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Studies in Cyclocopolymerization. XIIl.

A Study of Steric Effects in
Cyclocopolymerization of Divinyl Ether
with Substituted Electron-Acceptor Alkenes

KIYOHISA FUJIMORI and GEORGE B. BUTLER

Department of Chemistry
University of Florida
Gainesville, Florida 32601

ABSTRACT

The equilibrium constants {or charge-transfer (CT) complex
formation between divinyl ether (DVE) and several sub-
stituted maleic anhvdrides and 2-cyclopentene-i,4-dione
were measured in CHCL, by use of UV spectroscopv. The
copolymerizaticn of DVE with these acceptor monoolefins
produced regular cyvclocopolvmers of constant 1:1 or 1:2
(DVE:monoolefin) composition regardless of the feed
composition. Comparison of the CT complexation and the
cyclocopolymerization leads to the following conclusions:

1) A strong CT complex gives regular cyciocopolymer of
constant 1:1 composition having a copolymer backbone made
up of only 1.4-diene units: 2) when a monoolefin is un-
reactive (often sterically), the 1:1 cyclocopelvmer is pro-
duced: and 3) if CT complexation is weak and the monoolefin
is reactive toward radicals {but not so reactive as to homo-
polvmerize easilyv), a 1:2 alternating cyclocopolymer is
produced. A facile and quantitative elimination of hydrogen
halides with dilute aqueous NaQH solution was found.
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Comparison of the elimination reactions for DVE-
chloromaleic anhydride, DVE-bromomaleic anhydride,
and DVE-dichloromaleic anhydride 1:1 regular alternat-
ing cyclocopolymers leads to a conclusion which supports
the six-membered ring structure of the repeating cyclic
unit formed through the intramolecular cvciization in the
cyclocopolymerization.

INTRODUCTION

It was pointed out by Kokubo, Iwatsuki, and Yamashita that there
is a parallel tendency between the strength of the charge-transier
(CT) complex of a2 donor-acceptor pair of comonomers and the
alternating tendency in their copolymerization [1]. In the cycio-
copolymerization of donor 1,4-dienes with acceptor monoolefins,
alternating cyclocopolymers having 1:2 {diene:monoolefin)
composition were obtained for the donor-acceptor pairs of divinyl
ether (DVE)-maleic anhydride (MA) { 2], DVE-fumaronitrile ( FN)
{3], and 1,4-pentadiene-MA [3]. Participation of a CT complex
formed between the donor 1,4-diene and the acceptor monoolefin
was proposed to explain the alternating copolymerization [4]. How-
ever, it has been known for some time that the composition of the
alternating cyclocopolymers are 1:2 (diene:monooleiin), while the
stoichiometry of the CT complexes are always 1:1{4c]. An
"alternating copolymerization' of a CT complex and a free mono-
olefin was proposed as an explanation [5]. The donor-acceptor
pair of DVE=2-cyclopentene-1,4=-dione (CPD) was the first to be
found to form a regular l:1 cyclocopolymer [ 6]. It has been shown
recently that when an acceptor monoolefin is highly sterically
hindered and hence much less reactive in the "alternating copolymer-
ization of CT complex with a free monoolefin,” a regular 1:1
cyclocopolymer was obtained, apparently through a "homopolymeriza-
tion'” of the CT complex. Tetrahydronaphthoquinone (THNQ) and
dimethyltetrahydronaphthoquinone {DMTHNQ) were examples of such
highly hindered acceptor monoolefins [ 7]. The DVE-chloromaleic
anhydride (ChMA) pair was also found to form a regular 1:1 cyclo-
copolymer [8]. It has also been shown that a better electron
acceptor produced a more alternating cvclocopolymer, most prob-
ably through stronger CT complexation [ 3].

It is the purpose of this paper to present evidence that a strong CT
complex (judging from the equilibrium constant of complexation, X),
and/or low reactivity of the free monoolefin (often sterically) will
lead to a cyclocopolymer of regular 1:1 composition having a
copolymer backbone made up of only 1,4-diene units.
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RESULTS AND DISCUSSION

Zharge-Transfer Complex and Copolymer
Composition

DVE was chosen as the donor l.4-diene and derivatives of maleic
anhvdride were used predominantly as the acceptor monoolefins be-
cause comparison was easier by using structurally related model
compounds. Chloroform was used as the solvent for the measure-
ment of CT complexes by use of UV spectroscopy for all the
donor-acceptor pairs. Table 1 summarizes the results of the
experiments,

CHa CHy H H a ¢
DMMA ca chma ocMa
CN
< y=0
CHS
cPo H
Chy CHa THNQ FN
CMTHNQ

The K-values of maleic anhydride derivatives exhibit a reason-
able trend which is consistent with the inductive effect of the
substituents: the more electron deficient double bond makes a
better electron acceptor in CT complexation with DVE. CPD and
DMTHNQ, which are similar to MA except for a -=CH, = group or
a —~CH—CH= group. respectively, in the place of oxygen in MA,
nave slightly higher K-values than MA because of the two pairs of
nenbonding electrons on oxygen in the MA molecule. The larger K-~
value of the CPD-DVE pair compared to the DMTHNQ-DVE pair is also
consistent with the dilierence in tne inductive efiect of these groups.

it is seen that there is a parallel relation between the magnitude
of the K-values and the cvclocopolymerization behavior: when K is
large, a 1:1 cyclocopolymer is obtained with DVE. CPD and MA
seem to be on the border in terms of K-values. Although MA does
not homopolymerize because of great stability of the MA radical,
MaA is fairly reactive toward a radical. For example, the methyl
affinity is 388, which is relatively large [ 10]. The methy] group of
CA may give more radical stability than MA because of possible
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TABLE 1. The Egquilibrium Constants of CT Complexation of DVE
with Acceptor Monocolefins and Copolymer Composition of Their
Cyclocopolymers as Determined by UV. Solvent: CHCl, at 25°C.

Mole ratio of

Acceptor a . = donor:acceptor

monoolefins K x 10 € x 10 '\max (muw) in copolymer
- DMMa 11

cA 3.2 20 <265 1:2

MA 3.6 [4c] - 278 1:2 2]

BMA 10.3 10 295 1:1

chMaA 15 5.6 299 1:1

DCMA 1:1[ 12]

CPD 7.9 7.7 277 1:1 [ 8]

DMTHNQ [ 7] 3.3 11 <285 1.1

THNQ 1:1

FN 0.8 [4c] 1:2[3]

ADMMA = dimethylmaleic anhydride; CA = citraconic anhydride;
MA = maleic anhydride; BMA = bromomaleic anhydride; ChMA =
chloromaleic anhydride: DCMA = dichloromaleic anhvdride, CPD = 2-
cyclopentene-1,4-dione; DMTHN® = dimethyltetrahydronaphthoquinone
THNQ = tetrahydronaphthoquinone; and FN = fumaronitrile.

hyperconjugation of the methyl group. Therefore, it is possibie that,
since K-values are small, reactive free MA and CA "copolymerized”
with their respective CT complexes to produce 1:2 alternating cyclo-
copolymer. (The DVE-FN pair may be in the same category.) The
case of the DMMA-DVE pair was a beautiful example of steric

effect. Although the K-value of DMMA may be the smallest among
the anhydride acceptors in Table 1, and the radical of DMMA is
equally as stable as the radical of CA. the cvelocopolymerization
with DVE produced oniy 1:1 cyclocopolymer. 1t is apparent that the
two methyl groups on the double bond sterically orevented the re-
action of DMMA toward a cyclized radical of DVE. A tetrasub-
stituted ethylenic group is generally considered to be sterically
unreactive in radical polymerization. As is seen in Table 3, the
copolymerization of the DMMA-DVE pair proceeded extremely
slowly. The stronger CT complexes of ChMA, BMA, and CPD may
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have "homopolvmerized" to produce 1:1 cyclocopelymers, and the bulky,
free DMMA, DMTHNQ, and THNQ), respectively, did not "copolymerize”
with their respective CT complexes, and the 1l:1 cyvclocopolymers were
formed through the "homopolymerization' of the CT complexes. Both the
strength of CT complexation and the steric hindrance may play roles in
the case of DCMA to give 1:1 cvclocopolymer with DVE.

Figures 1 and 3 show UV absorptions of the CT complexes. The
Scott plots are shown in Figs. 2, 4, 5, and 6. The stoichiometry

> 08
[
c
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o
3
=]
3
< 086

0.4

Q.2

FIG. 1. Absorption of CT compiex of ChMA-DVE pair in CHCl, at
24°C, path length = 1.0 cm. (1) [DVE], 2.76 moles/liter, sample cell
only: (2) [ChMA], 5.78 x 10™° mole/liter, sample cell only: and (3)
{ChMA], 5.78 x 107° mole/liter, both sample cell and reference cell;
{DVE}, .76 moles/liter, sample cell only.
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FIG. 2 Scott plot of ChVIA DVE complex in CHCL, at 24°C at
299 mu. K=15x107" E =56x10°, and [ChMA] = 5.73 x 107*
mole/liter
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FIG. 3. UV absorption of BMA-DVE CT complex in CHCl, at
24°C. [BMA] = 9.65 >< 107* mole/liter,(1)-(6): [DVE], mole/hte.,:
1.10 (1), 2.27 (2), 2.7 «3;,331(4),442(3) andaa.?(o)
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FIG. 4. Scott plot of BMA~-DVE complex in CHCIl, at 24°C at 2983
myu. [ BMA] =9.65 x 10°* mole/liter, K > 1.03 x 10™", and € ~ 1.0 x 10°,
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FIG. 5. Sgott plot of CA-DVE complex in CHCI, at 24°C at 270 mu.
K=3.2x 107", E=2.0 x 10°, and [CA] = 1.37 » 10”° mole/liter.

oi the CPD-DVE CT complex was determined to be 1:1 in CHCL, as
shown in Fig. 7.

Elimination of Hydrogen Halide by NaOH and the
Structure of the Cyvclocopolymer

Facile elimination of HC! by alkalies from cvclocopolymers has
been repcrted. A very facile elimination of hvdrogen halides by a
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FIG. 6. Scott plot of CPD-DVE complex in CHCL, at 14: C at
7.9%x 1077, and

275 mu. [CPD] = 1.042 < 10"" mole/liter, K =
10°.
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FIG. 7. UV determinartion of stoichiometric composition of the CT
complex of DVE with CPD in CHCl, [ §].

very dilute aqueous NaQH solution (0.05 N) was also noted in the
present experiments. Thus the cyveclocopolymers of ChMA-DVE and
BMA-DVE underwent complete elimination of HC! and HBr, respec-
tively, at about 30°C in a few minutes. However, the cyclocopolymer
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of DCMA-DVE lost only half the chlorines in the polymer as HCL

The resuits are summarized in Table 2. The elimination was followed
by back-titration with HCl by use of high frequency oscillometry.
Tyvpical titration curves are shown in Figs. 8 and 9. The apparent

end point of added NaQH appeared earlier by the amount of eliminated
hvdrogen halides from the copolymers.

TABLE 2. Elimination of Hydrogen Halides by NaOH>

Copolymer [ HX eliminated]
composition -
Cvclocopolymer [DVE]/[acceptor] lacceptor]|
ChEMA-DVE 1:1 1.0
BMA-DVE 1:1 1.0
DCMA-DVE 1:1 1.0

a[.\’aOH] = (.05 N; reaction temperature = ~50°C: reaction time =
~20 min.

The repeating unit of the cvclocopolymers has been proposed to
have six-membered rings resulting from the intramolecular cycliza-
tion of a l.4-diene and a monoolefin [ 13].

Although the mechanism of the elimination reaction is open to
question when the acidity of the eliminated hydrogen is considered,
it seems that the elimination of hvdrogen halides from ChMA-DVE
and BMA-DVE cvclocopoivmers follow the reaction Path a, and that
of DCMA-DVE cyclocopolymer follows Path b. DCMA-DVE cvcelo-
copolvmer underwent elimination of only 1 mole of HCI per mole of
DCMA unit. The failure to eliminate a second mole of HCl may be
because the incipient negative charge on C, is destabilized by the
oxygen at Position 3. {The anionic polymerization of vinyl ethers
is known to be extremely difficult.) The quantitative elimination of
onlv half the chlorine content of DCMA-DVE cyclocopolymer provides
the firsi support for the proposed six-membered cyclic repeating unit
{I¥,. because there would have been no such elimination if the repeat-
ing cyclic unit were five-membered as in ( XIII} because the hydrogens
to be eliminated would both be at a-position to the oxygen. Also, the
product would be a furan derivative which would possess considerable
aromatic stabilization.

No vinvl absorptions were detected in the TR and NMR spectra of
the cyclocopoiymers. NMR showed the following broad peaks: at
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Eliminatsd
HCl

Excess.NaOH

Reading of oscillometer

mil HC! soclution

FIG. 8. Titration curve by high-frequency oscillometer. Sample:
ChMA-DVE-3. Amount of sample: 62.3 mg. Concentration of HCl
solution: 5.57 x 10™% mole/liter. End point of added NaQH: 36.0
ml HC1 solution.

2.35 (a-hydrogens to ether oxygen), at 4.46 ( 3-hydrogens to ether
oxygen) and at 7.35 (hydrogen of ChMA unit in the ChMA-DVE
copolymer).
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Cyclocopolymerizations

The cyclocopolymerizations of DVE with acceptor monoolefins are
summarized in Tables 3, 4, 3, 6, 7, and 3. The copolymer
composition curves are shown in Figs. 10 and 11. The copolymer
compositions were determined by oscillometric titration of the
anhydride groups in the copolymers exceot for the DCMA-DVE co-
polymer, the composition of which was determined by chlorine

TABLE 3. Cyclocopolymerization of DMMA-DVE Pair®

Mole fraction Reaction Mole fraction

of DMMA in  Total time Yield of DMMA in
Run No. feed volume (ml) (hr) {mg} copolymer
DMMA-33 0,333 24 12 27 0.49
DMMA-66 0.666 24 22 38 0.30

3 DMMA + DVE] = 1.0 mole/liter; [AIBN] = 1.52 x 10~% mole/liter
in CHCl, at 60°C.
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TABLE 8. Cyclocopolymerization of the CPD-DVE Pair [S]a

Mole fraction Total Reaction Mole fraction

of CPD in volume time Yield of CPD in
Run No. feed (ml) (min) (mg) copolymer
CPD-1 0.100 20 123 361 0.40
CPD-15 0.150 20 25 76 0.45
CPD-25 0.250 20 74 228 0.45
CPD-3 0.300 20 121 366 0.49
CPD-35 0.330 20 45 75 0.45
CPD-35 0.350 20 122 316 0.52
CPD-T 0.700 20 121 123
CPD-80 0.800 20 200 113 0.46
CPD-9 0.900 20 121 36 0.51

4/CPD+ DVE] = 1.28 mole/liter; [AIBN] = 6.10 x 107% mole/liter
in DMF at 60° C.

analysis. In all the cases almost constant copolymer compositions
were obtained.

EXPERIMENTAL

DVE {(Merck, Sharp and Dohme) was distilled before use. Reagent
grade DMMA, DCMA, and BMA were purchased from Aldrich Chemical
Co., Inc. and were used as received. CA and ChMA were purchased
from Aldrich Chemical Co., Inc. and X & K Laboratories, Inc.,
respectively, and distilled befcre use. CPD was recrystallized from
petroleum ether.

The UV spectra of the CT complexes were taken by using a Beckman
DK-2A spectrophotometer in CHC1, at 24°C. The equilibrium constants
of complexation were calculated by use of the Scott equation [ 11].

Copolymerization of DVE-accepror pairs were carried out with
a,2' -azobisisobutyronitrile (AIBN) in acetone, CHCl;, and N,N-
dimethyl formamide (DMF) at 60 = 0.02°C in sealed glass tubes. The
reaction mixture in the tube was degassed by repeated ireeze-and-thaw
cycles with liquid nitrogen under a high vacuum before the reaction.
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FIG. 10, Mole fraction of acceptor monoolefin in feed
Copolymer composition of cyclocopolymers of DVE with an-
hydride monooletins.

The copolymers were separated and purified by repeatedly pre-
cipitating from acetone solutions into dry diethyl ether. The
copolymers were then dried under vacuum at §0°C before
analyses. Copolymers were soluble in acetone (except the
CPD-DVE copolymer) and in DMF. The DMMA-DVE copolymer
was soluble in CHCl,. The CPD-DVE copolymer was purified
by precipitating from DMF solution into CCl,,

Copolymer compositions of the copolymers of anhydride
manoolefins were determined by back-titration of the anhydride
units using 0.05 N NaQOH and 0.05 N HCl aqueous solutions.

The composition of the DCMA-DVE copolymer [12] was calculated
from the chlorine content of the polymer. The composition of
the CPD-DVE was determined by directly titrating the acidic
hydrogen of the CPD unit with 0.05 N sodium methoxide in
DMF-methanol mixed solvent. A Sergeant chemical oscillometer,
Model V, was used for the titrations.
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FIG. 11, Composition of DVE-CPD copolymer.

Elemental analvses were dene by PCR, Inc., Gainesville, Florida.

Varian Associates analvtical NMR. Model A-60. and Beckman [R-10
and IR-8 infrared spectrophotometers were used for characterization
cf the copolymers. Deuterated acetone was used as solvent for the
NMR study. The characteristic IR absorptions, which were taken from
KBr pellets. were five-membered anhydride absorption at 1780 and
1860 ¢m ™, and cyclic ether zbsorption at 1070 cm *.
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