
370 Acc. Chem. Res. 1982, 15, 370-378 

Cyclopolymerization and Cyclocopolymerization 

GEORGE B. BUTLER 

Center for Macromolecular Science, University of Florida, Gainesuille, Florida 3261 1 

Received December 3, 2981 (Revised Manuscript Received June 29, 1982) 

Early in the history of modern polymer science, a 
general principle was established by Staudingerl that 
polymerization of nonconjugated dienes leads to 
cross-linked, and therefore nonsoluble, nonlinear poly- 
mers or copolymers. An exception to this widely ac- 
cepted principle was observed by Butler and cowork- 
e r ~ , ~ - ~  who found that a variety of diallyl quaternary 
ammonium salts polymerized to yield soluble, and 
hence linear, polymers containing little or no residual 
unsaturation. To account for these results, Butler and 
Angelog suggested a polymerization mechanism that 
involves an alternating intramolecular-intermolecular 
chain propagation. 

In efforts to substantiate the proposed structures, 
representative polymers were degraded to show con- 
clusively the presence of cyclic structures in the polymer 
chain.1° However, these degradative studies did not 
unequivocably establish the size of the ring formed 
during the intramolecular step. The six-membered 
structure proposed for radical-initiated cyclo- 
polymerization of 1,6-dienes was based upon the gen- 
erally accepted hypothesis advanced by Floryll re- 
garding the predominance of the more stable radical in 
controlling the course of vinyl polymerization. Inter- 
vening studies have shown that in numerous cases cy- 
clopolymerizations do not adhere to this hypothesis but 
lead to cyclic structures derived via propagation through 
the less stable intermediate; Le., the reactions are pro- 
ceeding under kinetic rather than thermodynamic 
control. An extensive discussion of these results, in- 
cluding supporting evidence, has been published in an 
earlier review.12 Further discussion of these aspects 
of the problem is included in the following sections. 

Since the initial investigations, it has been demon- 
strated that by use of appropriate initiators, 1,6-dienes 
can be polymerized to yield soluble, saturated polymers 
containing rings along the linear chain (eq 1). The 

tion polymerization that leads to introduction of cyclic 
structures into the main chain of the polymer. Its scope 
is broad, including, a t  least conceptually, not only 
symmetrical diene counterparts of all known monomers 
capable of undergoing addition polymerization but the 
unsymmetrical ones as well. Many of the latter have 
not been investigated. 

It has been shown that suitable monomers undergo 
cyclopolymerization via all of the well-known methods 
of initiation of polymerization. For example, 1,2-di- 
~inylbenzene’~-l~ undergoes initiation by free radical, 
cationic, and anionic methods to yield the same cyclo- 
polymer (eq 2). However, the polymerization of o- 

(3) 
-CHz -9- 

divinylbenzene has been reinvestigated,16 and the au- 
thors have concluded on the basis of kinetic studies and 
the energetics of the process that the polymers are 
mainly comprised of seven-membered rather than the 
originally proposed five-membered rings (eq 3). Fur- 
thermore, 2,6-diphenyl-1,6-heptadiene undergoes ini- 
tiation by all of the above-mentioned methods, as well 
as by thermal means and Ziegler-Natta methods, to 

r 1 

general course of the reaction is illustrated by use of 
methacrylic anhydride, a typical 1,6-diene. Cyclo- 
polymerization is thus any type of chain-growth addi- 
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yield essentially the same cyclopolymer in each case17 

Other types of monomers that have been shown to 
undergo cyc1opolymerizationl8 are unsymmetrical di- 
enes, diynes, dialdehydes, diisocyanates, diepoxides, and 
dinitriles, as well as unsymmetrical monomers with 
respect to the functional groups referred to here. In 
addition, a variety of monomers are reported to lead to 
bicyclic structures. 

Methyl allyl maleate and methyl allyl fumarate were 
perhaps the earliest examples of unsymmetrical dienes 
to be studied,lg but numerous other unsymmetrical 
dienes have been studied and discussed in detail.18 
Polycyclic systems have been synthesized via cyclo- 
polymerization in a number of ways. For example, it 
has been shownm that cis,cis-1,5-cyclooctadiene can be 
converted to the bicyclic structure via use of a Zie- 
gler-Natta catalyst (eq 5). 

A variety of dialdehydes have been studied with re- 
gard to polymerization and polymer structure; o- 
phthalaldehyde has perhaps been studied most exten- 
sively.21*22 This compound led to cyclopolymer via y 
irradiation and cationic, anionic, and coordination in- 
itiation (eq 6). 

1,25,6-Diepoxyhexane has been reportedB to undergo 
cyclopolymerization via a variety of initiators to yield 
polymers for which tetrahydropyran recurring units 
were proposed (eq 7). 

L -I” 

( 7 )  

Cyclopolymerization of 1,l-divinylferrocene has been 
reported to form soluble polymers24i26 via both radical 
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and cationic initiation with formation of three-carbon 
bridged ferrocene units in the chain (eq 8). Recent 

investigation of these polymers by Mossbauer spec- 
troscopy26 has shown that these polymers have signif- 
icantly different structures. By use of model com- 
pounds, it was shown that radical initiation does yield 
the three-carbon bridged cyclopolymer but that poly- 
mers produced by cationic initiation do not have this 
structure. 

Copolymerization of Nonconjugated Dienes 
with Vinyl Monomers 

A variety of copolymerizations of 1,g-dienes with 
conventional vinyl monomers have been studied. For 
example, copolymerization of methacrylic anhydride 
with a variety of vinyl monomers has been studied.27 
It was concluded that, in general, higher conversion to 
soluble copolymers was realized (a) the less reactive the 
comonomer in radical-initiated copolymerizations, (b) 
the greater the dilution, (c) the greater the difference 
in the molar concentration of the two monomers, and 
(d) the lower the conversion. 

A type of copolymerization distinctly different from 
that described above27 now constitutes a significant 
portion of the cyclopolymerization l i t e r a t ~ r e . ~ ? ~ ~  This 
process, referred to as cyclocopolymerization, incorpo- 
rates both comonomers into the developing cyclic 
structure. Perhaps the most extensively studied exam- 
ple of this unusual type of copolymerization is the cy- 
clocopolymer of divinyl ether and maleic anhydride (eq 
9). This copolymer has been extensively studied for 
its biological properties; it exhibits a broad spectrum 
of biological activities,30 including antitumor, antiviral, 
antibacterial, anticoagulant, and antiarthritic proper- 
ties, as well as being capable of generating interferon, 
inhibiting inverse transcriptase, activating macrophages, 
and eliminating plutonium. 

Cyclopolymerization of Monomers Containing 
Different Functional Groups 

A number of monomers having two kinds of func- 
tional groups have been studied in cyclopolymerization. 
For example, o-~inylbenzaldehyde~l has been cyclo- 
polymerized via cationic initiation to yield polymer 
containing both of the predicted cyclized structures 
shown (eq 10). However, evidence was presented for 
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the predominance of the latter cyclic structure since the 
aldehyde group is more reactive toward the cationic 
initiator than the vinyl group. The cyclopolymer also 
contained 20% of pendant vinyl group and 5% of 
pendant aldehyde group. Glycidyl acrylate and meth- 
acrylate have been reported to cyclopolymerize, using 
BF30(C2H5)2 as initiator.32 

Cyclopolymerization of Diene Monomers 
Leading to Larger Ring Sizes 

Poly(dially1 phthalate) has been commercially im- 
portant for many years. The monomer is functionally 
capable of undergoing cyclopolymerization, and early 
s t ~ d i e s ~ ~ , ~ ~  led to the conclusion that soluble polymers 
could be obtained prior to gelation that contained 
31-41% of a cyclic structure presumed to consist of 11 
or 13 members. 

Polymerization of the hydrocarbons CH2=CH- 
(CH2),CH=CH2, in which n is equal to 4-9, 11, 12, 14, 
and 18, were studied by use of coordination initiation.% 
In all cases, both cyclic and acyclic recurring units were 
formed, the largest extent of cyclization (25%) occurring 
at calculated ring size = 7; however, the extent of cy- 
clization among the larger calculated ring sizes varied 
only from a low of 4% to a high of 15%. The extents 
of cyclization observed corresponded roughly to those 

(32) I. A. Arbuzova and V. N. Efremova, Vysokomolek. Soedin., 1,455 

(33) W. Simpson, T. Holt, and R. J. Zeite, J. Polym. Sci., 10, 489 
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that have been obtained in other cyclization reactions.% 
Recent work on cyclopolymerization reactions leading 

to larger ring sizes (eq 11) has dealt with conforma- 

R = H o r C H ,  

r 0 1  

R =  H o r C H ,  

tionally controlled unsymmetrical dienes such as 240- 
viny1phenoxy)ethyl acrylate and me tha~ry la t e~~  and 
their cyclopolymerization, utilizing both radical-initi- 
ated and photoinitiated polymerization. The polymers 
obtained were essentially completely cyclized. 

Large rings have also been synthesized from a variety 
of other monomers. Cyclopolymers having [3.3]para- 
cyclophane repeating units (eq 12) are obtained by 

L 
1,3-bis( 4-vinylpheny1)propane 

cationic i n i t i a t i ~ n ~ ~  but not by other initiators. Tet- 
raethylene glycol divinyl ether has been reported to 
yield a polymer containing 16-crown-5 units that is 
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effective as a phase-transfer catalyst39 (eq 13). 

Mechanism of Cyclopolymerization 
Mechanistic studies dealing with various aspects of 

the cyclopolymerization process are extensive and 
cannot be presented in detail here. However, important 
aspects of the process are embodied in a kinetic study 
carried out on methacrylic anhydride.4o The kinetic 
relationship between intramolecular and intermolecular 
propagation was derived from the reaction schemes 14 
and 15. This study showed that the energy of activa- 
tion for the intramolecular cyclization step is higher 

t 

values to vary from 2.8 for radical-initiated polymeri- 
zation of o-divinylbenzene in benzene at 50 "C to 200 
for radical-initiated polymerizatin of divinylformal in 
benzene at 50 OC. Arrhenius frequency factor ratios 
have been reported to vary from 50 mol/L for radi- 
cal-initiated polymerization of o-divinylbenzene in 
benzene at  50 "C up to 2.2 X lo4 for cationic-initiated 
polymerization of o-divinylbenzene in toluene. The 
values for E,-EI1 have been reported to vary from ap- 
proximately zero for radical-initiated polymerization of 
vinyl trans-cinnamate at 70 "C in benzene to 5.3 
kcal/mol for cationic-initiated polymerization of o-di- 
vinylbenzene in toluene.41 

It was recognized quite early that less-favored ring 
sizes may be formed in cyclopolymerization and that 
the less-stable radical may predominate in the cycliza- 
t i ~ n . ~ ~  It was shown that the less-stable radical pre- 
dominated in the cyclization step during polymerization 
of allyl and methallyl crotonates (eq 16). Although 

R '  R '  
R' = H, CH, 

I 
R '  

CH3 CH3 

I I 

I C H z \ C  I kC , i n t r a m o l e c u l a r  -C H 2-C. 
I 
I I 
C \o/c\\o 

M 

/ c\ 0 '"o 
0' 

than that for the intermolecular step by about 2.6 
kcal/mol. The rate of cyclization, however, was found 
to be considerably faster than the intermolecular 
propagation step, in support of a very high steric factor 
favoring cyclization. The value kc/kll was found to be 
2.4 mol/L, and the Arrhenius frequency factor ratio was 
found to be 256 mol/L in favor of the cyclization step. 
Also, it was shown that increasing steric factors, higher 
temperature, lower monomer concentration, poorer 
solvent, and higher conversion favor cyclization. 

Numerous other kinetic studies have reported kc/kll 

(39) L. J. Mathias and J. B. Canterberry, Polym. Prepr., Am. Chem. 

(40) T. F. Gray, Jr., and G. B. Butler, J. Macromol. Sci.-Chem., A9 
SOC., Diu. Polym. Chem., 22, 38 (1981). 

(l), 45 (1975). 

attack at C2 may be somewhat more favored sterically 
than at C3, it was reasoned that attack at C3 should be 
favored because of the resonance-stabilized radical 
formed at  C2. Further evidence for formation of the 
less-favored ring structure and/or predominance of the 
less energetically favored intermediate radical in con- 
trolling the course of the cyclopolymerization process 
has been obtained. These results have bveen summa- 
rized in a recent review.43 

Justification of this preference for five-membered ring 
formation has been based on both electronic44 and 
s t e r i ~ ~ ~ y ~ ~  factors. A suggestion that there may be an 
electronic i n t e r a ~ t i o n ~ ~  between the initially formed 
radical and the neighboring double bond of the diene 
has received considerable attenti01-1.~~ The formation 
of methylcyclopentane from the reaction of 5-hexenyl 
mercaptan with triethyl phosphite was explained45 as 
arising from the attack of the radical at the more ac- 
cessible end of the double bond, the process being ir- 
reversible. It has been noted that, for approach of the 
radical to the double bond with the p orbitals in a 
common plane, formation of five-membered rings would 
be less sterically hindered.46 One of the terminal hy- 
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drogens lies in the nodal plane directly between the 
radical carbon and the carbon on the terminal end of 
the double bond, thus hindering six-membered ring 
formation. No such steric interference exists for ap- 
proach of the radical to the other end of the double 
bond, leading to five-membered rings. 

Considerable work dealing with small molecule cy- 
clizations has been done, and much of this work has 
been summarized in a review article by Julia.47 In a 
study of cyclization of 1-substituted 4-hexenyl radicals, 
it was shown that as substitution in the 1-position by 
radical stabilizing groups (one or two CN or C(0)OEt 
groups) was increased, the mixture of cyclized products 
changed from nearly pure cyclopentane to nearly pure 
cyclohexane derivatives. Higher temperatures favored 
cyclohexane formation. Also, it was shown that the 
cyclization reactions were reversible when C1 was di- 
substituted, although it had been shownM earlier that 
in the case of the primary hexenyl radical, the cycliza- 
tion step is irreversible. On this basis, it was proposed 
that the cyclopentane product is the kinetically pre- 
ferred product while the cyclohexane product is pre- 
ferred via thermodynamic control, with the energy of 
activation for cyclization being higher for the cyclo- 
hexane derivatives. 

The majority of the 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 sec- 
ondary radical.49 As stabilization of the generated 
radical increased, the ratio of six-membered ring in- 
creased. A more recent study50 has shown that when 
the radical generated after cyclization of the six-mem- 
bered ring can be stabilized by resonance, the ratio of 
six-membered to five-membered ring is markedly in- 
creased (eq 17). The results of this study strongly 
indicate that radical stabilization results in greater se- 
lectivity and thus an increase in the more thermody- 
namically stable six-membered ring. The cyclization 

I * I B N  

rate constant ratios at 40 "C and the derived Arrhenius 
parameters showed that the radical-stabilizing effect of 
the methyl group was not sufficient to prevent the 
predominance of the tetrahydrofuran ring. The k1/k2 
ratio at  this temperature was 43; however, the corre- 

(47) M. Julia, Acc. Chem. Res., 4, 386 (1971); Pure Appl. Chem., 15, 

(48) R. C. Lamb, P. W. Ayers, and M. K. Toney, J.  Am. Chem. SOC., 
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(50) T. W. Smith and G. B. Butler, J.  Org. Chem., 43, 6 (1978). 

167 (1967); Record Chem. Prog., 25, 1 (1964). 

85, 3483 (1963). 

Hill, New York, 1962, pp 265-269. 

sponding ratio for the phenyl case was only 0.55. The 
Arrhenius parameter ratios, A2/A1, were 0.35 f 0.08 for 
the methyl case and 2.8 f 0.2 for the phenyl case. 

An analogy can be drawn between five-membered 
ring formation in cyclopolymerization of 1,6-dienes and 
head-to-head polymerization in an ordinary vinyl mo- 
nomer. 

By means of IR, 'H NMR, and l3 C NMR spectros- 
copy, it has been shown51 that the ratio of five- to six- 
membered ring formation in cyclopolymerization of 
acrylic anhydride at  50 "C varies with the dipole mo- 
ment ( p )  of the solvent from 5 %  five-membered ring 
at  p = 0 to 30% at p = 4. A pronounced temperature 
effect was also observed. At  90 "C, the five-membered 
ring content was 20% at p = 0 and increased to 75% 
at p = 4. Cyclopolymerization in y-butyrolactone at 120 
"C resulted in 90% five-membered ring. Under all 
conditions described, methacrylic anhydride led only 
to six-membered ring structures. 

The five-membered ring content of poly(acry1ic an- 
hydride) has also been to vary with both con- 
version at  constant monomer concentration and with 
monomer concentration at  constant conversion. For 
example, in benzene, the five-membered ring content 
increased from 5 %  at 40% conversion to 10% at 90% 
conversion; however, in y-butyrolactone, the five-mem- 
bered ring content increased from 28% at 15% con- 
version to 75% at 50% conversion, a much greater 
change than in the nonpolar medium. 

On the basis of the previously described studies on 
acrylic anhydride, it was postulated53 that, if meth- 
acrylic anhydride were polymerized above the ceiling 
temperature of its monoene counterpart, methacrylic 
isobutyric anhydride, the poly(methacry1ic anhydride) 
should consist largely of five-membered-ring anhydride 
structures. The ceiling temperature of methyl meth- 
acrylate is 164 "C in bulk and decreases with dilution. 
Previous studies51 had shown that cyclic poly(meth- 
acrylic anhydride) consisted exclusively of six-mem- 
bered rings under the lower temperature conditions. As 
postulated, polymerization of methacrylic anhydride at 
160 "C in benzonitrile was found to consist of 53% 
five-membered rings, and polymerization at 180 "C gave 
almost exclusively the five-membered ring structure. 
Furthermore, in accord with the postulate, five-mem- 
bered ring formation was found to increase with in- 
creasing temperature and dilution. 

Radiation-induced cyclopolymerization of N-substi- 
tuted dimethacrylamides has been studied extensively 
in the liquid, supercooled-liquid, glassy, and crystalline 
states."-M In most of these cases, cyclopolymerization 
occurred exclusively, predominantly to five-membered 
rings, except in the glassy state, where no polymeriza- 
tion was observed. The ratio of six-membered rings was 
higher in the crystalline state than in the liquid states. 

A recently published single-crystal X-ray diffraction 
and solid-state polymerization study5' of N-(p-bromo- 
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pheny1)dimethylacrylamide led to the conclusion that 
the monomer crystallizes in a conformation that favors 
the intramolecular over the intermolecular polymeri- 
zation reaction. The polymer consisted of exclusively 
cyclopolymer having 60% five-membered and 40 % 
six-membered rings. The ratio of five- to six-membered 
ring could not be predicted from the atomic positions 
in the crystal, however. Radical-initiated solution po- 
lymerization of the monomer at 58 “C yielded cyclo- 
polymer containing 80% five-membered and 20% six- 
membered ring. At 114 OC, the cyclopolymer contained 
only 42% five-membered ring. 

Evidence has also been obtained that certain of the 
diallyamines and quaternary ammonium salts also yield 
cyclopolymer consisting largely of five-membered rings. 
On the basis of a NMR study of poly(N,N-diallyl- 
N-methylamine),= it was concluded that five-membered 
rings were formed; however, when the allyl groups were 
substituted in the 2-position, mixtures of both five- and 
six-membered rings were formed. Also, it has now been 
shown by 13C NMR and model compound studies that 
poly(diallyldimethy1ammonium chloride)59 consists 
predominantly of five-membered rings linked mainly 
in a 3,4-cis configuration. 

A fundamental study of cyclocopolymerizationm has 
been carried out. A series of copolymer composition 
equations were derived that are consistent with the 
addition of monoolefin to diene radicals by a concerted 
bimolecular step proceeding through a cyclic transition 
state to produce the cyclic repeating unit. It was rec- 
ognized quite early6l that the above requirements could 
be satisfied if the monomer pair formed a charge- 
transfer complex that participated in the co- 
polymerization. Considerable evidence has now been 
presented for charge-transfer complex participation in 
a variety of highly alternating cycloco- 
 polymerization^.^^^ 

A recent review has summarized much of the pub- 
lished literature dealing with ring size in cycloco- 
p~lymerizat ion.~~ The early had led to the 
suggestion that the more thermodynamically stable 
six-membered ring was formed. However, it is apparent 
that cyclocopolymerization could lead to the thermo- 
dynamically favored six-membered ring via the more 
stable radical, to the five-membered ring via the less 
stable radical, or to a mixture of both. 

It has been suggested65 that the tetrahydrofuran 
(THF) structure for the divinyl ether-maleic anhydride 
copolymer is more in accord with experimental data 
from polymer solution measurements on the copolymer 
and its methyl ester than the originally proposed tet- 
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(58) D. G. Hawthorne, S. R. Johns, D. H. Solomon, and R. I. Willing, 
J. Chem. SOC., Chem. Commun., 982 (1975); Aust. J. Chem., 29, 1955 
(1976). 
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energy than propagation without cyclization; (d) the 
cyclization step often leads to propagation via the less 
thermodynamically stable reaction intermediate, lead- 
ing to the less thermodynamically stable ring structure. 

Numerous examples where the rates of cyclo- 
polymerization have been shown to be significantly 
greater than those for homopolymerization of their 
corresponding monoolefinic counterparts have been 
published.46 Relative rates up to 590 have been re- 
ported.71 

It was suggested quite early that an electronic in- 
teraction may occur between the nonconjugated double 
bonds of 1,fj-dienes or between the intramolecular 
double bond and the reactive center after i n i t i a t i ~ n . ~ ~  
Such an interaction would provide an energetically fa- 
vorable pathway from monomer to cyclic product and 
may be the major driving force for cyclopolymerization. 
This theory has been investigated extensively, with 
conflicting results. Further spectroscopic s t ~ d i e s ~ ~ - ~ ~  
have failed to produce evidence for interspecial inter- 
actions in monomers that cyclopolymerize. However, 
kinetic evidence has been obtained75 which shows that 
the reactivity of each double bond in the 3-allyl-5- 
hexenyl radical, a model for cyclopolymerization, is 
about 5 times greater than the double bond in the 5- 
hexenyl radical under similar conditions. Presently, no 
satisfactory explanation for this enhanced reactivity is 
available. It cannot be attributed solely to homocon- 
jugation. 

Stabilization of a reactive center would be expected 
to occur in the case of cationic initiation. 1,3-Bis(4- 
vinylpheny1)propane can be polymerized, by use of 
cationic initiators, to a cyclopolymer having [ 3.3lpara- 
cyclophane units in the chain.38 An interaction was 
proposed between the styryl cation and the intramo- 
lecular styryl group that stabilizes the transition state 

A 

leading to cyclopolymer. 
Studies have invariably shown that the intramolecu- 

lar step leading to cyclization has a higher activation 
energy than the intramolecular step. Many of these 
studies point toward a thermodynamic explanation for 
cyclopolymerization. Although the differences in ac- 
tivation energies between the intramolecular and in- 
termolecular propagation reactions suggest that the 
former is a slightly less favorable reaction,40 the high 
tendency for cyclization has been explained76 as due to 
a smaller decrease in entropy for such a reaction com- 
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pared to intermolecular addition. Thus, the Gibbs free 
energy of activation will be smaller for cyclo- 
polymerization than for intermolecular propagation. 

This hypothesis has been extended, leading to the 
proposal that highly cyclized polymers may be obtained 
from monomers whose monofunctional counterparts do 
not homopolymerize. This has been successfully ap- 
plied to a number of systems, including N-substituted 
d i m e t h a ~ r y l a m i d e s , ~ ~ - ~ ~  Thus, N-isobutyryl-N- 
propylmethacrylamide did not homopolymerize. How- 
ever, complete cyclization occurred on homo- 
polymerization or copolymerization of N-propyldi- 
methacrylamide. It was proposed that the loss of in- 
ternal rotation degrees of freedom is less effective in 
decreasing entropy than a loss of translational and ro- 
tational degrees of freedom and the activation entropies 
favoring cyclization. 

The present understanding of the mechanistic aspects 
of the cyclocopolymerization has been summarized in 
a recent review.77 Although cyclopolymerization and 
cyclocopolymerization are certainly related mechanis- 
tically, the unusual nature of the latter reaction, in 
which bimolecular ring closure is highly favored, re- 
quires further explanation. The early kinetic treat- 
ment,60 which suggested that the bimolecular ring clo- 
sure step is concerted, led to the proposal that the 
propagating species is a charge-transfer complex.6l This 
proposal was supported by evidence for the existence 
of complexes in several comonomer pairs. Solvent ef- 
fects on the cyclocopolymerization of maleic anhydride 
and divinyl ester have provided further evidence to 
support a charge-transfer complex as the active spec- 
i e ~ . ~ ~  However, it has been concluded7g from kinetic 
data that the mechanism can be explained without in- 
voking a charge-transfer complex. 

Many attempts have been made to account for the 
otherwise unpredictable ring size or preference for 
head-to-head propagation in cyclopolymerization and 
other radical  cyclization^.^^ It has been suggested that 
I strain41 in the cyclic structures being formed during 
cyclopolymerization may shed some light on the com- 
petition between five- and six-membered ring systems 
and their relative ease of formation. In five-membered 
ring systems, when hybridization at any one carbon is 
changed from sp3 to sp2, I strain is decreased. The 
transition from cyclopentane to cyclopentanone would 
reduce I strain. In the six-membered ring, change of 
hybridization from sp3 to sp2 increases I strain. Indi- 
cative of these internal strains are the relative rates of 
reduction of the two cyclic ketones with sodium boro- 
hydride and the relative values of the equilibrium 
constants for cyanohydrin formation. The relative rate 
for NaBH4 reduction is 23 for cyclohexanone, and the 
relative Ke for cyanohydrin formation in cyclohexanone 
is 21, both reactions being indicative of the much higher 
driving force for relief of I strain in cyclohexanone. 

Consideration of the fact that five-membered ring 
formation in the dimethacrylamides requires intro- 
duction of sp2 hybridization at  two carbons, which 
should reduce I strain relative to cyclopentane, whereas 
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sp2 hybridization at  two carbons in the six-membered 
ring should increase I strain relative to cyclohexane, 
may offer a partial explanation for the five-membered 
ring preference in these cases. Similar comparisons 
have been referred to earlier.71 These observations are 
consistent with the fact that the six-membered ring is 
favored with increasing temperatures in cyclo- 
polymerization of the N-substituted dimethacryl- 
amides.57 

‘On the other hand, the relative differences in the 
calculated heats of formation41 of the cyclic anhydrides 
and their open-chain dicarboxylic acids indicate that 
the six-membered ring should be favored over the 
five-membered ring from these considerations. The 
differences between the heats of formation of the acids 
and their corresponding anhydrides are, respectively: 
propionic, 82.6; maleic, 76.2; succinic, 80.9; and glutaric, 
71.7 kcal/mol. However, these observations are con- 
sistent with the fact that the five-membered anhydride 
ring is favored at  higher temperatures in cyclo- 
polymerization of both acrylic and methacrylic anhy- 
d r i d e ~ . ~ ~ - ~ ~  

It is now well established that the ring size formed 
in free-radical cyclization reactions of 5-hexenyl radicals 
is influenced according to whether the reaction is rate 
or equilibrium controlled.w With many alkenyl radi- 
cals, the formation of a five-membered ring is kinetically 
favored over formation of a six-membered ring.a1 
However, with 5-substituted 5-hexenyl radicals, the 
formation of a six-membered ring can be increased due 
to either the steric effect of the substituent causing a 
retardation in the rate of 1,5 cyclizations2 or a reso- 
nance-stabilizing effect that favors 1,6 cyc l iza t i~n .~~ 
1,BRing closures of substituted 5-hexenyl and related 
radicals are stereoselective: 1- or 3-substituted systems 
afford mainly cis-disubstituted products, whereas 2- or 
4-substituted systems give mainly transproducts.al 

Studies of the cyclopolymerization of variously sub- 
stituted diallylamines suggest that these monomers also 
exhibit the characteristics of kinetic vs. thermodynamic 
control.83 Consistent with kinetic control, cyclo- 
polymerization of N,N-diallylmethylamine gave five- 
membered rings with a cis configuration. Steric or 
conjugative factors, introduced by 2-substitution of one 
or both allyl groups, influence the initial attack on the 
monomer and the cyclization reaction, where, with 
bulky or resonance stabilizing groups at  the point of 
attack, six-membered rings predominate. The six- 
membered ring content of cyclopolymers from N,N- 
dimethallylmethylamine increases with an increase in 
the temperature of the reaction as the higher energy 
pathway becomes possible. 

The stereoelectronic 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.@ This concept demands 
maximum overlap of the half-filled p orbital with the 
vacant 7r* orbital of the double bond. Approach of the 
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radical must be along a vertical line from one of the 
carbon atoms of the double bond with the orbitals 
holding the three electrons being in the same plane 
throughout 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 pre- 
dominance of cis addition in some cyclopolymerizations 
may be the result of hyperconjugative maxima of the 
p orbital with the alkyl CH u* orbitals, leading to a 
delocalized orbital of similar symmetry to the 7r* orbital, 
which results in an attractive interaction between the 
alkyl substituent and the double bond (B, C). This 

model for the cyclization reaction can explain the in- 
creasing preference for cyclopolymers with six-mem- 
bered rings as bulky 2-substituents are introduced to 
one or both allyl groups of diallylamines. 

Other workers have provided support for this hy- 
pothesis to explain the cyclization mechanism by ex- 
aminations of molecular  model^,^^^^^ calculations of 
geometrical probability factors,s51a7 and molecular or- 
bital evaluations.ss-90 The ring size in cyclopolymers 
will be influenced by the nature of the cyclization re- 
action; it is therefore important to understand the en- 
ergetics and kinetics of model reactions. However, there 
are indications that correlation between models and 
polymers is unsat isfa~tory.~~ For example, the cycli- 
zation of N,N-bis(2-ethylallyl)methylamine produced 
a six-membered ring low molecular weight product ex- 
clusively, but the cyclopolymer contained 40% of a 
five-membered ring s t r ~ c t u r e . ~ ~  These results may re- 
flect the relative abilities of the intermediate radicals 
to undergo propagation and/or termination reactions. 
In addition, the factors controlling the cyclization re- 
actions may be influenced by the growing chain, such 
that polymer microstructure is related to molecular 
weight. However, further studies are needed along 
these lines. 

The present understanding of cyclopolymerization 
would indicate that the structures of cyclopolymers and 
cyclocopolymers are highly dependent on the nature of 
the monomers and the reaction conditions. Predictions 
of structures based upon thermodynamic control of the 
cyclization reaction can be misleading since kinetic 
products are often found. An important driving force 
for the cyclization reaction may be an intramolecular 
interaction, particularly in some cases, where a 
charge-transfer interaction can occur, or is induced, and 
in cationic-initiated reactions. However, the predom- 
inance of cyclization over intermolecular propagation 
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can be ascribed to a smaller decrease in activation en- 
tropy, which compensates for the unfavorable difference 
in activation energies. Further studies on the kinetics 
and energetics of the cyclization reaction during po- 
lymerization are necessary before a completely ac- 
ceptable mechanistic explanation is forthcoming. 

Practical Significance of Cyclopolymerization 
A variety of commercial products have been devel- 

oped utilizing cyclopolymerization. The first cyclo- 
polymer to be manufactured in commercial quantities 
apparently was poly(dimethyldially1ammonium chlo- 
ride).g1 This polymer, now manufactured by a number 
of suppliers, has been shown to possess optimum 
functional properties for application to electrographic 
paper reproduction processes.92 

A review and use analysis of cyclopolymerization of 
dialkyldiallylammonium halides has recently been 
published.93 In addition to the above referenced use 
of these materials, other uses as paper additives include 
antistatic agents, fluorescent whiteners, paperboard 
reinforcement, and retention aids. In the water treat- 
ment field, the polymer is used as a flocculant and/or 
as a primary coagulant or coagulant aid in potable 
water, wastewater, coal flotation, foam flotation of metal 
sulfides, etc. It is also reported to be used in the zinc, 
tin, and lead electroplating industries, as well as in the 
cosmetic field, as a biocide in water, as a demulsifier 
of dispersed oils, and as a detergent additive. 

The copolymers of dialkyldiallylammonium salts with 
sulfur dioxide first reported by Harada and KatayamaN 
are manufactured commercially in Japan and have 
similar industrial uses and properties to the homo- 
polymers reported above. 

Although anion-exchange materials containing the 
quaternary ammonium cation in the polymeric network 
were synthesized as early as 1949,2 a reinvestigation in 
this areag5 has shown that N,N,”,N’-tetraallyl-N,”- 
dimethylethylenediammonium dichloride could yield 
ion exchangers of both superior rate and capacity for 
use in extraction of uranium. 

PolytriallylamineN is reported to be superior to other 
weak-base amine polymers for use in the “Sirotherm” 
demineralization process. This process, described in 
several p~blications,9~ is reported to be a thermally 

(91) G. B. Butler, U.S. Patent 3288770 (1966). 
(92) M. F. Hoover and H. E. Carr, J. Tech. Assoc. Pulp Paper Ind., 

(93) R. M. Ottenbrite and W. S. Ryan Jr., Znd. Eng. Chem. Prod. Res. 

(94) S.  Harada and M. Katayama, Makromol. Chem., 90,177 (1966). 
(95) A. L. Clingman, J. R. Parrish, and R. Stevenson, J. Appl. Chem., 

51, 556 (1968). 

Deuelop., 19, 528 (1980). 

13, l(1963). 
(96) H. A. J. Battaerd, US. Patent 3619394 (1971). 
(97) D. E. Weiss, B. A. Bolto, R. McNeill, A. S. Macpherson, R. Siu- 

dak, E. A. Swinton, and D. Willis, Aust. J. Chem., 19,561,589,765,791 
(1966). 

regenerated ion-exchange process for the cheap removal 
of salinity from brackish waters. 

In a recent paperg8 it was shown that an amine ex- 
changer prepared by copolymerizing diallylamine hy- 
drochloride with a suitable crosslinker gave superior 
thermally regenerable capacity in the 20-80 “ C  range 
to other amine exchangers evaluated. 

The use of synthetic polymers as biologically active 
materials is increasing. Among those polymers receiving 
most attention by investigators is the alternating cy- 
clocopolymer of divinyl ether and maleic anhydride (eq 
9), commonly known as “pyran” copolymer or DIVE- 
MA. This copolymer has been investigated extensively 
for a variety of biological effects since the initial ob- 
servation by scientista at the National Cancer Institute 
that the hydrolyzed and neutralized copolymer had 
considerable antitumor activity along with a much re- 
duced toxicity in comparison with other polyanions 
investigated. As pointed out by B r e s l o ~ , ~ ~  DIVEMA 
has also been shown to be an interferon inducer, to  
possess antiviral, antibacterial, antifungal, anticoagu- 
lant, and antiarthritic activity, to  aid in removing 
polymeric plutonium from the liver, to inhibit viral 
RNA-dependent DNA polymerase (reverse transcrip- 
tase), and to activate macrophages in effecting the im- 
mune response of test animals. 

In a recent review on mechanistic aspects of synthesis 
of this copolymer,43 the importance of molecular weight 
and molecular weight distribution was discussed. A 
biphasic response of the reticuloendothelial system to 
the copolymer drug had been observed, which led to the 
postulate that the copolymer may consist of a toxic 
molecular weight fraction and another fraction of lower 
toxicity. Other evidence for molecular weight depen- 
dence is based upon the observation that antiviral ac- 
tivity of the copolymer requires a higher molecular 
weight than antitumor activity. The latter was opti- 
mum with low molecular weight samples of narrow 
molecular weight distribution. 

These results led to development of a method for 
synthesizing a copolymer of narrow molecular weight 
distribution by photochemically initiating a solution 
polymerization in acetone, using tetrahydrofuran as a 
chain transfer agent. This method gave samples having 
molecular weight distribution ranging from 1.6 to 2.6, 
in contrast to  3.7-7.7 for earlier prepared samples. 
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