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ABSTRACT: 13C-NMR spectroscopy has been found to be effective for observing the dyad tacticity in poly(3-substi-
tuted B-propiolactone)s, a 1,5-substituted polymer system which had been difficult to investigate by TH-NMR spec-
troscopy. Although the dyad resonances have very similar chemical shifts, 13C-NMR spectroscopy provides a useful
diagnosis for polymer stereoregularity. Addition of a shift reagent, Eu(DPM)s, is helpful for the polymers whose tac-
ticity separation in the 13C NMR is insufficient. The lanthanide-induced shift occurs stereospecifically, resulting in
a stronger low-field shift for meso-dyad signals than for racemic dyad signals. The stereospecificity may be caused
by small differences in the pseudocontact angle x; of the Eu ion with the meso- and racemic-dyad units in the poly-
mer chain. In the poly-8-esters the carbon atoms sensitive to tacticity recognition include the carbonyl carbon and
main chain methylene carbon atoms, whereas the methine carbon is insensitive.

Although nuclear magnetic resonance spectroscopy is
useful for determination of microtacticity in polymers,! the
use of this technique has generally been limited to 1,3- and
1,4-substituted polymer systems. In principle, the separation
of NMR signals due to chain tacticity depends on the distance
between neighboring asymmetric carbon atoms. Based on this
principle, a rough guideline of suitability of the NMR tech-
nique as a tool for tacticity determination has been discussed?
for 1,3-, 1,4- and 1,5-substituted polymer systems. In fact, for
a series of poly(3-substituted 8-propiolactone)s, i.e., for a
1,5-substituted polymer system, it was shown? that the 'H-
NMR technique (100 MHz) was totally unsuitable for tacticity
determination.

Tacticity determination of poly(3-substituted 3-propio-
lactone)s has been a key problem encountered in studies of
stereoregulation during polymerization. Some poly-3-esters
crystallize without difficulty, even when prepared with a
nonstereoregulating catalyst.® This characteristic has pre-
vented the presence of crystallinity in these polymers from
being used as a criterion of stereoregularity; detailed x-ray
crystallography had been the only tool available for distin-
guishing stereoregular from nonstereoregular polymers.

We previously observed? that 13C-NMR spectroscopy may
be more powerful than !H-NMR spectroscopy* for charac-
terizing tacticity of some poly-8-esters. Encouraged by this
observation, 13C-NMR spectra of the polymers were recorded
carefully, and dyad tacticities of the poly-3-esters were mea-
sured.

Shift reagents were found to be helpful to improve the
separation of dyad signals. The shift reagent Eu(DMP); was
found to pseudocontact stereospecifically by discriminating
meso- and racemic-dyad configurations in the poly-3-ester
chain.

Results

Poly(8-substituted s-propiolactone)s may be classified into
four types with respect to their '3C-NMR spectra: (i) Signal
splitting due to tacticity is observed without addition of a shift
reagent. (ii) Tacticity separation in one of the carbon signals
occurs in the absence of a shift reagent, while a shift reagent
is required for the other signal to improve the separation. (iii)
Tacticity separation is observed only when a shift reagent is
added. (iv) No signal splitting due to tacticity is observed in
the presence or absence of a shift reagent. The shift reagent
used was tris(dipivalomethanato)europium, Eu(DPM);,°
added at ca. 25 mol %/mol of polymer repeat groups. 13C-NMR
spectra were recorded in CDCl; or MesSO-dg at 25.16 MHz
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with a Varian XL-100 spectrometer operating in the F-T
mode. The numbering of the carbons in the poly-3-ester unit
is as follows:

¢’ 0 C 0
R | |

—0—C*—CH,—(C—0—(C*—CH,—(C—
) !

Case i, Poly(8-ethyl 8-propiolactone) (poly(EPL)).
Isotactic poly(EPL) was prepared by polymerization of 8-
ethyl 8-propiolactone with (EtAlO),, catalyst, and the crys-
talline polymer fraction (poly(EPL)-Al) was purified by ex-
traction with ether. This fraction has been shown? to be
identical with that obtained using the AlEt;~HyO-epichlo-
rohydrin catalyst,” and the latter polymer has been shown to
be isotactic by x-ray crystallography.® Atactic poly(EPL) was
prepared using the Et(ZnO).ZnEt catalyst. This polymer,
which is amorphous, will be designated (poly(EPL)-Zn).

The 3C-NMR spectra of the isotactic and atactic po-
ly(EPL) samples in CDCl; (Figure 1), recorded with F-T ac-
cumulation under a value of 8192 data points, differ only for
the carbonyl carbon (1C) and the methylene carbon (2C) sig-
nals. Figure 1A shows the spectrum of isotactic poly(EPL)-Al
which was not fully extracted with ether. The 1C and 2C signals
of this sample are composed of intense major singlet signals
accompanied by minor signals due to contamination by the
nonstereoregular fraction. Repetition of the extraction with
ether gave a highly isotactic sample which showed singlet
signals for both the 1C and 2C carbons.

By contrast, the 1C and 2C carbon signals of atactic po-
ly(EPL)-Zn consist of two sighals having nearly identical
intensities (Figure 1B). The separation of the 'C resonances
is 0.12 ppm and that of the 2C resonances is 0.15 ppm. The
higher field 1C signal and the lower field 2C signal have the
same chemical shift as the corresponding major signals of the
poly(EPL)-Al sample. In addition, other 1C and 2C signals in
the poly(EPL)-Zn sample agree well with the minor signals
observed in Figure 1A. Thus, the doublets observed for the 1C
and 2C resonances of poly(EPL)-Zn are the result of meso-
and racemic-dyad configurations. The assignments of the
signals are noted in the figures.

Case ii, Poly(8-methyl 8-propiolactone) (poly(MPL)).
A comparison of 3C-NMR spectra of poly(MPL) was made
by using three configurationally different samples, i.e., the
naturally occurring optically active polymer (designated
PHB), isotactic poly(MPL) prepared from a racemic monomer
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Figure 1. 13C-NMR spectra of poly(EPL) samples in CDCls. (A)
Poly(EPL)-Al (crystalline and isotactic fraction) samples as 10%
solution, accumulated with 8000 scans. Fractionated with ether just
one time. (B) Poly(EPL)-Zn (amorphous) sample as 8% solution,
accumulated with 5000 scans. Sample tubes (12 mm o.d.) were used
for measurements. The assignment of the signals was made by off-
resonance technique. Accumulations were carried out under a data
length value of 8192. The chemical shift values (ppm) are internally
standardized from the CDCl; carbon signal at which the signal-lock
was made. The signals of carbonyl carbon and main-chain methylene
carbon are expanded (X8) horizontally.

mixture using the Al catalyst (designated poly(MPL)-Al), and
atactic poly(MPL) prepared using the Zn catalyst (designated
poly(MPL)-Zn). The isotactic nature of poly(MPL)-Al has
been elucidated previously by x-ray crystallography.®

The spectrum of the PHB sample (Figure 2A) and that of
the crystalline poly(MPL)-Al sample (Figure 2B) were
identical, as would be expected since both samples are iso-
tactic. No splitting of the signals of any of the carbons was
observed for these samples in the presence or absence of
Eu(DPM)s. In contrast, double 2C and !C carbon signals
(separation: 0.09 ppm) are observed in spectra of the po-
ly(MPL)-Zn sample under a value of 8192 data points (Figure
3A). When recorded under a lower data—length value of ~4000,
no splitting was observed.

Figure 3B shows the spectrum of a 2:1 molar mixture of
poly(MPL)-Al and poly(MPL)-Zn. The 2C and C signals
consist of pairs of resonances having different intensities, but
other carbon signals are observed as singlets. Based on the
relative signal intensities of the 2C carbon resonances, the
lower field signal is due to the meso-dyad configuration and
the higher field signal is due to the racemic-dyad configura-
tion. On a similar basis, the lower field !C signal is due to ra-
cemic dyads and the higher field signal is due to mesodyad
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Figure 2. 13C-NMR spectra of isotactic isomers of methyl-substituted
poly-B-esters in CDCls. {(A) Naturally occurring PHB sample, an
optically active isotactic polymer as 2% solution, accumulated with
8000 scans. (B) Synthetic poly(MPL)-Al sample, an isotactic polymer
(acetone-insoluble, crystalline fraction) as 4% solution, accumulated

with 5000 scans. In each case 25 mol % of Eu(DPM); was added. Other
spectroscopic conditions are the same as the case of Figure 1.

configurations. These assignments are the same as those made
in the case of poly(EPL).

Addition of 25 mol % of Eu(DPM); (Figure 3C) gives rise
{0 an improved signal separation at the 2C resonances (sepa-
ration: 0.23 ppm), although the signal separation of the !C
resonances is reduced. By applying the mixing method de-
scribed above, the lower field signal of the 2C doublet was
found to be due to meso-dyad configuration and the higher
field signal to racemic-dyad configuration. Thus, the shift
reagent contacts more strongly with the meso-dyad unit in the
polymer chain than with the racemic-dyad unit, suggesting
that the pseudocontact of the Eu ion occurs through dis-
criminating stereochemical environments in the polymer
chain.

Case iii, Poly[3-(2-cyanoethyl) 8-propiolactone] (po-
1ly(CEPL)). Crystalline poly(CEPL) was also prepared using
the Al catalyst (designated poly(CEPL)-Al), and amorphous
polymer was prepared using the Zn catalyst (designated
poly(CEPL)-Zn). In the 13C-NMR spectra of the poly-
(CEPL)-Zn sample in MesSO-dg recorded with a data-length
value of 8192, two 1C carbon resonances were observed (sep-
aration: maximum 0.08; ppm) only when a nearly equimolar
amount of Eu(DPM); was added. Under the same conditions,
poly(CEPL)-Al showed a single 1C signal, and other carbon
spectra were entirely identical with those of poly(CEPL)-Zn.
These results indicate that the crystalline poly(CEPL)-Al
sample is highly stereoregular and that the amorphous poly-
(CEPL)-Zn sample contains meso- and racemic-dyad con-
figurations in almost equal proportions.

Preliminary comparison of the !C chemical shift value of
the poly(CEPL)-Al sample with those of the poly(CEPL)-Zn
indicated that the lower field signal of the latter seems to
coincide with the singlet signal of the former. Consequently,
if the lanthanide-induced low-field shift occurs more strongly
for the meso-dyad configuration than for the racemic-dyad
configuration, as observed in the case of poly(MPL), the po-
ly(CEPL)-Al sample must be highly isotactic. The polymer-
ization behavior of the CEPL compound and details of NMR
spectroscopy for the polymers will be published elsewhere.

Discussion

The polymer mixing experiments indicate that the signals
of the meso-dyad in the atactic polymers occur at the same
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Figure 3. 3C-NMR spectra of amorphous poly(MPL)-Zn sample
in CDCls. (A) In the absence of the shift reagent, 3% solution, and
accumulated with 10000 scans. The signals of carbonyl carbon and
main-chain methylene carbon are expanded (X8) horizontally. (B)
A mixed sample of the poly(MPL)-Zn with the poly(MPL)-Al in a
molar ratio of 2:1, Horizontally expanded (X8) signals of the carbonyl
carbon and main-chain methylene carbon are shown. No shift reagent
was added. The total concentration was 6% accumulated with 3000
scans. (C) Addition of 25 mol % of Eu(DPM); to the 8% solution of the
poly(MPL)~Zn sample, accumulated with 8000 scans. The signals of
the carbonyl carbon and main-chain methylene carbon are expanded
(X8) horizontally. Other spectroscopic conditions are identical with
the case of Figure 1.

chemical shift as those of the isotactic polymers. This fact
clearly shows that differences in the conformations of isotactic
and the atactic polymers in solution have a negligible effect
on chemical shift. The differences in the 13C-NMR spectra of
the isotactic and the atactic polymers, therefore, can be dis-
cussed with respect to the local units of the individual poly-
mers.

For the carbonyl carbon atom in the central position of the
1,5-substituted poly-3-ester system shown in Figure 4, it can
readily be understood that the resonance of this carbon be-
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Figure 4. Description of meso- and racemic-dyad configurations in
the polymer chain. The carbon numbers used in the text are included
between the formulas.

comes sensitive to dyad configuration (cf. 1 and 2). Since in
the absence of the shift reagent the meso-carbonyl carbon
signals are observed at a higher field than those of the racemic
ones for poly(EPL) and poly(MPL), the meso-carbonyl carbon
atom must be subjected to stronger shielding than the race-
mic-carbonyl carbon atom.

The main chain methylene carbon is in close proximity to
one of the asymmetric carbons (and simultaneously remote
from the other) in the simple dyad formulation. Thus, the
resonance of the main chain methylene carbon is also sensitive
to dyad configuration, even more so than the carbonyl carbon.
The meso-dyad signal of the main chain methylene carbon is
observed at a lower field than the corresponding racemic-dyad
signal. The racemic-methylene carbon is relatively shielded
and the meso-methylene carbon is relatively deshielded, in
reverse to the case of the carbonyl carbon atom. Examination
of space-filling models shows that when every bond except for
CO-0 rotates freely, no specific shielding effect is expected
for 1C and 2C carbons in stereochemically different dyad units
in the 1,5-substituted system. Hindered rotation about the
!C-2C bond seems to be a requirement for such shielding ef-
fects as are observed for meso and racemic dyads.

It is important that the tacticity separation of the signals
takes place only for the 1C and 2C atoms which are subjected
to larger induced shifts by contact of the Eu(DPM); molecule.
Namely, the net downfield shifts induced by Eu(DPM)3i0
were observed for poly(MPL) as follows: 1C, av 1.18; 2C, av.
1.14;3C, av 1.05, and *C, av 0.57 ppm. This fact indicates that
the O=1C and 2C are more readily accessible to the shift re-
agent (or solvent molecules)!! than 3C and ¢C. Stereospecific
pseudocontact of the Eu ion is likely to arise from differences
in the contact angles of the Eu ion toward neighbors of O=1C
and 2C of the meso- and racemic-dyad units.

Calculation of the contact angles (x;) was made from the
observed shift values (Ad;) by using the equation!213 A§; = k(3
cos?x; — 1)/R;? and by taking into account that the Eu ion
contact occurs with the same distance (R;) toward meso- and
racemic-dyad units. The difference in the x; for the two dyad
units (Ax;) amounts to 1-4°, depending on the standard
contact angles taken arbitrarily.!4 Although this value-is small,
examination of space-filling models for the meso- and race-
mic-dyad units indicates that this difference in the contact
angle becomes reasonable when rotation about the 1C-2C bond
is hindered. Otherwise, no reason for stereospecific pseudo-
contact of the Eu ion can be found because the 1,5-substituted
meso-and racemic-dyad units take very similar conformations
by rotating quite arbitrarily.

Experimental Section

Materials. Poly(8-hydroxybutyrate) (PHB) was provided by
Professor 8. Fukui’s laboratory, Kyoto University. Isotactic poly(3-
methy] 8-propiolactone) (poly(MPL)) and isotactic poly(8-ethyl 8-
propiolactone) (poly(EPL)) were prepared with the (EtAlQ), catalyst
and fractionated, according to the methods previously described.?
Atactic poly(MPL) and poly(EPL) samples were prepared with the
Et(Zn0),ZnEt catalyst and were purified according to the methods
previously described.2
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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

* Department of Chemistry, University for Teacher Education, Tehran,
Tran.
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Ia, R = CH, Ila, R = CH,
b, R = CH,CH, b, R = CH,CH,
¢, R = (CH,),CH, ¢, R = (CH,),CH,
d, R = (CH,),CH, d, R = (CH,),CH,

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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