

conformations,. very few of which involve the two ends being adjacent.32-37 The 

1-1-



probability of ring formation decreases as the probability of the two functional groups 

encountering each other decreases. The effect is reflected in an increasingly 

unfavorable entropy of activation. 

The overall ease of cyclization is thus dependent on the interplay of two factors: 

(1) the continuous decrease in kinetic feasibility with ring size, and (2) the 

thermodynamic stability, which increases as the ring size increases from three- to six

membered, then decreases as the ring size increases from seven- to eleven-membered, 

and then increases again for larger rings. The net result of these two factors is that one 

usually observes the ease of ring formation to be low for the three-membered ring and 

very low for the four-membered ring. The three-membered ring is formed easier than 

the four-membered ring due to the more favorable kinetic factor. There is a sharp 

increase for five-membered ring formatiom because of a highly favorable 

thermodynamic factor. The six-membered ring is less easily formed than the five

membered because the slightly more favorable thermodynamic factor is negated by a 

decrease in the kinetic factor. There is a sharper drop for the seven-membered ring and 

then another drop for the eight- to ten-membered rings as both the kinetic and 

thermodynamic factors become less favorable. The ease of ring formation then 

increases for the eleven- and twelve-membered rings due to their slightly greater 

thermodynamic stabilities. The ease of cyclization decreases slowly with ring size for 

rings larger than the twelve-membered ring. These larger-sized rings are comparable in 

thermodynamic stability but the kinetic factor is progressively less favorable. One can 

summarize these conclusions in a qualitative manner by a plot such as that in Figure 1. 

As shown here, the ease of cyclization is high for five- and six- membered rings. 
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Figure 1. Dependence of the Ease of Cyclization on the Size of the Ring.38 
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The experimental observations which led to postulation of the alternating 

intramolecular-intermolecular chain propagation (now referred to generally as 

"cyclopolymerization") were made in 1949. However, the details of the proposal were 

not published until more convincing evidence was available in 1968.39 Following this 

publication, the potential scope of the concept became apparent to synthetic polymer 

chemists, which, stated simply, would include all suitable monomers capable of 

undergoing addition polymerization in the presence of catalysts or initiators. The 

limitations implied in the original postulate applied to ring size, only stable rings such 

as five- or six-membered rings being immediately obvious. It is not surprising then 

that within the first ten years of its history the scope of cyclopolymerization was well 
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established. Because of the unusual nature of the required monomers, many had to be 

synthesized and characterized for the first time. 

Numerous symmetrical non-conjugated diene monomers have been studied and 

those which are functionally capable of generating five- or six-membered rings almost 

invariably cyclopolymerized quite cleanly. Certain monomers undergo cyclopoly

merization via all of the well-known methods of initiation of polymerization. 2,6-

Diphenyl-I,6-heptadiene represents an ideal monomer which undergoes initiation by 

radical, cationic, anionic methods, as well as by thermal means and Ziegler-Natta 

methods to give in all cases soluble polymers of essentially the same structure with few 

or no double bonds detectable in the infrared spectrum.40 

h 

When cumene hydroperoxide was used as a free radical initiator, polymerization 

of diphenyl-l ,6-hepta-diene at 100°C was slow, five days being required to give a 

35% yield of polymer with an inherent viscosity of 0.35 dl.g.- I . Cationic 

polymerizations were run in a number of solvents. When boron trifloride was used as 

the initiator in hexane or carbon disulfide, the polymers could be prepared either in high 
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conversion and low molecular weight or low conversion and high molecular weight 

respectively. Polymerization with a Ziegler-type catalyst from triisobutyl aluminum and 

titanium tetrachloride proceed slowly, four days being required to give 71 % yield of 

polymer. The best method for obtaining both high conversion and high molecular 

weight polymer was anionic polymerization. Lithium naphthalide was used as the 

initiator and tertrahydrofuran as the solvent. In the best case, 80% yield of polymer 

with an inherent viscosity in benzene of 0.49 dl.g.- 1 was produced.41 

Dimethyl a,a'-dimethylenepimelate, a monomer closely related to methyl 

methacrylate, was synthesized and polymerized by use of various free-radical 

initiators.42 Other monomers of this general type were prepared and studied are shown 

below: 

(a) R::COOH 

(b) R=COOCH3 

(c) R::COOC2Hs 

(d) R=COCI 

(e) R=CONH2 

(f) R::CN 

Soluble polymers (a-f) essentially free of unsaturation were obtained by free 

radical initiation of 1,6-heptadiene-2,6-dicarboxylic acid, its methyl and ethyl esters, 

acid chloride, amide, and nitrile respectively. Two polymers (a and c) have been 
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partially dehydrogenated with potassium perchlorate. Spectral data indicated the 

presence of aromatic rings in the dehydrogenated material. The predominant structural 

unit of these polymers thus was concluded to be the six-membered ring.43 

Dimethyl a,a'-dimethyleneadipate was also polymerized by free radical 

initiation to investigate the ease of formation of a five-membered ring. The polymer 

was soluble in benzene and chloroform and has an inherent viscosity of 0.21 dl.g. -I. A 

quantitative infrared analysis indicated that more than 90% of the monomer units were 

incorporated to produce a polymer containing five-membered ring structures as the 

predominating recurring unit. 44 

Although the greater part of the work done in the area of cyclopolymerization 

has been limited to symmetrical monomers, unsymmetrical 1,6-dienes should be 

capable of homopolymerization via cyclization. Particularly interesting and promising 

monomer~ for cyclic polymerization are the monomers containing double bonds of 

comparable reactivity toward copolymerization. Homopolymerizations of such 

unsymmetrical 1,6-dienes as allyl acrylate, allyl methacrylate, and substituted allyl 

methacrylates were reported before the proposal of the cyclopolymerization hypothesis; 
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consequently. no previous study directed specially toward verification of the presence 

of cyclic units in the polymers derived from such dienes has been made. Crosslinking 

was assumed in most cases. It was found that in the cyclization of 1.6-heptadiene with 

bromotrichloromethane and other five-membered ring compounds were obtained.-+5 

This study was extended to include diallyl ether. ethyl diallylacetate. diallyl cyanamide 

and divinyl forma1.46 In each case. products containing a predominance of five

membered rings were observed. Five-membered rings also resulted from radical 

cyclization reactions of 6-bromo-l-hexene and other alkenyl halides. 4 7 In the 

cyclization of allyl ethenesulphonate with butyl mercaptan only the five-membered ring 

sultone and sulphonium salt were observed.48 

N-2-Phenylallylacrylamide (I) and N-ethyl-2-phenylallylacrylamide (II) both 

can be polymerized via radical initiation (AIBN) to form cyclopolymers although 

complete cyclization does not occur. Lewis acids (ZnCh in the case of I. EtI.5AICII.5 

in the case of II) result in the formation of higher molecular weight polymers ( inherent 

viscosity 2.12 dl.g. -1, 90% conversion) in a shorter period of time. Polymers of I and 

II have been hydrolyzed to polyampholytes.49 

I R = H 
II R = Et 

.. 
Ph 
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Cyclopolymerization of methyl cx-(methacrylamido)acrylate gave the 

cyclopolymer containing the structural unit shown below to the extent of 90%.50 

R 

R = H, CH3 

In recent years it has become clear that the structures of cyclopolymers and 

cyclocopolymers can not be assumed, but rather a detailed analysis of the 

microstructure of the polymer chain is necessary before the mechanism of the 

cyclization and the properties of the polymers can be understood. There have been 

three approaches to this problem: (1) a study of intramolecular addition reactions of 

alkenyl radicals; (2) detection or trapping of low molecular weight products from 

addition reactions of non-conjugated dienes; (3) direct investigation of polymers using 

modem spectroscopic methods. These approaches will be discussed in tum. 

The choice for ring closure is illustrated below. A free radical generated within 

a structure in which there is an accessible unsaturated center could lead to endo- or exo-

cyclization. This is a model situation for the cyclopolymerization reaction. 
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A large number of reactions dealing with small molecule cyclization have been 

investigated and several reviews have been published.51 -55 In the study of the 

cyclization of l-substituted 5-hexenyl radicals, it was shown that as substitution in the 

l-position by radical stabilizing groups (one or two CN or C02C2HS groups) was 

increased, the mixture of cyclized products changed from nearly pure cyclopentane to 

nearly pure cyclohexane derivatives. Higher temperatures favored cyclohexane 

formation.56-58 Also, it was shown that the cyclization reactions were reversible when 

C 1 was disubstitued. On this basis, it was proposed that the cyclopentane product is 

the kinetically preferred product while the cyclohexane product is preferred via 

thermodynamic control, with the energy of activation for cyclization being higher for 

the cyclohexane derivatives. 

The majority of radical cyclizations reported have been accomplished by 

permitting alkyl radicals to react with an unsubstituted double bond, thus producing the 

intermediate, non-resonance-stabilized primary or secondary radical. 59 The stereo

eletronic requirements of the transition state for radical addition reactions have been 

proposed to explain the kinetic preference for the formation of five-membered ring 

products.60,61 This concept demands maximum overlap of the half-filled p-orbital 
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with the vacant 1t* orbital of the double bond. Approach of the radical must be along a 

vertical line from one of the carbon atom of the double bond with the orbitals holding 

the three electrons being in the same plane through the reaction. Such conditions can be 

met by 1,5-cyclization of 5-hexenyl radicals but not by 1,6-cyclization. It has also been 

suggested that the predominance of cis addition in some cyclopolymerizations may be 

the result of hyperconjugative maxima of p-orbitals with the alkyl CHcr and cr* orbitals, 

leading to a delocalized orbital of similiar symmetry to the 1t* orbital, which results in 

an attractive interaction between the alkyl substituent and double bond (I-lID. This 

model for the cyclization reaction can explain the increasing preference for 

cyclopolymers with five-membered rings as bulky 2-subtituents are introduced to one 

or both allyl group of diallyamines. 

I II III 

Support for this hypothesis to explain the cyclization mechanism comes from 

examination of molecular models, calculations of geometrical probability factors. and 

molecular orbital evaluations. Calculations of probability factors indicated that steric 

effects are important in determining whether cyclization of ~-substituted 

diallylmethylammonium ions result in five- or six-membered rings.62-65 Evidence was 
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obtained for the direction of intramolecular attack. The ring size in cyclopolymers will 

be influenced by the nature of the cyclization reaction; it is therefore important to 

understand the energetics and kinetics of model reactions.66. 67 However. there are 

indications that correlation between models and polymers is unsatisfactory.68 

The frequency factor in cyclization reactions has been studied in detai1.69 Also. 

orbital theory considerations supported the preference for five-membered ring 

formation in cyclizations. The proposal that a secondary propagating radical should be 

predominant over a primary one is consistent with "head-to-tail" enchainment in radical

initiated polymerization of vinyl monomers, an arrangement which has been 

unquestionably established as the major mode of enchainment in a wide variety of vinyl 

monomers. 70 An explanation for the effects of substituents on ring size in 

cyclopolymerization was presented based on frontier orbital theory. The theory works 

well in explaining the ring size in cyclopolymerization except when steric hindrance is 

predominant in controlling the course of cyclization.71 

Background of Copolymerizations 

While homopolymerization of vinyl monomers has produced many useful and 

commercially successful polymers, the addition of a second monomer to produce a 

copolymer immediately increases the range of possible structures that can be formed, 

and also, therefore, the range of properties obtained, thus providing the investigator 

with a new dimension for the production of novel materials. For most step polymeriza-



tions, two reactants or monomers are used in the process, and the polymer obtained 

contains two different kinds of structures in the chain. This is not the case for chain 

polymerizations where only one monomer need be used to produce a polymer.n -77 

However, chain polymerizations can be carried out with mixtures of two monomers to 

form polymeric products with two different structures in the polymer chain.78-8l This 

type of chain polymerization process in which two monomers are simultaneously 

polymerized is termed a copolymerization and the product is a copolymer. 80 It is 

important to stress that the copolymer is not an alloy of two homopolymers but contains 

units of both monomers incorporated into each copolymer chain.82 The process can be 

depicted as 

The copolymer described above has a relatively random structural distribution 

of the two monomer units along the copolymer chain. This type of structure is referred 

to as a random copolymer. There are three other copolymer structures that are known. 

These are the alternating, block, and graft copolymer structures.82 An alternating 

copolymer contains the two monomer units in equimolar amounts in a regular 

alternating distribution: 



The block and graft copolymers differ from random and alternating copolymers 

in that there are long sequences of each monomer in the copolymer chain. A block 

copolymer is a linear copolymer with one or more long uninterrupted sequences of each 

polymer species, 

while a graft copolymer is a branched copolymer with a backbone of one monomer to 

. which are attached one or more side chains of another monomer: 

.JV'V"'M1MIMIMIMIMIMIMIMIMIMIM1MIM1.J'VV' 
MI MI 
~II ~II 
MI MI 
MI MI 
MI MI 

The two monomers enter into the copolymer in overall amounts determined by 

their relative concentrations and reactivities. The simultaneous chain polymerization of 
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different monomers can also be carried out with mixtures of three or more monomers. 

Such polymerizations are generally referred to as l1lulticomponent copolymerizations; 

the term terpolymerizatioll is specifically used for systems of three monomers.83-87 

Chain copolymerization is important from several considerations. Much of our 

knowlege of the reactivities of monomers, radicals, carbenium ions, and carbanions in 

chain polymerization arise from copolymerization studies.88-91 The behavior of 

monomers in copolymerization reactions is especially useful for studying the effect of 

chemical structure on reactivity.92-95 Copolymerization is also very important from the 

technological viewpoint. It greatly increases the ability of the polymer scientist to 

tailor-make a polymer product with specifically desired properties. 96-101 

Polymerization of a single monomer is relatively limited as to the number of different 

products that are possible. The term homopolymerization is often used to distinguish 

the polymerization of a single monomer from the copolymerization process. 

Copolymerization allows the synthesis of an almost unlimited number of 

different products by variations in the nature and relative amounts of the two monomer 

units in the copolymer product. A prime example of the versatility of the 

copolymerization process is the case of polystyrene. Polystyrene is a brittle plastic with 

poor impact strength and poor solvent resistance and, as such, has relatively limited 

practical utility. Copolymerization and terpolymerization of styrene greatly increase the 

usefulness of polystyrene and have been responsible in large part for the annual 

production of over eight billion pounds of polymer products containing styrene. 102 

Styrene copolymers and terpolymers are useful not only as plastics but also as 
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elastomers. Thus copolymerization of styrene with acrylonitrile leads to increased 

impact ability and solvent resistance, while copolymerization with butadiene leads to 

elastomeric properties. Terpolymerization of styrene with both acrylonitrile and 

butadiene improves all three properties simultaneously. 103 

STUDIES WITH UNSYMMETRICAL NON-CONJUGATED DIENES 

Introduction 

Copolymerizations of unlike monomers are much-utilized and well-studied 

processes. 104 Copolymers of styrene with substituted olefins such as acrylonitrile, 

methyl acrylate, are of commercial importance. For example, free radical copoly

merization of 20-35% of the relatively polar monomer acrylonitrile with styrene 

produces a transparent copolymer with better oil and grease resistance, higher softening 

point, and better impact resistance than polystyrene. The copolymer can be used for 

applications in which these properties of the styrene homopolymer are inferior. 

In some instances the tendency toward alternation of the monomer units; and 

thus of functional groups along the polymer backbone, can be enhanced: but most 

often, strictly 1: 1 alternating copolymers, such as are depicted below in an 
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idealized 1: 1 alternation, are not produced and cannot be produced. Since regular 

alternation of functional groups on the polymer backbone could yield polymers which 

possess more desirable properties, we have developed and studied a novel strategy for 

strict control of functional group alternation by free radical cyclopolymerizations of 

unsymmetrical non-conjugated dienes, which involves linkage of the comonomers as 

shown in Figure 2. Cyclopolymerization of symmetrical non-conjugated dienes is 

well-known, but cyclopolymerization of unsymmetrical non-conjugated dienes such as 

are depicted in Figure 2 is less well-studied.' 05 One can link the dienes in four 

different attachment modes, designated [a,a], [~,~], [a,~] and [~,a]. One can also 

vary the length of the spacer to accomodate five- or six-membered ring formation via 

radical and ionic processes. 

29 



Figure 2. The Four Possible Linkages of the Comonomers. 
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Our intention was to prepare the various carbon skeleta and to ascertain which, 

if any, were useful scaffolds for cyclopolymerization leading to functionally regular l: 1 

alternating copolymers. As an adjunct to our cyclopolymerization studies, we 

completed model copolymerization studies of the vinyl monomer pairs as shown in 

Figure 3. All the polymers listed in Figure 3 have been reported in literature. The 
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reason we repeated these polymerizations is to have a systematic study or survey to 

examine the reactivities of these different vinyl monomers; at the same time, to develop 

a reliable technique for the cyc1opolymerizations of unsymmetrical non-conjugated 

diene systems. 
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Figure 3. Model Copolymerizations With Two Dfferent Monomers: 

1. Thermally initiated copolymerizations in benzene: 

~ + ~ AIBN { W=CN, Mw = 29,000, 90%} .. 
Ph W 60°C W=C02 Me, Mw =120,000, 90% 

~ Y AIBN .. { W=CN, Mw = 16,500, 80% } + 
60°C W=C02 Me, Mw = 31,000, Ph W 90% 

Y ~ 
AlaN { W=CN, Mw = 9,000, 70% } + .. 
60°C Ph W W=C02 Me, Mw = 28,000, 80% 

2. Thermally initiated copolymerizations in benzene: 

y r AIBN .. no polymers were obtained (a,a) + 60°C 
Ph 

(~,~) ~ + ~ 
AIBN ... no polymers were obtained 
60°C 

Ph W 

(a,~) y + ~ AIBN no polymers were obtained .. 
60°C 

Ph W 

(~,a) ~ y AIBN no polymers were obtained + .. 
60°C 

Ph W 



3. Photochemically initiated copolymerizations in benzene: 

Y r BME/hv 
no polymers were obtained (a,a) + .. 

-10°C 
Ph 

(~,~) ~ + .~ BME/hv 
no polymers were obtained 

-10°C 
.. 

Ph W 

(a,~) Y+ ~ BME/hv 
no polymers were obtained 

-10°C 
.. 

Ph W 

(~,a) ~ Y 
BME/hv 

no polymers were obtained + -10°C 
.. 

Ph W 

4. Thermally initiated copolymerizations in bulk: 

Y r AIBN {W=CN, Mw=24500, 73% } 
(a,a) + 80°C 

.. 
Ph W=C02 Me, Mw=10000, 60% 

(~,~) ~ + ~ 
AIBN 

... no polymers were obtained 
80°C 

Ph W 

(a,~) Y+ ~ AIBN .. no polymers were obtained 
80°C 

Ph W 

~ 
AIBN { W=CN, Mw=2900, 8% } (~,a) + Y 80°C 

.. 
W=C02 Me, Mw=6070, 25% 

Ph W 



As shown in Figure 3.1, styrene can be copolymerized with acrylonitrile at 60 

°C with AIBN as initiator to yield a high molecular weight (29.000) polymer with a 

high percent (90%) conversion. N. W. Johnston reported a series of alternating 

copolymers of styrene/acrylonitrile in 1973.106 He developed a technique used in 

study of sequence distribution affects on the glass transition temperatures (Tg) of the 

copolymers. The Tg of an alternating styrene/acrylonitrile copolymer can be used to 

predict the Tg of a series of random styrene/acrylonitrile copolymers prepared via free 

radical polymerization. Styrene also can be copolymerized with methyl acrylate at 60 

°C with AlliN as initiator to yield a high molecular weight (120,000) polymer with a 

high percent (90%) conversion. G. Smets and his coworkers synthesized 

styrene/methyl acrylate block copolymers in 1965.107 The block copolymers were 

reported having molecular weights up to 115,000. 

In Figure 3.1, styrene can be copolymerized with methacrylonitrile at 60°C 

with AIBN as initiator to give a high molecular weight (16,500) polymer with a high 

percent (80%) conversion. R. K. Graham and his coworkers reported 

styrene/methacrylonitrile block copolymers in 1960. 108 The block copolymer is 

soluble and has 48% conversion. Styrene also can be copolymerized with methyl 

methacrylate at 60°C with AlliN as initiator to give a high molecular weight (31.000) 

polymer with a high percent (90%) conversion. H. W. Melville and his coworkers 

synthesized styrene/methyl methacrylate copolymer in 1954. 109 The polymers were 

reported having molecular weights up to 560,000. 
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In Figure 3.1, a-Methylstyrene can be copolymerized with acrylonitrile at 60°C 

with AIBN as initator to give a reasonable molecular weight (9,000) polymer with a 

relatively high percent (70%) conversion. R. G. Fordyce and his coworkers 

synthesized a-methylstyrene/acrylonitrile copolymer in 1948. 110 They found that a-

methylstyrene does not homopolymerize via free radical intennediates and is described 

as a monomer which undergoes copolymerization with depropagation. a

Methylstyrene also can be copolymerized with methyl acrylate under at 60°C with 

AIBN as initiator to give a reasonable molecular weight (28,000) polymer with a 

relatively high percent (80%) conversion. K. F. O'Driscoll and his coworkers studied 

the copolymerizations of a-methylstyrene/acrylonitrile and a-methylstyrene/methyl 

acrylate in the approximate regions of the ceiling temperature of a-methylstyrene (61 

°C).1ll They found in these systems using a-methylstyrene it is difficult to obtain data 

at high a-methylstyrene composition because of the apparent retarding effect of a

methylstyrene on the copolymerization. A theoretical treatment of copolymerization 

emphasizing the thennodynamic reversibility of particular propagation reactions had 

been compared with a kinetic treatment of copolymerization which emphasizies 

penultimate unit effects on the same propagation reactions. The fonner was found to 

adequately describe experimental copolymer composition data over a wide range of 

temperatures and over the complete range of monomer feed composition. Deviations 

from the copolymer composition equation have also been found due to penultimate unit 

effects by· Ham. ll2 Ham's aproach predicts a specific limiting composition for the 

copolymer from a mixture very rich in a-methylstyrene. 
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To summarize copolymerizations of the vinyl monomers in Figure 3.1. copoly

merizations between two mono-substituted monomers give very high molecular weight 

polymers with high percent conversions. Copolymerizations between mono

substituted and a,a-disubstitued monomers also give relatively high molecualr weight 

polymers with high percent conversions. As the number of substituted groups on the 

monomer increases, the molecular weight of the copolymer decreases. 

Figure 3.2 shows that the thermally initiated solution copolymerizations 

between any two disubstituted monomers, i.e. [a,a], [~,~], [a,~], and [~,a], did not 

give any polymers. Analyzing the results above we realized that it might be the ceiling 

temperature problem. To overcome the ceiling temperature problem we planned two 

approaches as follows. 

In the first approach as shown in Figure 3.3, we ran the photochemically 

initiated solution copolymerizations between any two disubstituted monomers, i.e. 

[a,a], [~,~], [a,~], and [~,a]. All these attempts at polymerization did not give any 

polymers. 

In the second approach as shown in Figure 3.4 we ran thermally initiated 

copolymerizations of the monomers in bulk. Some interesting results were obtained. 

Both a-methylstyrene/methyl acrylonitrile and a-methylstyrene/methyl methacrylate 

copolymerizations gave relatively high molecular weight polymers with reasonable 

conversions. Figure 4 and 5 show the I H NMR spectra of copolymers of a

methylstyrene/methyl acrylonitrile and a-methylstyrene/methyl methacrylate 
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respectively. With 1: 1 comonomer feed, both copolymers indicate about 1: 1 in 

composition. 
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Figure 4. I H NMR of a-Methylstyrene and Methacrylonitrile Copolymer 
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Figure 5. IH NMR of a-Methylstyrene and Methyl Methacrylate Copolymer 

~M' / 

~-- / 

, .. 
". .;, t'·' 

'J' 
~ 



Kenney and his coworkers studied copolymerization a-methyl-styrene/ 

methacrylonitrile. 113 The effects of polymerization temperature and initiator 

concentration on molecular weights were investigated. The yield of copolymer is a 

maximum at 60°C. Initiator concentration has little effect on the yield of copolymer. A 

copolymer yield of 80% an inhherent viscosity of 1.3 was obtained. Monomer 

reactivity ratios rr and r2 were detennined to be 0.06 and 0.28 for a-methylstyrene and 

methacrylonitrile, respectively. B. Yamada and his coworkers studied many 

copolymerizations of a,a-disubstituted vinyl monomers which included a

methylstyrene/methyl methacrylate copolymerization. I 14 They found that the steric 

effect of the a-substitutents in these a,a-disubstitued vinyl monomers was not 

significant compared with the polar and resonance effects. 

In Figure 3.4, the model [~,~], and [a,~] copolymerizations gave no polymers 

at all. The [~,a] copolymerization gave very low molecular weight polymers with low 

conversions. 1 H NMR study of these polymer shown that they are homopolymers 

only. An explanation of why the ~-substituted vinyl monomers gave no copolymers 

might be chain tennination by allylic hydrogen abstraction. Another argument might be 

because of penultimate effect. 1 15 The steric effect may involve not only the steric 

interference between the substituent of the monomer and that of the propagating 

polymer end (ultimate unit), but also interactions between the substituent of the 

monomer ~nd that of the penultimate unit. It has been observed that ~-substituted vinyl 

monomers have larger penultimate effects than a-substituted vinyl monomers. 1 16 
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One can conclude from the data in Figure 3.4, (I) polymerization in bulk 

increased the probability of intermolecular interaction and in some cases led to 

copolymer formation; (2) p-substitution might play the major role of steric hindrance 

for initiation and propagation steps; (3) P-substituted vinyl monomer acted as an 

inhibitor in copolymerizations; (4) thermally initiated (AIBN at 80°C) bulk 

polymerization might be the optimum condition for polymerization of these systems via 

radical intennediates. 

From these model copolymerization studies we have recognized that the simple 

copolymerization may be a poor model for the unsymmetrical non-conjugated diene 

cyclopolymerizations although probably not a poor model for the intennolecular step in 

the diene cyclopolymerization. We decided to pursue syntheses of the four diene types 

shown in Figure 6 for use in free radical induced cyclopolymerizations. 
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Design of the Diene lVIonomers 

Figure 6. The Design of the Possible Diene Monomers for Cyclopolymerizations: 

Ie 
~,~ n ~ .. 

p , 

{)-w Ie 

a,a n .... 

a,~ 1\ Ie 
n ... 

~,a .. 
n 

The rationale behind the design of these diene monomers is illustrated in Figure 

7 taking the [a,~] diene monomer as an example. Initiator addition to the styrene 
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double bond should be favored for each of the dienes.117.118 It is known thut 

intramolecular radical cyclizations that produce five-membered rings are extremely fust 

( about 10-9 s) 119 and should effectively compete in the case at hand with 

intermolecular attack by the benzylic radical on a second diene monomer. 120 Ring 

closure should be followed by intermolecular attack of the cyano-stabilized or 

carbomethoxy-stabilized radical on the styrene double bond of another monomer, and 

then the chain will carryon. As a remark, after the five-membered ring closure some 

chiral centers are generated. The number of chiral centers is skeleton dependent. One 

might hope some stereoregularity in these polymers. 

Figure 7. The Rationale Behind the Design of These Diene Monomers. 
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Syntheses of the Diene ~Iononers 

Syntheses of the [~,~]-Diene Monomers 

Scheme 1 depicts syntheses of the [~,~]-diene monomers. Cinnamyl chloride 

(1), which is commercially available from Aldrich, was reacted with dimethyl malonate 

in the presence of sodium methoxide in methanol to form compound 2 in 94% yield. 

Treatment of 2 in refluxing in dimethyl sulfoxide (DMSO) in the presence of sodium 

chloride and water gave the ester 3 121 in 96% yield. 122 Reduction of the ester with 

diisobutylalumium hydride (DIBALH) in dichloromethane formed the aldehyde 4 123 in 

78% yield. Horner-Emmons reaction 124 of the aldehyde with the sodium salt of 

dimethyl cyanomethyl phosphate in 1,2-dimethoxyethane (DME) gave a mixture of 

alkene isomers Sa and 5b. The yield was 92% with an EIZ ratio of 8: 1 as determined 

by the weight of separation. Alternatively, treatment of the aldehyde with the sodium 

salt of trimethyl phosphonoacetate gave a mixture of alkene isomers 6a and 6b. The 

yield was 96% with an EIZ ratio of 20: 1. In addition, all these E and Z isomer 

mixtures were separable by chromatography. 

Synthesis of the [a,a]-Diene Monomer 

Scheme 2 depicts the synthesis of the [a,a]-diene monomer. 4-Benzoylbutyric 

acid (7), which is commercially available from Aldrich, was refluxed in methanol in 



presence of thionyl chloride forming the methyl ester 8125 with 97% yield. Olefination 

of the ketone functional group by use of a Wittig reaction gave alkene 9 126 in 92% 

yield. a-Methylenation of compound 9 using Eschenmoser's salt l27 gave the diene 

monomer 10. 

Since the cyclopolymerizations of carbomethoxy-substituted diene monomers 

did not give any high molecular weight polymers, we did not pursue the further 

synthesis of the corresponding cyano-substituted diene monomer. 

Syntheses of the [a,p]-Diene Monomers 

Scheme 3 depicts the syntheses of the [a,Pl-diene monomers. Starting with 

ester 9, reduction with DIBALH in dichloromethane gave the corresponding aldehyde 

11 in 78% yield. Homer-Emmons reaction 124 of the aldehyde with the sodium salt of 

dimethyl cyanomethyl phosphate in DME gave a mixture of dienes 12a and 12b. 128 

The yield was 93% with an EIZ ratio of 6: 1. Treatment of the aldehyde with the 

sodium salt of trimethyl phosphonoacetate gave a mixture of dienes 13a and 13b. 129 

The yield was 90% with an EIZ ratio of 12: 1. All these EIZ isomer mixtures were 

separable by chromatography. 130 

Effects to synthesize the [p,a] diene monomers were abandoned as evidence 

mounted that they would be extremely poor diene monomers. 



Scheme 1. rP,p]-Diene Monomer Syntheses 
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Scheme 2. [a,a]-Diene Monomer Synthesis 
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Scheme 3. [a,~]-Diene Monomer Syntheses 
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Synthesis of the unfunctionalized diene monomer 14 

Scheme 4 depicts the synthesis of the unfuctionalized diene monomer 14. 

Olefination of the aldehyde 11, which is an intermediate in the [a,~]-diene synthetic 

route, by use of a Wittig reaction gave the diene 14 in 60% yield. 

Scheme 4. Unfunctionalized Diene lVlonomer Synthesis 

u ~ ~ Ph3P=CH2/THF I "I Ph~~ --o~OC-to-r""'e-flu-x--· Ph~ 

1 1 
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EXPERIMENTAL 

General 

Dichloromethane (CH2CI2) was distilled from calcium hydride and tetra

hydrofuran (THF) was distilled from sodium benzophenone ketyl under an inert 

atmosphere. 1,2-Dimethoxyethane (DME) was distilled from calcium hydride under 

argon. Proton magnetic resonance spectra were recorded at 250 MHz on a Brucker 

WM-250 NMR spectrometer. Chemical shifts are reported as B values in parts per 

million (ppm) from tetramethylsilane. Carbon-13 magnetic resonance spectra were 

recorded at 62.9 MHz on a Brucker WM-250 spectrometer. Chemical shifts are 

reported as B values in parts per million (ppm) from tetramethylsilane. Infrared spectra 

were recorded on a Perkin-Elmer Model 983 infrared spectrophotometer. The 

molecular weights of the polymers were determined on a Beckman System Gold 

Programmable Solvent Module 116, using THF as eluent, an ultraviolet detector, and a 

set of Phenomenex columns calibrated versus polystyrene standards. Thin layer 

chromatographic analyses were performed on Merck silica gel 60 plates (0.25 mm, 70-

230 mesh ASTM). Merck silica gel 60 (70-230 mesh ASTM) was used for colu}1ln 

chromatography. The starting materials cinnamyl chloride (1) and 4-benzoylbutyric 

acid (7) were commercially available from Aldrich. 
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The Diene Monomer Syntheses 

Dimethyl Cinnamyl Malonate (2). 

Sodium spheres (0.60 g, 26 mmol) were placed in dry methanol (20 mL) in a 

50 mL three-necked round bottomed flask equipped with a reflux condenser under 

argon. The mixture was cooled to 0 °C and stirred until no more hydrogen gas was 

evolved. Dimethyl malonate (3.4 g, 26 mmol) was added dropwise and stirred for 1 h. 

Cinnamyl chloride (1) (2.0 g, 13 mmol) was added dropwise. The mixture was stirred 

for 4 h at room ten perature, and then was poured into excess water (800 mL) and 

extracted with ether (3x200 mL). The combined extracts were washed with saturated 

aqueous sodium bicarbonate (200 mL), dried (MgS04), filtered, and concentrated in 

vacuo. The residue was chromatographed on silica gel 60 (400 g) eluted with 35% 

Et20/hexanes. Product 2 was obtained as a pale oil homogeneous by TLC (Rf 0.46, 

40% Et20/hexanes). Yield: 3.03 g, 12.2 mmol, 94%; IR cm- l 3029, 2955, 1736, 

1495, 1437, 1337, 1233, 1156, 1026,968, 747, 694; lH NMR (CDCI3) B 2.76-2.82 

(2, m), 3.53 (1, t, J=7 Hz), 3.71 (6, s), 6.10-6.19 (1, m), 6.46 (1, d, J=17 Hz), 7.18-

7.33 (5, m); 13C NMR (CDCI3) B 32.3 (CH2), 52.5 (CH), 52.5 (CH3), 125.4 (CH), 

126.2 (CH), 127.4 (CH), 128.5 (CH), 132.9 (CH), 137.8 (C), 169.2 (C). 
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Methyl 5-Phenyl-4-pentenoate (3). 

The compound 2 (0.50 g, 2.0 mmol), sodium chloride (0.058 g, 1.0 mmol), 

and water (0.50 g, 0.05 mmol) were dissolved in dimethyl sulfoxide (DMSO, 10 mL) 

in a 100 mL round bottomed flask equipped with a reflux condenser. The mixture was 

heated to reflux for 4 h, and then cooled to room temperature. The reaction mixture 

was poured into water (600 mL) and extracted with ether (3x200 mL). The combined 

extracts were washed with saturated aqueous sodium bicarbonate (200 mL), dried 

(MgS04), filtered, and concentrated in vacuo. The residue was chromatographed on 

silica gel 60 (100 g) eluted with 30% Et20/hexanes. Product 3 was obtained as a pale 

oil homogeneous by TLC (Rf 0.57,40% Et20/hexanes). Yield: 0.36 g, 1.9 mmol, 

96%; IR cm-1 3027,3000,2951, 1736, 1495, 1437, 1366, 1256, 1198, 1163,967, 

745, 694; IH NMR (CDCI3) B 2.45-2.56 (4, m), 3.69 (3, s), 6.16-6.25 (1, m), 6.42 

(1, d, J=17 Hz), 7.19-7.35 (5, m); 13C NMR (CDC13) B 28.2 (CH2), 33.7 (CH2), 

51.5 (CH3), 126.0 (CH), 127.1 (CH), 128.3 (CH), 128.4 (CH), 130.9 (CH), 137.3 

(C), 173.3 (C). 

5-Phenyl-4-pentenal (4). 

A solution of ester 3 (0.36 g, 1.8 mmol) in CH2C12 (10 mL) was cooled to -78 

°C under argon and diisobutylalumium hydride (2.0 mL of a 1.0 M solution in 

CH2C12) was added very slowly via a syringe. The mixture was stirred at -78°C for 3 

h, and then saturated amonium chloride (2 mL) was added slowly. The mixture was 
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allowed to warm to room temperature and cold 10% HCI (200 mL) was added. The 

mixture was extracted with CH2C12 (3x200 mL), the combined extracts were washed 

with saturated aqueous sodium bicarbonate (200 mL), dried (MgS04), filtered, and 

concentrated in vacuo. The residue was chromatographed on silica gel 60 (100 g) 

eluted with 30% Et20lhexanes. Product 4 was obtained as a pale oil homogeneous by 

TLC (Rf 0.39,40% Et20/hexanes). Yield: 0.225 g, 1.41 mmol, 78%; IR cm-1 3027, 

2930, 826, 2724, 1725, 1497, 1449, 967, 747, 695; IH NMR (CDCI3) 8 2.49-2.67 

(4, m), 6.14-6.26 (1, m), 6.43 (1, d, J=17 Hz), 7.18-7.36 (5, m), 9.82 (1, t, J=2 Hz); 

13C NMR (CDCI3) 8 25.5 (CH2), 42.3 (CH2), 126.0 (CH), 127.2 (CH), 128.1 (CH), 

128.5 (CH),131.1 (CH), 138.1 (C). 

(E,E) and (Z,E).7.Phenyl·2,6·heptadienyl Nitriles (Sa and Sb). 

Sodium hydride (220 mg, 14 mmol, as 55-60% dispersion in mineral oil) was 

placed in a dry 50 mL three-necked flask and washed with three portions of hexanes to 

remove mineral oil. The flask was then equipped with a reflux condenser and an 

addition funnel. The system was alternately evacuated and filled with argon. Dimethyl 

cyanomethyl phosphate (320 mg, 1.8 mmol) in DME (20 mL) was added dropwise at 

-78°C. Reaction mixture was stirred for 1 h at -78°C and then a solution of aldehyde 

4 (220 mg, 1.4 mmol) in DME (5 mL) was added dropwise. Reaction mixture was 

stirred for 3 h during which time it was allowed warm from -78°C to room 

temperature. The mixture was poured into water (600 mL) and extracted with ether 

(3x200 mL). The combined extracts were washed with saturated aqueous sodium 

53 



bicarbonate (200 mL), dried (MgS04), filtered, and concentrated in vacuo. The 

residue was chromatographed on silica gel 60 (200 g) eluted with 40% Et20/hexanes. 

A mixture of products Sa and 5b were obtained as a pale oil homogeneous by TLC (Rf 

0.28 for Sa and 0.32 for 5b in 5% Et20/hexanes). Yield: 202 mg, 1.1 mmol, 92% 

(180 mg for Sa and 22 mg for 5b, E:Z=8:1); IR cm-1 3329,2605,2426,2270,2223, 

1960, 1778, 693; Sa (E-) IH NMR (CDCI3) B 2.36-2.42 (4, m), 5.38 (1, d, 1=16 

Hz), 6.10-6.17 (1, m), 6.43 (1, d, 1=17 Hz), 6.76 (1, td, 1=6, 16 Hz), 7.22-7.35 (5, 

m); Sa (E-) 13C NMR (CDCI3) B 31.0 (CH2), 33.0 (CH2), 100.4 (C), 118.0 (CH), 

126.0 (CH), 127.3 (CH), 127.7 (CH), 128.5 (CH), 131.5 (CH), 137.8 (CH), 154.9 

(C); 5b (Z-) 1 H NMR (CDCI3) B 2.39-2.45 (2, m), 2.58-2.64 (2, m), 5.33-5.38 (2, 

m), 6.17 (1, d, 1=17 Hz), 6.87 (1, td, 1=5, 9 Hz), 7.21-7.36 (5, m); 5b (Z-) 13C 

NMR (CDCI3) B 31.4 (CH2), 31.5 (CH2), 100.2 (C), 118.0 (CH), 126.1 (CH), 127.3 

(CH), 127.9 (CH), 128.5 (CH), 131.5 (CH), 137.8 (CH), 154.0 (C). 

Methyl (E,E) and (Z,E)-7-Phenyl-2,6-heptadienoates (6a and 6b). 

Sodium hydride (52 mg, 1.2 mmol, as 55-60% dispersion in mineral oil) was 

placed in a 50 mL three-necked round bottomed flask and washed with three portions 

of hexanes. The flask was then equipped with a reflux condenser and an addition 

funnel. The system was alternately evacuated and filled with argon. Trimethyl 

phosphonoaceate (274 mg, 1.5 mmol) in DME (10 mL) was added dropwise at -78°C. 

The mixture was stirred for 1 h at -78°C and then allowed to attain room temperature 

over 2 h. The reaction mixture was re-cooled to -78°C and a solution of aldehyde 4 
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(167 mg. 1.0 mmol) in DME (10 mL) was added dropwise. The mixture was stirred 

for 1 h at -78°C and for 2 h at room temperature. The reaction mixture was poured into 

water (600 mL) and then extracted with ether (3x200 mL). The combined extracts were 

washed with saturated aqueous sodium bicarbonate (200 mL), dried (MgS04), filtered. 

and concentrated ill vaCllO. The residue was chromatographed on silica gel 60 (200 g) 

eluted with 10% Et20/hexanes. The products 6a and 6b were obtained as pale oils 

homogeneous by TLC ( Rf 0.28 for 6a and 0.38 for 6b in 20% Et20/hexanes). Yield: 

203 mg, 1.0 mmol, 96% (193 mg for 6a and 10 mg for 6b, E:Z=20: 1); IR cm- l 3026. 

2951,1736,1495,1437,1365,1255,1197,1163,966,744,694: 6a (E-) lH NMR 

(CDCl3) 0 2.38-2.40 (4, m), 3.73 (3, s), 5.88 (1, d, J=16 Hz), 6.16-6.22 (1, m). 

6.44 (1, d, J=17 Hz), 7.02 (1, td, J=5, 16 Hz), 7.23-7.33 (5, m); 6a (E-) \3C NMR 

(CDC13) 0 31.4 (CH2), 32.0 (CH2), 51.1 (CH3), 121.4 (CH), 126.0 (CH), 127.1 

(CH), 128.5 (CH), 128.8 (CH), 130.9 (CH), 138.0 (CH), 148.5 (C): 6b (Z-) lH 

NMR (CDCI3) 02.33-2.42 (2, m), 2.86 (2, dq, J=2, 9 Hz), 3.72 (3, s), 5.81 (l, d. 

J=9 Hz), 6.15-6.28 (3, m), 6.38 (1, d, J=17 Hz), 7.19-7.36 (5, m); 6b (Z-) l3C 

NMR (CDCI3) 0 28.6 (CH2), 32.3 (CH2), 51.1 (CH3), 119.8 (CH), 126.0 (CH). 

127.0 (CH), 128.5 (CH), 129.4 (CH), 130.7 (CH), 138.0 (CH), 149.6 (C). 

Methyl 4-Benzoylbutyrate (8). 

4-Benzoylbutyric acid 7 (16.0 g, 83.2 mmol) was dissolved in methanol (60 

mL) in a dry 1 L three-necked round bottomed flask equipped with a reflux condenser 

and an addition funnel. The solution was cooled to 0 °C and thionyl chloride (6.68 g. 
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91.5 mmol) in methanol (20 mL) was added dropwise at 0 cc. The mixture was stirred 

for I h and heated to reflux for 4 h. The mixture was poured into water (1 L) and 

extracted with ether (3x200 mL). The combined extracts were washed with saturated 

aqueous sodium bicarbonate (200 mL), dried (MgS04), filtered, and concentrated ill 

vaCllO. Product 8 was obtained as a pale yellow oil homogeneous by TLC (Rf 0.16. 

10% EtOAclhexanes). Yield: 15.99 g, 77.5 mmol, 97%; IR cm- l 3061, 2951. 1736, 

1656, 1599, 1581, 1449, 1373, 1319, 1213, 1015,880,747,693,658; lH NMR 

(CDCI3) 8 2.02-2.11 (2, m), 2.43 (2. t, J=6 Hz), 3.04 (2, t, J=6 Hz), 3.66 (3. s). 

7.41-7.57 (3, m), 7.93-7.97 (2, m); l3C NMR (CDCl3) 8 19.2 (CH2), 33.0 (CH2), 

37.3 (CH2), 51.2 (CH3), 128.0 (CH), 128.5 (CH), 132.9 (CH), 136.7 (C), 172.0 

(C), 199.2 (C). 

Methyl 5-Phenyl-5-hexenoate (9). 

Sodium hydride (3.60 g, 82.5 mmol, as 55-60% dispersion in mineral oil) was 

placed in a dry 500 mL three-necked round bottomed flask and washed with three 

portions of hexanes. The flask was then equipped with a reflux condenser and an 

addition funnel. The system was alternately evacuated and filled with argon. A 

solution of methyl triphenylphosphonium bromide (30.0 g, 82.5 mmol) in THF (250 

mL) was added dropwise at 0 cC, the mixture allowed to attain to room temperature, 

then heated to reflux for 1 h. The mixture was cooled to -78 cC and a solution of 

methyl 4-benzoylbutyrate (8) (15.99 g, 77.5 mmol) in THF (50 mL) was added 

dropwise. The mixture was brought to room temperature, then refluxed for 4 h. After 
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cooling to room temperature, the mixture was poured into water (1 L) and extracted 

with ether (4x200 mL). The combined extracts were washed with saturated aqueous 

sodium bicarbonate (200 mL), dried (MgS04), filtered, and concentrated ill vaCllO. 

Product 9 was obtained as a brownish oil homogeneous by TLC (Rf 0.46, 40% 

EtOAc/hexanes). Yield: 14.09 g, 69.0 mmol, 92%; IR cm- t 3084, 2951. 2874. 1740, 

1628,1495,1437. 1368,1246, 1213,1156,1028.899.779,706; IH NMR (CDC13) 

~ 1.74-1.845 (2. m), 2.32 (2. t. 1=6 Hz). 2.54 (2, t, 1=6 Hz), 3.63 (3, s), 5.06 (1. s). 

5.29 (1, s), 7.22-7.42 (5, m); 13C NMR (CDC13) ~ 23.3 (CH2), 33.3 (CH2), 34.5 

(CH2), 51.4 (CH3), 112.9 (CH2), 126.1 (CH), 127.4 (CH), 140.8 (C), 147.4 (C). 

173.8 (C). 

2-Carbomethoxy-5-phenyl-l,5-hexadiene (10). 

To a well-stirred solution of lithium diis'Jpropylamide (13.3 mL of 1.5 M 

hexane solution, 20 mmol) at -78°C was added dropwise a solution of ester 9 (3.67 g. 

18 mmoJ) in THF (10 mL). After 45 min dimethyl (methylene) ammoium iodide (7.4 

g, 40 mmol) was added and the resulting suspension was stirred at -78°C for 30 min, 

then gradually allowed to attain to room temperature. Solvent was removed at reduced 

pressure, the residue was dissolved in methanol (15 mL), and methyl iodide (10 mL) 

was added. The mixture was stirred at room temperature for 24 h. Solvent was 

removed at reduced pressure and the residue was vigorously stirred with saturated 

aqueous sodium bicarbonate (l00 mL) and ether (l00 mL) for 24 h. The aqueous 

phase was extracted with more ether (2x200 mL), and the combined extracts were dried 
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(MgS04), filtered, and concentrated in vaCllO. The residue was chromatographed on 

silica gel 60 (200 g) eluted with 5% EtOAclhexanes. The product 10 was obtained as a 

pale oil homogeneous by TLC (Rf 0.13,35% EtOAc/hexanes). Yield: 544 mg. 2.52 

mmol, 15%; IR cm- l 3083, 3025, 2951, 2874, 1732, 1628, 1495, 1437. 1368. 1298. 

1155, 1028, 899, 779, 708; 1 H NMR (CDCI3) 8 2.41-2.49 (2, m). 2.65-2.72 (2. m). 

3.71 (3, s), 5.05 (1, s), 5.29 (1, s), 5.46 (1. s), 6.14 (1, s), 7.20-7.43 (5. m); l3C 

NMR (CDCl3) 8 31.0 (CH2), 34.3 (CH2), 52.0 (CH3), 112.8 (CH2), 125.3 (CH2). 

126.1 (CH), 127.4 (CH), 128.3 (CH), 139,9 (C), 140.7 (C), 146.0 (C), 166.0 (C). 

5·Phenyl·5.hexenal (11). 

The ester 9 (0.368 mg, 1.8 nunol) was dissolved in CH2Cl2 ( 10 mL) in a 250 

mL three-necked round bottomed flask and the mixture was cooled to -78°C under 

argon. Diisobutylaluminum hydride (2.0 mL of a 1.0 M solution in hexane) was added 

slowly via syringe. The mixture was stirred for 3 h at -78°C, then saturated aqueous 

amonium chloride (2.0 mL) was added dropwise. The mixture was allowed to attain to 

room temperature and cold 10% HCI (200 mL) was added. The mixture was extracted 

with CH2Clz (3x200 mL), the combined extracts were washed with saturated aqueous 

sodium bicarbonate (200 mL), dried (MgS04), filtered, and concentrated in vaCllO. 

The residue was chromatographed on silica gel 60 (150 g) eluted with 30% 

Et20/hexanes. The product 11 was obtained as a pale oil homogeneous by TLC (Rf 

0.39,40% Et20/hexanes). Yield: 247 mg, 1.41 mmol, 78%; IR cm- l 3332, 3026, 

3934,2865, 1496,1450, 1056,956,744,690; lH NMR (CDCI3) 8 1.59-1.85 (2, m), 
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2.42-2.48 (2, m), 2.57 (1, d, 1=6 Hz), 5.07 (1, d, 1=2 Hz), 5.32 (l, d, 1=2 Hz). 7.26 

-7.-1-2 (5, m). 9.75 (1, t, 1=2 Hz); I3C NMR (CDCI3) 8 25.8 (CH2), 32.5 (CH2), .. U.8 

(CH2), 125.5 (CH), 127.9 (CH), 128.3 (CH) 147.0 (CH2), 148.6 (C), 202.0 (CH). 

E· and Z· 7·Phenyl.2,7·Qctadienyl Nitriles (12a and 12b). 

Sodium hydride (0.39 g, 9.0 mmol, as a 55-60% dispersion in mineral oil) was 

placed in a dry 250 mL three-necked round bottomed flask and washed with three 

portions of hexanes. The flask was equipped with a reflux condenser and an addition 

funnel. The system was alternately evacuated and filled with argon. Dimethyl 

cyanomethyl phosphonate (1.77 g, 10.0 mmol) in DME (50 mL) was added dropwise 

at -78°C. The mixture was stirred for 1 h at -78°C and 1 h at room temperature, then 

re-cooled to -78°C. A solution of aldehyde 11 (1.0 g, 5.6 mmol) in DME (10 mL) 

was added dropwise and the reaction mixture was stirred for 2 h at -78°C and for 4 h at 

room temperature. The mixture was poured into water (600 mL) and extracted with 

ether (3x2oo mL). The combined extracts were washed with saturated aqueous sodium 

bicarbonate (200 mL), dried (MgS04), filtered, and concentrated in vaCllO. The residue 

was chr<"!matographed on silica gel 60 (200 g) eluted with 3% EtOAc/hexanes. A 

mixture of products 12a and 12b was obtained as a pale oil homogeneous by TLC (Rf 

0040 for 12a and 0046 for 12b in 10% EtOAc/hexanes). Yield: 960 mg, 5.2 mmol, 

93% (828 mg for 12a and 132 mg for 12b, E:Z=6: 1); IR cm- 1 3079, 3052, 2936, 

2862, 2221, 1630, 1572, 1493, 1441; 12a (E-) IH NMR (CDCI3) 8 1.55 (2, q, 1=7 

Hz), 2.40 (2, dq, J=I, 7 Hz), 2.51 (2, t, J=7 Hz), 5.04 (1, t, J=1 Hz), 5.25 (2, d, J=1 
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Hz), 6.67 (1, td, J=7, 16 Hz), 7.20-7.39 (5. m): 12a (E-) l3C NMR (CDCI3) 0 25.7 

(CH2). 32.4 (CH2). 34.2 (CH2), 99.7 (CH). 112.9 (CH2), 117.3 (C), 125.8 (CH). 

127.3 (CH), 128.2 (CH). 140.4 (C), 147.2 (C). 155.3 (CH): 12b (E-) IH NMR 

(CDCI3) 0 1.55 (2, q, J=7 Hz), 2.40 (2. dq, J=l, 7 Hz), 2.51 (2, t. J=7 Hz). 5.21 (1. 

t. J=1 Hz), 5.25 (2, d, J=1 Hz), 6.37 (1, td, J=7, 10 Hz), 7.20-7.39 (5, m); 12b (E-) 

\3C NMR (CDCI3) 025.7 (CH2), 32.4 (CH2), 34.2 (CH2), 99.7 (CH), 112.9 (CH2), 

117.3 (C), 125.8 (CH), 127.3 (CH), 128.2 (CH), 140.4 (C), 147.2 (C), 155.3 (CH). 

Methyl E· and Z·7·Phenyl.2,7·octadienoates (13a and 13b). 

Sodium hydride (1.60 g, 40.0 mmol, as a 55-60% dispersion in mineral oil) 

was placed in a dry 250 mL three-necked round bottomed flask and washed with three 

portions of hexanes. The flask was equipped with a reflux condenser and an addition 

funnel. The system was alternately evacuated and filled with argon. Trimethyl 

phosphonoacetate (7.28 g, 40.0 mrnol) in DME (30 mL) was added dropwise at -78 

0c. The mixture was stirred for 1 h at -78°C and 1 h at room temperature, then re

cooled to -78°C. A solution of aldehyde 11 (3.0 g, 17.0 mmol) in DME (20 mL) was 

added dropwise and the mixture was stirred for 2 h at -78°C and for 4 h at room 

temperature. The mixture was poured into water (1000 mL) and extracted with ether 

(4x200 ~). The combined extracts were washed with saturated aqueous sodium 

bicarbonate (200 mL), dried (MgS04), filtered, and concentrated in vaCllO. The residue 

was chromatographed on silica gel 60 (400 g) eluted with 3% EtOAc/hexanes. A 

mixture of products 13a and 13b was obtained as a pale yellow oil homogeneous by 
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TLC (Rf 0.15 for 13a and 0.21 for 13b in 5% EtOAc/hexanes). Yield: 3.33 g. 15.3 

mmol, 90% (3.07 g for 13a and 0.26 g for 13b, E:Z=12: 1); The following spectra 

data is for a mixture of 13a and 13b, IR cm- l 2944, 1722, 1433, 1269, 1198, 1150, 

779,704; IH NMR (CDCI3) 8 l.58-l.60 (2, m), 2.16-2.18 (2, m), 2.50-2.52 (1. m). 

3.36 (3, s), 5.23 (1, s), 5.72-5.88 (1, m), 6.80-6.99 (1, m), 7.26-7.35 (5. m); 13C 

NMR (CDCI3) 8 26.3 (CH2), 3l.4 (CH2), 34.5 (CH2), 5l.2 (CH3), 112.6 (C), 12l.1 

(CH), 126.0 (CH), 127.3 (CH), 128.2 (C), 140.8 (C), 147.7 (C), 149.0 (CH), 166.9 

(C). 

2·Phenyl.l,6.heptadiene (14). 

Sodium hydride (70 mg, 2.8 mmol, as a 95% dispersion in mineral oil) was 

placed a dry 250 mL three-necked round bottomed flask and washed with three 

portions of hexanes. The flask was equipped with a reflux condenser and an addition 

funnel. The system was alternately evacuated and filled with argon. Methyltriphenyl

phosphonium bromide (1 g, 2.8 mmol) in THF (25 mL) was added dropwise at 0 0c. 
The mixture was stirred for 1 h and at room temperature for 1 h. The reaction mixture 

was heated to reflux at 67°C untill a yellowish solid formed and then cooled to 0 0c. 
The aldehyde 11 (400 mg, 2.28 mmol) in THF (lO mL) was added dropwise. The 

mixture was heated to reflux for 6 h. The reaction mixture was poured into water (800 

mL) and extracted with ether (3x200 mL). The combined extracts were washed with 

saturated aqueous sodium bicarbonate (200 mL), dried (MgS04), filtered, and 

concentrated in vacuo. The residue was chromatographed on silica gel 60 (200 g) 

61 



eluted with pentane. The product 14 was obtained as a pale oil homogeneous by TLC 

(Rf 0.67, 20% EtOAc/hexanes). Yield 240 mg. 1.39 mmol. 60%: IR cm- i 3081. 

3061, 3029, 2977, 2934, 2861, 1690, l642, l628. 1601. l495, 1445, l4l6. l028. 

992, 91l, 777, 702; IH NMR (CnCi) 0 1.51-1.63 (2, m), 2.03-2.l4 (2, m), 2.47-

2.56 (2, m), 4.92-5.07 (3, m), 5.27 (1, d, J=l Hz), 5.73-5.87 (1, m), 7.24-7.43 (5. 

m); I3C NMR (CnCi) 0 27.7 (CH2), 33.6 (CH2), 35.0 (CH2), Il2.6 (CH2), Il4.9 

(CH2), 126.4 (CH). 127.6 (CH), 128.5 (CH). 138.9 (CH), 140.6 (C). 

Polymerizations 

Representative Procedure for Thermally Initiated Copolymerizations of 

the Vinyl Monomers in Bulk. 

a.-Methylstyrene (591 mg, 5.0 mmol), methyl methacrylate (500 mg, 5.0 

mmol), and 2,2'-azobisisobutyronitrile (AIBN. 41 mg, 0.25 mmol, 5 mol%) were 

sealed in a heavy-walled glass polymerization tube under vacuum after degassing four 

times by a freeze-thaw technique. The tube was heated for 48 h in an oil bath at 80°C. 

The tube was then opened and the reaction mixture was diluted with an equal volume 

of THF. The polymer product was precipitated by dropwise addition of this solution to 

methanol (80 mL) with vigorous stirring, then collected by filtration and dried in a 

vacuum oven overnight at 60°C. The polymer was obtained as a white powder. Yield: 

649 mg, 60% conversion. Molecular Weights: Mp=9620, Mn=6314, Mw=9900. 
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Mz=15684. MZ+l=27859, Mv=9245, Polydispersity=1.56. IR cm- I 3059,2996. 

2950. 1730. 1601, 1497, 1447, 1385, 1240, 1202,985,905,727.648: IH ~MR 

(CDCI3) 8 0.20-2.16 (l0, m), 3.41-3.55 (3. m), 7.01-7.46 (5, m). 

Representative Procedure for Photochemically Initiated Copolymeriza

tions of the Vinyl Monomers in Bulk. 

a-Methylstyrene (591 mg, 5.0 mmol), methyl methacrylate (500 mg, 5.0 

mmol) and benzoin methyl ether (BME, 57 mg, 0.25 mmol, 5 mol%) were sealed in a 

heavy-walled glass polymerization tube under vacuum after degassing four times by a 

freeze-thaw technique. The tube was placed in a UV reactor (A=350 nm) for 10 h at 

room temperature. The tube was then opened and the reaction mixture was diluted 

with an equal volume of THF. There was no polymer obtained by dropwise addition 

of this solution to methanol (80 mL) with vigorous stirring. TLC of the reaction 

mixture shown that only starting materials remained. 

Repre~entative Procedure for Thermally Initiated Copolymerizations of 

the Vinyl Monomers in Solution. 

a-Methylstyrene (591 mg, 5.0 mmol), methyl methacrylate (500 mg, 5.0 

mmol) and AIBN (41 mg, 0.25 mmol, 5 mol%) were disolved in benzene (equal 

volume) in a heavy-walled glass polymerization tube. The tube was then sealed under 
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vacuum after degassing four times by a freeze-thaw technique. The tube was heated for 

48 h at 80°C. The tube was opened and the reaction mixture was diluted with an equal 

volume of THF. There was no polymer obtained by dropwise addition of this solution 

to methanol (80 mL) with vigorous stirring. TLC of the reaction mixture shown that 

only starting materials remained. 

Representative Procedure for Thermally Initiated Cyclopolymerizations 

of the Diene Monomers in Solution. 

Monomer 12a112b (300 mg, 1.5 mmol) and AIBN (12.5 mg, 0.076 mmol, 5 

mol%) in benzene (equal volume) were sealed in a heavy-walled glass polymerization 

tube under vacuum after degassing four times by a freeze-thaw technique. The tube was 

heated for 48 h in an oil bath at 80°C. The tube was then opened and the reaction 

mixture was diluted with an equal volume of THF. The polymer product was 

precipitated by dropwise addition of this solution to methanol (80 mL) with vigorous 

stirring, then collected by filtration and dried in a vacuum oven overnight at 60°C. The 

polymer was obtained as a white powder. Yield: 253 mg, 84% conversion. Molecular 

Weights.: Mp=8697, Mn=5841, Mw=7946, Mz=I1300, Mz+l=14448, Mv=7453, 

Polydispersity=1.36. IR cm- 1 2960,2880,2221, 1440,906,725: IH NMR (CDCI3) 

o 1.15-2.59 (10, m), 6.50-7.27 (5, m). 
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Representative Procedure for Photochemically Initiated Cyclopoly

merizations of the Diene Monomer in Solution. 

Monomer 12aJ12b (150 mg, 0.75 mrnol) and BME (8.6 mg, 0.038 mmol. 5 

mol%) in benzene (equal volume) were sealed in a heavy-walled glass polymerization 

tube under vacuum after degassing four times by a freeze-thaw technique. The tube was 

placed in a UV reactor ("-=350 nm) for 10 h at 10°C. The tube was then opened and 

the reaction mixture was diluted with an equal volume of THF. The polymer product 

was precipitated by dropwise addition of this solution to methanol (80 mL) with 

vigorous stirring, then collected by filtration and dried in a vacuum oven overnight at 

60°C. The polymer was obtained as a white powder. Yield: 116 mg, 78% 

conversion. Molecular Weights: Mp=6576, Mn=4283, Mw=7494, Mz=11879. 

MZ+l=16209, Mv=6921, Polydispersity=1.75. lR cm- l 2961,2881.2221, 1440. 

906,726; IH NMR (CDCI3) 0 1.26-2.19 (10, m), 6.95-7.27 (5, m). 

Representative Procedure for Thermally Initiated Cyclopolymerizations 

of the Diene monomers in Bulk. 

Monomer 10 (200 mg, 0.92 mrnol) and AlBN (10 mg, 0.06 mmol. 5 mol%) 

were sealed in a heavy-walled glass polymerization tube under vacuum after degassing 

four times by a freeze-thaw technique. The tube was heated for 48 h in an oil bath at 80 

0C. The tube was then opened and the reaction mixture was diluted with an equal 

volume of THF. The polymer product was precipitated by dropwise addition of this 

65 



solution to methanol (80 mL) with vigorous stirring, then collected by filtration and 

dried in a vacuum oven overnight at 60°C. The polymer was obtained as a white 

powder. Yield: 3.2 mg, 1.5% conversion. Molecular Weights: Mp=4002, Mn=3935. 

Mw=4918, Mz=6697, MZ+l=8473, Mv=4657, Polydispersity=1.25. IR cm- 1 3325. 

2952,2885,1720, 1192, 1120, 1068, 1036,965,846,703; lH NMR (CDC13) 8 

1.22-2.28 (8, m), 3.42-3.65 (3, m), 6.82-7.39 (5, m). 
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RESULTS AND DISCUSSION 

Table 1 shows the data summary of [~,~]-diene cyclopolymerizations. The 

first three entries are for the cyano-substituted diene monomers. The first entry for 

cyano-substituted monomer was photochemically initiated using BME as an initiator of 

cyclopolymerization in benzene solution for 10 h at 10 0c. There was less than five 

percent conversion with very low molecular weight (Mw=550), i.e. a dimer or a trimer. 

The second entry was thermally initiated using AIBN as an initiator of 

cycloplymerization in THF solution for 48 h at 60°C. There was no polymer obtained. 

The third entry was also thermally initiated using AIBN as an initiator in benzene 

solution for 48 hat 150°C. There was some polymer (Mw=2800) with conversion of 

less than ten percent. I H NMR of this polymer is shown in Figure 8. As the spectrum 

indicated, there are some vinyl protons between 5.3 and 6.5 ppm. Calculation shows 

that there is about twenty percent pendant vinylic protons. Upon evaporation of the 

solvent the polymer became cross-linked. Therefore, this polymer was not completely 

cyclo-polymerized. The last three entries are carbomethoxy-substituted diene 

monomers. The forth entry was thermally initiated using AIBN as an initiator of 

cyclopolymerization in benzene solution for 48 hat 150°C. There was no polymer 

obtained. The fifth entry was thermally initiated using t-butyl peroxide as an initiator of 

cyclopolymerization in bulk for 48 hat 120°C. There was no polymer formed. The 

very last entry was also thermally initiated using AIBN as initiator of 

cyclopolymerization in bulk for 48 hat 80°C. There was some polymer (Mw=lOOO) 

with very low percent conversion. Because the molecular weight was not high enough, 
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the polymer did not precipitate out solution, when it was added dropwise to methanol 

with vigrously stirring. 

Overall, the data summarized in Table 1 show that the [P,PJ-diene monomer did 

not yield any good cyclopolymers. This can be explained by the [P, P J model 

copolymerization of the model study. The penultimate effect on P-substituted vinyl 

monomer played major role in steric hindrance in cyclopolymerization. The [P,PJ

diene monomers have substituted linkages at both P-positions on the two double 

bonds. These strongly affected the initiation and the propagation steps. Therefore. 

[P,PJ-diene monomer is not an ideal candidate for this cyclopolymerization study. 
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Table 1. [~,~]-Diene Cyclopolymerizations 

n 

" 
Ie 

h 

# W Initiator Solvent Temperature Time Conversion Mw 

1 CN BME benzene 10°C 10 h <5% 550 

2 CN AIBN THF 60°C 48 h 0% 0 

3 CN AIBN benzene 150°C 48 h <10% 2800 

4 CO2 Me AIBN benzene 150°C 48 h 0% 0 

5 C02Me (tBuOh bulk 120°C 48 h 0% 0 

6 C02Me AIBN bulk 80°C 48 h <2% 1000 

n 

0-
\C 
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Table 2 shows the data summary of [a,a]-diene cyclopolymerizations. The 

first three entries are the solution cyclopolymerizations. The very first entry was 

photochemically initiated using BME as an initiator of cyclopolymerization in benzene 

solution for 10 h at 10 0c. There was no polymer obtained. Both the second and third 

entries were thennally initiated using AIBN as an initiator of cyclopolymerizations for 

48 h at 60°C and 150°C respectively. In both cases, there were no polymers obtained. 

The last three entries were all bulk polymerizations. The fourth entry was thermally 

initiated using AIBN as an initiator of cyclopolymerization for 48 h at 60°C. The 

polymer with the molecular weight of 4900 was obtained, but very low percent (2%) 

conversion. The fifth entry was photochemically initiated using BME as an initiator of 

cyclopolymerization for 10 h at -10°C. The polymer obtained has low molecular 

weight and very low percent conversion. The very last entry was also photochemically 

initiated cyclopolymerization for 10 h at 25°C. The polymer with molecular weight of 

9900 was obtained, but again very low percent «2%) con version. Spectral 

characterization of this polymer yields the following data: IR cm- l 3325,2952,2885, 

1720, 1190, 1120, 1068, 1036,965,926,846,703. The carbonyl of the ester group 

is indicated by the band centered at 1720 cm-l. lH NMR (COCl3) 8 1.22-2.28 (m. 

broad, 8), 3.42-3.65 (m, broad, 3), 6.82-7.39 (m,broad, 5) shown in Figure 9. There 

are no pendant vinylic protons in the polymer structure. 

To summarize [a,a]-diene monomer cyclopolymerization, the bulk photo

chemically initiated cyclopolymerization can give some reasonable molecular weight 

polymer, but very low percent conversion. The [a,a]-diene monomer was expected 

the best carbon skeleton for the cyclopolymerization study. The contradictory results 
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from Table 2 might be explained by the following. The initiation of electron deficient 

initiator such as AIBN should be favored by the a-substituted styrene double bond to 

generate stable styryl radical. Then the styryl should have an intramolecular attack to 

the second double bond to generate a five-membered ring. This intramolecular five

membered ring closure is kinetic favorable process. After the ring closure, a tertiary 

radical is formed. Because of the steric hindrance, the tertiary radical will be very 

difficult to carry on the intermolecular propagating process. Therefore, this carbon 

skeleton is also not an ideal candidate for the study of the cyclopolymerizations. 
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Table 2. [a,a]-Diene Cyclopolymerizations 

Ie 
n 

Ph w Ph Win 

# W Initiator Solvent Temperature Time Conversion Mw 

1 C02 Me BME benzene 10°C 10 h 0% 0 

2 C02Me AIBN benzene 60°C .48 h 0% 0 

3 C02 Me AIBN benzene 150°C 48 h 0% 0 

4 C02Me AIBN bulk 60°C 48 h 1.5% 4900 

5 C02Me BME bulk -10°C 10 h 2% 1100 

6 C02 Me BME bulk 25°C 10 h 2% 9900 

--.J '_J 



Figure 9. 1 H NMR of Carbomethoxy-substiluted [a,a]-Diene Cyclopo\ymer 
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Table 3 shows the data summary of the [a,p]-diene cyclopolymerizations. The 

first three entries were the cyano-substituted diene cyclopolymerizations (polymer A). 

The first entry was thermally initiated using AIBN as initiator of cyclopolymerization 

for 48 h at 80°C. Relatively high molecular weight (Mw=8100) polymer with high 

percent conversion (84%) was obtained. The molecular weight of 8100 has a degree of 

polymerization of 43. The second entry is also thermally initiated using t-butyl 

peroxide as an initiator of cyclopolymerization for 48 h at 120°C. Comparing the 

results (Mw=4200, 32% conversion) obtained with that of first entry, the results of 

first entry are much better. Very similiar results (Mw=7500, 78% conversion) were 

obtained in third entry, which was photochemically initiated using BME as an initiator 

of cyclo-polymerization for 10 h at 10 0C. The last two entries are the carbomethoxy

substituted diene cyclopolymerizations (polymer B). The fourth entry was thermally 

initiated using AIBN as initiator of cyclopolymeriztion for 48 h at 80°C. Reasonable 

molecular weight (Mw=5200) and percent conversion (40%) were obtained. A very 

similiar result (Mw=4300, 32% conversion) was obtained in the fifth entry, which was 

photo-chemically initiated using BME as an initiator of cyclopolymerization for 10 h at 

10°C. 

.Spectral characterization of polymer A yields the following data: IR cm- I 

2960, 2880, 2221, 1440, 960, 725, the cyano group is indicated by the band centered 

at 2221 cm,-I. IH NMR (CDCI3) 0 1.26-2.19 (10, broad, m), 6.95-7.25 (5, broad, m) 

shown in Figure 10, there is no vinylic protons in the polymer. The spectral data for 

polymer B is as follows: IR cm- I 2945, 2876, 1722, 1460, 1188, 1155, 906, 730, 

the carbonyl of the ester group is indicated by the band centered at 1722 cm- I . I H 

75 



NMR (CDCl3) 80.50-3.80 (13, broad, m), 6.50-7.50 (5, broad, m) shown in Figure 

11, there are also no vinylic protons present in the polymer. 

To summarize the data in Table 3, [a,~]-diene monomers are better candidates 

for the cyclopolymerization study. The presence of the desired pendant functional 

groups is indicated by IR spectroscopy. The absence of vinylic protons in the 1 H 

NMR spectra of these polymers indicates that few, if any. pendant groups containing 

double bonds resulting from polymerization without cyclization occur. These polymers 

are soluble in common organic solvents, such as CDCl3 and THF, further suggesting 

that the monmers were cyclopolymerized and that little or no cross-linking occurred. In 

terms of the reactivities of [a,~]-diene monomers, the cyano-substituted monomer is 

more reactive than carbomethoxy-substituted monomer. 
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Table 3. [a,~]-Diene Cyclopolymerizations 

n 
Ie 

benzene 
n 

Ph w 

# W Initiator Temperature Time Conversion Mw 

1 CN AIBN 80°C 48 h 84% 8100 

2 CN (tBUO)2 120°C 48 h 32% 4200 

3 CN BME 10°C 10 h 78% 7500 

4 CO2 Me AIBN 80°C 48 h 40% 5200 

5 C02Me BME 10°C 10 h 32% 4300 
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Figure 11. 1 H NMR of Carbomethoxy-substituted [a,~]-Diene Cyc1opolymer 
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In terms of physical properties of these polymers. following study was carried 

out. Figure 12 and 13 show the differential scanning calorimetry (OSC) of the 

copolymer and the corresponding cyclopolymer respectively. The glass transition 

temperatures (Tg) are 108°C for the copolymer, and 168°C for the cyclopolymer. This 

indicates that cyclopolymer has higher crystallinity than the copolymer. Figure 14 and 

15 show thermogravimetric analysis (TGA) of the copolymer and the cyclopolymer 

respectively. The copolymer was decomposed at 400°C, and the cyclopolymer was 

decomposed at 413°C. Therefore, the cyclopolymer is as stable as copolymer in terms 

of thermostability. 
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Figure 12. DSC of Styrene and Acrylonitrile Copolymer 
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Figure 13. DSC of Cyano-substituted [a,Pl-Diene Cyclopolymer 
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Figure 14. TGA of Styrene and Acrylonitrile Copolymer 
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Figure 15. TGA of Cyano-substituted [a,p1-Diene Cyclopolymer 
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As expected, the cyclopolymerization of these unsymmetrical non-conjugated 

dienes will generate some chiral centers along the polymer backbone. The following 

preliminary study was carried out to investigate stereoregularity of the polymers. 

Figure 16 is the inverse gated 13C NMR spectra for both the polymer (at top) which 

cyclopolymerized from the mixture of E and Z isomers and the polymer (at bottom) 

which cyc1opolymerized from the pure E isomer respectively. The polymer from pure 

isomer has less complicated signals than the polymer from the mixture of isomers. 

This implies that the cyc1opolymer has some extent of stereoregularity. 

In addition to the study of cyc1opolymerization of unsymmetrical non

conjugated dienes, we also investigated cyc1opolymerization of unfunctionalized diene 

monomer, such as 2-phenyl-l.6-heptadiene (14). Cyc1opolymerization of the diene 

monomer under thennally initiated condition (AIBN as an initiator) at 80°C for 48 h 

gave no polymer. This indicates that in order to cyclopolymerize the diene monomers 

attachment of electron withdrawing group such as cyano or ester group on the double 

bond is needed to stablize intennediate radical. 
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Figure 16·. Comparison of Inverse Gated l3C NMR of the [a,~]-Diene Cyclopolymer 
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CONCLUSIONS 

Of the three unsymmetrical non-conjugated diene monomers ([a,a], [~,P]. 

[a,~]) examined, [a,~]-dienes merit further study. Our preliminary results have 

yielded the polymers with molecular weights up to 8100 which has the degree of 

polymerization of 43. I H NMR spectra of the polymers show no vinylic protons from 

pendant alkenes. The polymers are soluble in common organic solvents, such as THF 

and chloroform, suggesting that the monomers were completely cyclopolymerized and 

that cross-linking was minimal. The presence of the desired pendant functional groups 

is indicated by IR spectroscopy. These are taken to be indicative of cyclopentanoid 

rings and regular alternation of functional groups. TGA and DSC studies of the 

cyclopolymers and the corresponding copolymers show that the cyclopolymers are as 

stable as copolymers in terms of thermostability but more highly ordered than the 

copolymers. Preliminary study of inverse gated I3C NMR on these cyclopolymers 

indicates the cyclopolymer has some extent of stereoregularity. 
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NMR SPECTRA 
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