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Crystalline and amorphous poly[3-(2-cyanoethyl) 3-propiolactone]
(poly(CEPL)) samples were prepared by ring-opening polymerization
of the corresponding monomer with the (EtAlO), and Et(Zn0).ZnEt
catalysts, respectively, and were fractionated with acetone.!”

13C.NMR Spectroscopy. *C-NMR spectra were recorded at 38°C
with a Varian Model XL.-100 spectrometer at 25.16 MHz with an F-T
accumulator. The number of data points utilized for the F-T accu-
mulation was 8192. For the poly(MPL), PHB, and poly(EPL) sam-
ples, the spectra were taken in CDCl3 solution, and for the poly-
(CEPL) samples the data were taken in MesSO-dg solutions. The
chemical shift values noted in Figures 1-3 were internally standard-
ized from the solvent signals, The errors in the chemical shift values
were =0.04 ppm when the Eu(DPM)3 reagent was absent and +0.2
ppm when the shift reagent was present. The separation between
meso-dyad and racemic-dyad signals was £0.04 ppm for the 1C signals,
+0.07 ppm for the 2C signals in the absence of the shift reagent, and
+0.1 ppm for the 2C signals of the poly(MPL) in the presence of the
shift reagent. The A6 values used for describing the induced shift by
the shift reagent is in the accuracy of +£0.2 ppm.

The Eu(DPM); shift reagent was found to give the best results
among the shift reagents tested. The optimum concentration of the
Eu(DPM); reagent was predetermined so as to minimize line broad-
ening and insolubilization and to maximize the signal separation. The
mol % concentration was defined as Eu(DPM); mol % of mol monomer
unit in the polymers.
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Polymerization of «,«-Disubstituted 3-Propiolactones
and Lactams. 14. Substituent, Solvent, and Counterion
Effects in the Anionic Polymerization of Lactones
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ABSTRACT: A series of 3-propiolactones, substituted in the « position by two alkyl groups, was polymerized in two
different dipolar aprotic solvents with two different anionic initiators. The anionic, ring-opening, polymerization re-
actions involved are bimolecular nucleophilic substitutions which show an apparent steric acceleration, but the in-
crease in propagation rate constants observed with increasing size of the « substituent can be rationalized on the
basis of either steric inhibition to ion-pair formation or a favorable hydrophobic interaction. The solvent effects ob-
served are attributed to a greater importance of anion solvation than cation solvation in these ion pair reactions.

Previous publications from this laboratory have described
the unusual substituent effects on the rates of anionic, ring-
opening, polymerization reactions in dimethyl sulfoxide
(MesSO) for a series of 8-propiolactams which were substi-
tuted in the « position with two alkyl groups, Ia-d, as fol-
lows.!

It was observed that when one of the substituents was the
methyl group and the other was systematically increased in
size within the n-alkyl homologous series as shown above, the
apparent propagation rate constants unexpectedly increased
with increasing size of the alkyl group.

Two possible explanations were offered for this reverse
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steric effect;? these were: (1) the larger alkyl group in the
ultimate unit of the active polymer chain increasingly inter-
feres with the approach of the cation to the carboxylate anion
end group thereby increasing the reactivity of the carboxylate
nucleophile by imparting more free-ion character to the end
group ion pair, or (2) the larger alky! groups in the polymer
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Table 1
Apparent Propagation Rate Constants for the Anionic
Polymerization of a,a-Disubstituted 8-Propiolactones

CH; 0 CH,
R ko l
— OCH,—C—CO
0 |
R
Apparent kp,, M~ min~1, in solvent
MepSO2 Me,SOe THF® AE*,
(22 °C) (37°C) (87°C) keal
R TEA? K? TEA® TEA® M-!
CH; HE 10.2 9.48
CH:CHj, ITb 11.2 9.97 19.0 28.1 6.4

(CH2)2CHjy IIc 11.8 10.5 20.4 31.9 6.6
(CH4)3CH; IId 13.0 11.8 22.9 35.1 6.9

a MesSO = dimethyl sulfoxide; THF = tetrahydrofuran. ® TEA
= tetraethylammonium; K = potassium

and the monomer can associate with each other with in-
creasing effectiveness by a type of hydrophobic interaction
in dipolar aprotic solvents, thereby increasing the local con-
centration of active end groups and monomers.

For the lactam in this series with the largest substituent
group, the methylbutyl monomer, Id, the apparent propaga-
tion rate constant in Me,;SO was found to be essentially in-
sensitive to the nature of the counterion for two very different
types of counterions: potassium (K) and tetrameth-
ylammonium (TMA). Quite different results were observed,
however, with the equivalent monomer of the 3-lactone series,
I1d, in which the apparent propagation rate constant for the
tetraethylammonium (TEA) counterion was approximately
twice that for the potassium counterion in MesSO.3 Fur-
thermore, in this reaction with the TEA counterion, the ap-
parent rate constant was higher in tetrahydrofuran (THF)
than in MesSO even though the latter is a solvent of consid-
erably higher dielectric constant. This observation led to the
tentative suggestion that Me;SO may reduce the reactivity
of the carboxylate anion by some type of specific solvation to
be discussed below.4

Results

To further investigate the possibility of a specific solvation
effect, as well as to determine if the insensitivity to counterion
is broadly applicable, and also to ascertain whether the ob-
served steric effects in the lactam series exist in the equivalent
lactone series, rate investigations were carried out on all four
lactone monomers, Ila-d, in two different aprotic solvents,
Me,SO and THF, with two different counterions, K and TEA.
The results of these investigations are collected in Table I.

For each monomer in the series, the apparent propagation
rate constant was always slightly, but apparently significantly,
higher for the ammonium counterion than for the potassium
counterion in MeoSO solvent. This result, which indicates
either a greater free-ion character or less of a structured ion
pair character with the TEA counterion, is different from that
reported for the equivalent anionic polymerization of the
methylbutyl lactam, Id, in which no significant difference was
claimed, although the experimental errors in the latter case
were considerably greater. In any case, this consistent dif-
ference in apparent propagation rate constants throughout
the entire series suggests that the nature of the counterion can
effect the extent of anion solvation suggested above for the
carboxylate anion in MeySO.

The solvent effects previously reported for the anionic po-
lymerization reactions of the methylbutyl lactone manomer,
11d,3 and for a-phenyl-a-ethyl-3-propiolactone,? which led
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Figure 1. Structured ion pair solvation with specific anion coordi-
nation of carboxylate ion to MesSO.

to the suggestion of a specific solvation mechanism, were ob-
served in the present investigations over the entire series of
lactone monomers as seen in the data of Table I. With TEA
counterion, the rate constants in THF were 50% higher than
those in MesSO, again suggesting that the reactivity of the
ion-pair end group in the latter solvent is reduced by some
undetermined solvation effect. Furthermore, the approxi-
mately equal, stepwise increase in the rate constants along the
series Kt < Pr < Bu for both solvents suggests that, in each
case, solvated ion pairs rather than free ions are the active
species.

The polymerization reactions of three of the monomers were
run in MesSO with TEA counterion at two different reaction
temperatures, 22 and 37 °C. The results of these reactions,
while quite limited in extent, permit the calculation of ap-
proximate activation energies for the Et, Pr, and Bu mono-
mers, [Ib—d, and these are collected in Table I. The data show
a small but continuous increase in activation energy with in-
creasing substituent size. The differences observed for the
three o substituents are comparable with those reported in
closely related bimolecular nucleophilic substitution reactions
which, however, undergo steric retardation caused by n-alkyl
groups.® Hence the increase in rate constants with increasing
substituent size must, in the present case, be associated with
an increase in frequency factor, and either of the possible
explanations proposed earlier and discussed below could be
rationalized on that basis.

Discussion

In most cases, solvent effects in anionic polymerization
reactions involving dipolar aprotic solvents are rationalized
on the basis of cation solvation abilities.® Much less attention
has been given to the possibility of anion solvation effects in
such reactions, but this type of effect is most likely the con-
trolling one in the present polymerization reaction.

Gutmann has emphasized the potential importance of anion
solvation for a number of reaction types and has placed the
effect on a quantitative basis with his concept of solvent ac-
ceptor number.” The acceptor number, AN, is a dimensionless
number expressing the acceptor properties of a given solvent
relative to those of a reference standard, and the magnitude
of AN can serve to estimate the coordinate bond energy of a
given solvent with a specific electron donor: donor — solvent.
Me»SO has a much higher value of this parameter than THF
(respective AN values of 19.3 and 8.0), indicating that the
former will form a much stronger coordination bond with a
nucleophile, such as the carboxylate anion, than the latter, and
it is to be expected that the stronger the solvent coordination
bond the less reactive the nucleophile.”

Hence in the present case, anion solvation would appear to
be much more important than cation solvation (even with the
K counterion) in controlling reaction rates. If the latter were
controlling, it would be expected that Me;SO would permit
higher propagation rate constants than THF because the
former is a much better cation-solvating solvent than the latter
as indicated by its higher donicity number, DN (29.8 for
MesS0, 20.0 for THF).7:8 The specific solvation of anions by
Me3SO has been previously suggested in other studies on the
formulation of solvent parameters® and on the rates of nu-
cleophilic reactions.1?
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Figure 2. Possible mechanisms for the observed rate increases with
increasing size of the « substituent (illustrated for the n-butyl group);
(above) steric shielding of the approach of the cation to the anion;
{below) hydrophobic interaction of the end group and monomer.

Table 11
Rate Data for the Polymerization of
a-Methyl-a-alkyl-3-propiolactones in Me,SO with TEAB

Initiator
TEAB

Alkyl [M]Ov [I]Os Temp’ kpy \Y
group mol/L¢  mol/L® °C ko¢  min~1d
CHj (ITa) 0.248 0.007 34 21-22 0.0717 9.79
0.248 0.005 88 21-22 0.0585 9.96

0.178 0.005 13 21-23 0.0555 10.8

CoHj (11b) 0.167 0.005 8 21-22 0.0664 11.2

0.163 0.006 73 21-23 0.0673 114

0.180 0.006 48 21-23 0.0712 11.0

C3H~ (Ilc) 0.153 0.006 60 22-23 0.0759 11.5

0.135 0.007 26 21-22 0.0858 12.0

0.151 0.003 44 21-22 0.0389 11.8

C4Hg (IId) 0.112 0.007 84 22-23 0.102 13.1

0.151 0.006 50 22-23 0.0795 12.8

0.146 0.006 64 22-23 0.0871 13.2

a Initial monomer concentration. ® Initial initiator concen-
tration; TEAB = tetraethylammonium benzoate. ¢ Observed rate
constant: kg = kp[I]o, obtained directly from plot of log Io/1 vs.
time. ¢ Apparent or average bimolecular rate constant.

If anion solvation or coordination is indeed the controlling
effect in these reactions as suggested above, then it is perhaps
surprising that the cation plays an important role as previously
discussed. However, the active species in these reactions is
most likely a solvated ion pair even in Me3SO with coordina-
tion of both the anion and cation occurring because of the
strongly dipolar nature of this solvent. This type of dual
coordination should result in a very stable solvated ion pair
and it could well account for the decreased reactivity of the
end group as illustrated in Figure 1. In this structure, the
carboxylate anion is shown to be solvated to the sulfur end of
the dipole, but MesSO may be considered to be a donor solvent
containing a hard (oxygen) and a soft (sulfur) end, so the re-
verse orientation of the solvent and the anion is also possi-
ble. 1!

An alternate form of the explanation above for the higher
reactivity of the carboxylate anion in THF than in Me;SO may
be given in terms of the necessity for the anion to be desol-
vated in the transition state.!? Because the propagation re-
action of this polymerization is an ion-dipole SN2 reaction, it
would be expected that solvents of higher dielectric constants
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Table II1
Rate Data for the Polymerization of
a-Methyl-a-alkyl--propiolactones in Me;SO with KB

Initiator?
Alkyl M), KB? Temp, kp, M™!
group mol/L [I]o, mol/L °C ko min~!
CHj; (ITa) 0.193 0.006 40 21-22 0.0612 9.56
0.188 0.005 92 21-22 0.0562 9.45
0.189 0.006 20 21-22 0.0584 941
CyH; (ITh) 0.163 0.005 92 21-22 0.0580 9.82
0.158 0.006 12 21-22 0.0616 10.1
0.144 0.004 62 21-22 0.0461 9.98
CsH- (I1e) 0.130 0.003 96 21-22 0.0413 10.4
0.271 0.005 94 21-22 0.0615 10.3
0.181 0.0101 21-22 0.108 10.6
C4Hy (11d) 0.284 0.003 79 21-22 0.0426 11.5
0.155 0.003 80 21-22 0.049 12.8
0.159 0.005 89 21-22 0.0658 11.1

a See footnotes in Table I1. ® KB = potassium benzoate.

or specific anion solvation abilities would decrease the reaction
rate because of the necessity for desolvation of the anion to
reach the transition state.13

The explanation of the unexpected substituent effect is less
obvious. Under all conditions, independent of solvent, coun-
terion, or temperature, the rate constants increased with in-
creasing alkyl group size along the series Me < Et < Pr < Bu.
The data in Table I indicate that the greatest increase oc-
curred in passing from Pr to Bu substituents, as compared to
the differences between the other two consecutive homolo-
gues. This pattern is consistent with the two possible routes
to steric acceleration previously proposed for the results from
the rate investigations on analagous 3-lactam monomers.!:2

The two mechanisms for this unexpectedly favorable steric
effect, counterion shielding and hydrophobic interaction, are
illustrated in Figure 2 for the methylbutyl lactone monomer.
Both mechanisms are consistent with the apparent decrease
in entropy of activation, which is suggested by the apparently
increasing frequency factors with increasing alkyl group size,
as discussed above. That is, either the increasing accessibility
of the carboxylate anion nucleophile resulting from the
counterion shielding, or the increasing local concentration of
reactants resulting from the hydrophobic interaction, would
increase the frequency factor of the bimolecular reaction.

The counterion shielding proposal may seem somewhat
inconsistent with the suggestion of a structured ion pair for
reactions in MesSO. However, it is worth noting in Table I that
the differences in &, values along the series of alkyl substit-
uents are considerably greater in THF than MesSO. That is,
for the former where anion solvation should be of little im-
portance, the increased steric hindrance to the approach of
the solvated cation possibly becomes more important with
increasing size of the « substituent.

It is also interesting to note that the steric effects cbserved
here on the propagation rate constants were not observed
earlier by Hall in his determination of the rate constants for
reactions of «,«-dialkyl-3-propiolactones (II) with various
quaternary ammonium carboxylates. For these reactions
carried out in acetonitrile at 35 °C, the order of reactivity as
a function of « substituents in II was Me-Me > Me-Et ~
Me-Pr (I1a > ITb ~ IIc) and Me-Me > Et-Et ~ Bu-Bu, and
Hall concluded that “substitution by larger alkyl groups re-
sulted in a marked lowering of the rate constant”.1* On the
other hand, consistent with the present results, it was observed
in that study that the rates of these reactions were higher in
THF than in acetonitrile (AN 19.3, DN 14.1).

This last observation adds considerable weight to the
suggestion that anion solvation is much more important than
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Table IV
Rate Data for the Polymerization of
a-Methyl-a-alkyl-8-propiolactones in THF with TEAB

Initiator®
Atkyl Mlo, [TEAB] Temp, kp, M1
group mol/L. [T}y, mol/L.  °C ko min~!
C,Hj5 (ITb) 0.164 0.005 10 36 0.1114 28.2
0.164 0.006 33 36 0.1118 27.8
0.160 0.006 96 36 0.197 28.3
C3H- (Ilc) 0.238 0.005 29 36 0.177 32.7
0.183 0.006 96 36-38 0.228 31.9
0.194 0.005 66 36-38 0.175 31.1
C4Hg (11d) 0.116 0.006 64 36-38 0.235 35.4
0.111 0.007 20 36-38 0.251 34.9
0.121 0.006 07 36-38 0.213 35.2

a See footnotes in Table II.

Table V
Rate Data for the Polymerization of
a-Methyl-a-alkyl-3-propiolactones in Me;SO with TEAB

Initiator?
Alkyl Mo, TEAB  Temp, ko, M~1
group mol/L. [I]o,mol/L.  °C ko min~!
CoH5 (Ib) 0.169 0.006 99 36--38 0.132 18.9
0.182 0.008 33 36-38 0.158 19.0
0.201 0.004 16 36-38 0.0794 19.1
CsH- (Ilc) 0.174 0.008 62 36-38 0.173 20.1
0.203 0.006 01 36-38 0.121 20.2
0.102 0.006 56 36-38 0.137 20.9
C4Hg (I1d) 0.153 0.006 99 36-38 0.201 224
0.164 0.006 80 36-38 0.164 24.1

@ See footnotes in Table II.

cation solvation in this reaction because the donicity of ace-
tonitrile is less than that of THF, whereas that of MesSO is
more,! yet both Me;SO and acetonitrile have lower rate con-
stants than THF. In contrast, the greater acceptor capabilities
of both MesSO and acetonitrile are consistent with the lower
reaction rates in these to solvents relative to THF.

Experimental Section

Monomers. Pivalolactone (Ila) was obtained from the Texas
Eastman Co. and distilled twice before use. Analysis by gas chroma-
tography indicated greater than 99% purity.

The methylethyl and methylbutyl monomers, IIb and IId, were
synthesized from the respective a-alkyl-o-methyl-g-alanines ac-
cording to the procedure of Testa and co-workers!®1¢ and purified
by vacuum distillation; IIb, bp 66 °C (16 mm), 68% yield; IId, bp 72
°C (1.1 mm), 62% yield.

The methylpropyl monomer, Ilc, was synthesized from 3-bromo-
2-methyl-2-propylpropionic acid according to previously published
procedures,14:17

Initiators. Potassium benzoate (Anal. Caled: C, 52.4, H, 3.14.
Found: C, 52.36, H, 3.08) and tetraethylammonium benzoate (mp
72-75 °C) were used as initiators and prepared and purified as pre-
viously described.?

Polymerization and Rate Measurements. Polymerization re-
actions were carried out under an atmosphere of argon as previously
described.! Rate constants were calculated from data obtained by
using IR techniques with a Perkin-Elmer Model 257 spectrometer
as previously described.! Detailed experimental data so obtained for
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Figure 3. Conversion-time plots of representative polymerization

reactions for each monomer in Table II: (1) I1d, (2) Ilc, (3) IIb, (4)
Ila.

the four monomers in two solvents with two initiators at two tem-
peratures are collected in Tables II-V. Representative rate plots for
the data in Table II are shown in Figure 3.
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