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Polymerization of 2-Oxazolines. I. Cationic
Polymerization of 2-Phenyl-2-oxazoline
Initiated by Various Oxazolinium Salts

of Monomer with Bronsted Acids*

TSUTOMU KAGIYA and TAKEHISA MATSUDA

Department of Hydrocarbon Chemistry
Faculty of Engineering

Kyoto University

Kyoto, Japan

SUMMARY

Various kinds of the complexes of 2-phenyl-2-oxazoline with various
Bronsted acids were prepared. From the elementary analysis and spectro-
scopic analysis of the complex, it was identified to be an equimolar oxazolinium
salt. The monomer could be polymerized with the oxazolinium salt to give N-
benzoyl-polyethylenimine. The polymer yield in bulk polymerization was
linearly proportional to the reaction time, and the number-average degree of
polymerization of the polymer obtained at the complete conversion was pro-
portional to the initial molar ratio of the monomer to the complex. The cata-
lytic activities of the oxazolinium salts increased with a decrease in the pK,
value of Bronsted acid in water. The results of the infrared spectroscopy
and nuclear magnetic resonance spectroscopy of the oxazolinium salt at
room temperature and elevated temperature indicated that the change of
the double bond character of the imino and ether linkages is brought about
by the complexation. On the basis of these results, the mechanism of the
polymerization was proposed.

*Presented at the 19th Annual Meeting of the Society of Polymer
Science, Japan, Tokyo, on May, 1970.
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INTRODUCTION

It has been found by the present authors {1] and several other investi-
gators [2-4] that the ring-opening polymerization of 2-substituted-2-
oxazoline takes place by a typical cationic catalyst such as trifluoroboron
etherate or stannic chloride to give N-acyl- or N-aryroyl-polyethylenimine.
However, no detailed investigation on the mechanism of this polymeriza-
tion reaction has been reported.

In this paper, structural studies of the complex of 2-phenyl-2-oxazoline
with Bronsted acid and the polymer obtained by the complex catalyst are
made. The catalytic activity of the complex and the mechanism of this
polymerization are discussed on the basis of kinetic behavior of the polym-
erization and spectroscopic studies of the complex.

EXPERIMENTAL

Preparation of 2-Phenyl-2-oxazoline

2-Phenyl-2-oxazoline can be prepared from monoethanolamine and methyl
benzoate according to the literatures [5-8]. In order to obtain higher yield
of the product, the present authors used concentrated sulfuric acid instead
of phosphorous pentoxide [8] as a dehydrating agent in the cyclization
reaction step (2).

150°C
COCH3 + H2 N"CHz CH2 _OH _—
Il
0O
@*CNHC}bCH ,CH,OH + CH;0H
It

's) (1)

H HSO;
|

N*—CH,
7
conc. H,80,
CNHCH,CH,OH ——— C
Il <100°C \

0 O——CH,

+H,0

@
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H  HS0
N+_CH2 N—CHz
4 NaOH 4
- — — 3)
\ 0°C \
O h“CHQ O~CH2

+ N32504 + H2 (6]

A mixture of monoethanolamine (1.5 mole, G. R. Grade) and methyl
benzoate (1.0 mole, G.R. Grade) was refluxed for several hours at 150°C in
a flask equipped with the reflux condenser. Then the produced methanol
and the excess monoethanolamine were removed from the reaction mixture
by distillation under reduced pressure. The residue gave a white crystalline
mass when kept standing overnight at room temperature.

The crude reaction product was identified to be N-hydroxyethylbenz-
amide by measuring the melting point and the infrared spectrum of the
product (mp 60-62°C; Ref. 8, 61-62°C: IR, the secondary amide bands
at 1540 and 1640 cm™).

Concentrated sulfuric acid (150 ml) was poured gradually into 80 g of
liquid N-hydroxyethylbenzamide at about 80°C with vigorous stirring. The
reaction vessel had to be kept at a temperature below 100°C because the
reaction was exothermic. When no temperature rise of the mixture was
observed upon successive addition of concentrated sulfuric acid, the trans-
parent viscous reaction mixture was gradually dissolved in an ice water-
sodium hydroxide solution, and the oily base that precipitated was extracted
with diethyl ether. The ethereal extract was dried with magnesium sulfate
powder and distilled under reduced pressure. 2-Phenyl-2-oxazoline was
yielded as a colorless oil (bp 128-128.5°C/13 torr; Ref. 6, 69°C/0.2 torr).
The conversion of methyl benzoate to 2-phenyl-2-0xazoline was about
93%.

The purification of 2-phenyl-2-oxazoline was carried out by several
careful fractionations after successive treatments with potassium hydroxide
powder, metallic sodium, and phthalic anhydride. The purified monomer
thus obtained gave no polymer when heated for 4 hr at 150°C in the
absence of catalyst.

Preparation of the Complex

A cooled ethanol solution of Brénsted acid was gradually poured into
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the diethyl ether solution of 2-phenyl-2-oxazoline with vigorous stirring.
The precipitated white mass was filtered and recrystallized from anhydrous
diethy! ether-ethanol solution twice. The white powder thus obtained was
identified to be the equimolar complex of 2-phenyl-2-oxazoline with
Bronsted acid by means of the elementary analysis as shown in Table 1.

Polymerization Procedure

2-Phenyl-2-oxazoline (1.503 X 1072 mole) and a precise amount of the
complex of 2-phenyl-2-oxazoline with Bronsted acid were charged into a
glass ampoule. After several freeze-evacuate-thaw cycles at liquid nitrogen
temperature, the ampoule was placed into an oil bath kept at a constant
temperature of 150 + 0.2°C. After a set time of polymerization, the
ampoule was removed from the bath and immediately cooled to -78°C by
the Dry Ice-methanol mixture and opened. The reaction mixture was dis-
solved in a small amount of chloroform. The chloroform solution was
gradually poured with rapid stirring into a large amount of n-hexane. The
precipitated material was filtered, washed with diethyl] ether, dried in
vacio at 60°C, and weighed. The polymer sample for the measurement of
number-average molecular weight was reprecipitated from a chloroform-n-
hexane solution twice and dried by the above trcatments.

Thermal Rearrangement Reaction of the Complexes of 2-Phenyl-2-oxazoline

The thermal rearrangement reaction of the complex of 2-phenyl-2-
oxazoline with Bronsted acid was carried out in a sealed glass ampoule
under nitrogen atmosphere at 150°C for 2 hr. The reaction product was
isolated from acetone-ethanol solution and reprecipitated from dicthyl
ether-methanol. The isolated product was identified by infrared analysis
and its melting point. N-Bromoethylbenzamide; CoH,o NOBr: mp 105-
106°C (Ref. 9, 105-106°C). N-Chloroethylbenzamide; CqHyy NOCL: mp
102-103°C (Ref. 9, 102°C); Ref. 10, 106-108°C). N-Benzamidoethyl
trichloroacetate; C;,H;o NO5Cl;: mp 88-89°C.

Physical Analyses of the Oxazolinium Salts of Monomer with Various
Bronsted Acid and the Polymer

The infrared spectrum was obtained by the use of the potassium
bromide technique on a JASCO Grating Infrared Spectrometer, Model DS-
403G. The shifts (Av) of characteristic absorption peaks of the oxazoline
heterocycle by the complexation with a Bronsted acid were obtained by
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measuring the difference in the wavelength of the peak maxima for the free
and complexed characteristic bands (with the scale-up): Av = vfree -
Ycomplexed -

The nuclear magnetic resonance spectra were measured by a Japan Elec-
tron Optics 60 MHz Spectrometer (JNM-3H-60) and a Varian H-220 Spec-
trometer (220 MHz) with tetramethylsilane as an internal standard.

The molecular weight of the polymer was measured with a vapor-pressure
osmometer (Mechrolab Model 302) at 37.0 # 0.05°C in chloroform.

The melting point of the polymer and oxazolinium salts was measured
visually under nitrogen atmosphere in a capillary with a Yanagimoto melting
point measuring apparatus, Model MP-S2, equipped with a microscope
(X10).

RESULTS AND DISCUSSION

Characterization of the Oxazolinium Salts and Polymer of
2-Phenyl-2-oxazoline

The infrared spectrum of 2-phenyl-2-oxazoline by the potassium bromide
film technique showed the characteristic absorptions of oxazoline hetero-
cycle (imino stretching vibration VN 1650 cm™!; ether stretching vibra-

tion »c_(y 1262 cm™; and ring skeletal vibrations vring 975, 945, and 897

cm™'), The infrared spectrum of the white powdery compound obtained

00T S o0 250 L Ton 930
wWavelength { cM™')

Fig. 1. Infrared spectra of 2-phenyl-2-oxazoline and the oxazolinium salt of
2-phenyl-2-oxazoline with perchloric acid.
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from 2-phenyl-2-oxazoline and a Bronsted acid showed almost the same
peaks as the characteristic absorptions of the oxazoline heterocycle

(Fig. 1). The fact mentioned above and the results of elementary analy-
sis lead to the conclusion that the compound is an equimolar complex of
2-phenyl-2-oxazoline with Bronsted acid without the occurrence of the
ring-opening reaction. Therefore the general structure of the complex is
illustrated by the following oxazolinium salt structure, where X is the
anion part of a Bronsted acid.

O—CH,

The N-atom of 2-oxazoline would be the center of basicity in the hetero-
cycle because of the enhanced nucleophilicity of the imino group due to
the neighboring ether linkage. Several physical properties of these oxa-
zolinium salts are summarized in Table 2.

2-Phenyl-2-oxazoline could be polymerized by using the oxazolinium
salt as catalyst to give a white powdery solid with a melting point of
205-206°C. The infrared spectrum of this polymer displayed the charac-
teristic absorptions at 1630 cm ™!, assignable to the tertiary amide linkage,
and at 1600 cm ™!, assignable to the monosubstituted benzene nucleus, and
the disappearance of the characteristic peaks of the oxazoline heterocycle.
The polymer obtained is identified from these results to be N-benzoy!-
polyethylenimine as expected.

The polymer was soluble in chloroform, acetone, and dipolar aprotic
solvents such as N,N-dimethylacetamide, but insoluble in water and common
hydrocarbon solvents such as benzene or n-hexane. The nuclear magnetic
resonance spectrum of the polymer, as shown in Fig. 2, showed a broad
peak centered at 76.8 and a complex multiplet at 72.8. The former peak
is assignable to the nitrogen-linked methylene protons, and the latter to
phenyl protons. The breadth of the former may be caused by the hindered
rotation around the amide band due to the partial double bond character
of the linkage between the carbonyl and the nitrogen. The integration of
these resonance peaks gives the proton ratio of 4 (ethylene):5 (phenyl)
which is consistent with the proposed structure.
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Catalytic Behavior of the Oxazolinium Salts of Monomer with
Brénsted Acids

The system of polymerization carried out in bulk at 150°C was homo-
genous and became a highly viscous liquid at the latter stage of polym-
erization. As shown in Fig. 3, the polymer yield is linearly proportional
to the reaction time in the polymerizations which use various kind of
oxazolinium salts.

100~ o- o
HT.' 3
— o 2 g
= 80 ./6
- o
s 60 /"
2 o/
Q 4 (=)
E 0 %%0 /0/5
© 20 ©
—_— e
0 8. ol _ o'Q |

=]
0 20 40 60° go° 1007120
Reaclion Time (min.)

Fig. 3. Time-conversion curve of the polymerization of 2-phenyl-2-

oxazoline. Conditions: monomer = 1.503 X 1072 mole, catalyst = 1.503

X 107 mole. Polymerizations were carried out at 150°C in bulk. The
numbers have the same meaning as in Table 2.

The number-average degree of polymerization of the polymer obtained
at the complete conversion, as shown in Fig. 4, is proportional to the initial
molar ratio of the monomer to the salt with perchloric acid used as catalyst.
The slope of the straight line leads to the conclusion that the moles of the
polymer is nearly equal to that of the catalyst initially charged. It means
that the initiation coefficient of the catalyst, &, which is defined by the
equation (4), is almost unity:

Mo/l
A= ——
Py

Z 1.0 @

where [M], and [I], denote the moles of monomer and of the catalyst
initially charged, respectively, and Py, is the number-average degree of
polymerization.

From the fact that the over-all polymerization rate was constant during
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200t ./
150
100 e
IS . /
501
o/
0

0 ® 100 150 200
(Mo / (17,
Fig. 4. Relation between the number-average degree of polymerization

(Pn) at complete conversion and the initial molar ratio of monomer
([M]o) to catalyst ([1}o ). Same conditions as in Fig. 3.

polymerization (Fig. 3) and the moles of the polymer chain is approxi-
mately equal to that of the catalyst initially charged, it can be said that
the long-lived propagating species exist without termination and transfer
reactions. From these considerations, the over-all polymerization rate per
mole of the catalyst in bulk polymerization is almost equal to the propa-
gation rate, and the catalytic activities of various kinds of oxazolinium
salts can be compared by the use of their values. As shown in Table 2,
the salts of monomer with perchloric acid and with p-toluenesulfonic acid
exhibited excellent catalytic activity, whereas the salts with hydrogen
chloride, with trifluoroacetic acid, and with nitric acid could not initiate
polymerization.

In order to investigate the effect of the counter-ion on polymerization,
the logarithm of the propagation rate was plotted against the pK, value
of Bronsted acid in water (Fig. 5). There are two series of relationships
between the values obtained. This is discussed in a later section in con-
nection with the mechanism of polymerization. Both relationships indi-
cated that the propagation rate increased with a decrease in the pK,
value of Bronsted acid. There is a positive relationship between the change
of the free energy of the dissociation equilibrium of Bronsted acid in
aqueous solution and that of the active propagating species in bulk. Fig-
ure 5 may indicate that the free ion character of the active propagating
species brought about the increase in the propagation rate.
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Fig. 5. Relation between the logarithm of the propagation rate per mole of
catalyst and pK;,; of Bronsted acid (HX) in water. The numbers have the
same meaning as in Table 2.

Infrared Spectroscopy of the Oxazolinium Salts of Monomer with Bronsted
Acids and Its Thermal Rearrangement Reaction

The salt with a Bronsted acid, such as perchloric acid or sulfuric acid,
is thermally stable even at elevated temperature (150°C). The active propa-
gating species in this polymerization may therefore be a kind of oxazolini-
um salt, the structure of which is similar to that of the salt of the monomer
with Bronsted acid as catalyst. For example, the oxazolinjum salt of mono-
mer with Bronsted acid:

H"N CH2
N, |
Cy, CH X

Y/
0

The active propagating species:

AN-CH, CH, -N—— CH,
| I |
C=0 C. CH,
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In order to elucidate the mechanism of this polymerization, the infrared
spectra of the salts of monomer with various Bronsted acids were com-
pared with that of monomer. These results are shown in Fig. 1 and sum-
marized in Table 2. The characteristic absorption peaks of 2-oxazoline
heterocycle were shifted by the complexation with Bronsted acid. The
peak assignable to the carbon-nitrogen double bond (imino linkage) stretch-
ing vibration was generally shifted toward lower frequency, whereas those
assignable to the ether stretching vibration and the ring skeletal vibrations
shifted toward higher frequency.

As shown in Table 2, there is a general tendency for both absolute shift
values | Av | (= | vfree - ¥ complexed |) of the ether stretching vibration
and the ring skeletal vibrations to increase with an increase in that of the
imino stretching vibration. On the basis of these observations, it seems
reasonable to assume that the lower frequency shift of the imino linkage
and the higher shift of the ether linkage indicate that the complexation
with Bronsted acid brings about some appreciable change of the bonding
state in the oxazoline heterocycle which induces a weakening of the double
bond character of the imino linkage and a strengthening of that of the
ether linkage.

The logarithm of the propagation rate was plotted against the absolute
shift | Av| of the oxazolinium salt, as shown in Fig. 6. Since these points
lay on a broad band of a positive slope, it is considered that the catalytic
activity of the salt increased with an increase in the absolute shift value of
the characteristic absorption of oxazoline heterocycle due to the complexa-
tion. The change of the double bond character in the oxazoline hetero-
cycle by the complexation with Bronsted acid may facilitate ring-opening
polymerization,based on the consideration that this polymerization would pro-
ceed via the conversion process of the imino linkage (C=N) to carbonyl-
nitrogen single bond and of the ether linkage to the carbonyl linkage.

Figure 7 shows that the characteristic absorption bands of the complex
of monomer with perchloric acid were broadened and shifted largely with-
out the ring-opening reaction because the scanning temperature increased
almost up to the reaction temperature. On the other hand, this complex
underwent the thermal changes exhibited by the original shifts when it was
cooled to room temperature. The shifts of the characteristic absorptions
of the salt of monomer with various other Bronsted acids were also in-
creased by increasing the scanning temperature, and these salts were
thermally stable without the ring-opening reaction under these experimental
conditions, as shown in Table 2.

On the other hand, the infrared spectra of the salts of monomer with
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Fig. 6. Relation between the logarithm of the propagation rate per mole of

catalyst and the absolute shift (|Av[) of the characteristic absorption of the oxa-
zolinium salt: (©) C=N stretching vibration, (#) C—O ether stretching vibration,
(©) ring skeletal vibration. The numbers have the same meaning as in Table 2.
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Fig. 7. Influence of temperature on the absolute shift vatue (| Av ) of the

characteristic absorption of the oxazolinium salt with perchloric acid: (®)

C=N stretching vibration, (0) C—O stretching vibration, (®) ring skeletal
vibration.
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hydrogen bromide, with hydrogen chloride, with trifluoroacetic acid, and
with nitric acid at a temperature over 100°C showed a new absorption peak
at 1540-1550 cm ™!, assignable to the characteristic absorption of the
secondary amide. These salts, when heated at 150°C for 2 hr under nitrogen
atmosphere, gave an almost quantitative amount of an amide derivative by
the following ring-opening reaction due to the thermal rearrangement
reaction:

H
'3 4
N—CH,
/| A
C X —— —CNHCH, CH, X
LA I
OﬁCHz O
1 s

Nuclear Magnetic Resonance Spectra of Monomer and the Salts of Monomer
with Perchloric Acid

As is shown in Fig. 8, the methylene-methylene protons in the monomer
heterocycle exhibited the symmetrical pattern (A;B, type) centered at
75.78 at room temperature and shifted only slightly toward a lower mag-
netic field at an elevated temperature (135°C). On the other hand, those
of the salt of the monomer with perchloric acid at either room or elevated
temperature displayed the complex multiplet pattern. The methylene
protons attached to the S-position (neighboring oxygen atom) in the oxa-
zoline heterocycle were shifted toward a lower magnetic field when the
scanning temperature was raised.

Since the chemical shift parameter is in general a function of the
electron density around the nucleus for comparable protons in a common
solvent [11], it is suggested that the carbon atom at the 5-position in the
oxazoline heterocycle became positively charged by the complexation with
perchloric acid and that its cationic character could be enhanced by raising
the temperature.

On the basis of the consideration that the complexation with perchloric
acid induces the loosening of the double bond of the imino linkage and the
strengthening of the double bond character of the ether linkage, the con-
clusion follows that the bonding state in oxazoline heterocycle would be
influenced by the complexation with perchloric acid, and that the change
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Fig. 8. Nuclear magnetic resonance spectra of monomer and the oxazolini-

um salt with perchloric acid. 2-Phenyl-2-oxazoline (A-1, 20°C; A-2, 135°C).

The oxazolinium salt with perchioric acid (B-1, 20°C; B-2, 135°C). Condi-

tions: 10% solution of N,N-dimethylacetamide, 60 MHz/sec, tetramethyl-
silane as an internal standard.

of the electronic state in the oxazoline heterocycle may be brought about
to give some cationic character at the S-position. Therefore, the complexa-
tion may enhance the nucleophilic attack on the electron-deficient center
of the oxazoline heterocycle.

Mechanism of Polymerization

From the results mentioned above, it is considered that this polymeriza-
tion proceeds through the following two routes:

o, x i !
N—CH, I}I_——CH, N-—CH,
/ ‘,’ /
R—-C ——— R-C '+ — R-C, +
\ \\ \S
0—CH, X O0—CH, 0—CH; X~

Oxazolinium ion-pair Carboxonium ion-pair
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Route 1.
Initiation reaction:

i
N%CH2 N——CH2
/ v
R—-C . + R—C —_—
.t \
0-1312 E. H. CIRLIN AND M. SHEN

and defommation [3]. In this note we shall repart the results on our
thermoelastic measurements for a number of acrylic polymers with differ-
ent side-chain structures in order to examine the effect of intramolecular
forces on feff by changing the molecular constitution of polyacrylates.

In previous publications fram this laboratory, we have proposed a new
equation for the calculation of the relative energy contribution to the
elasticity of polymers in the rubbery state [1, 5]:

fe dinG

1-—2 _®T 1
f dmT gt M

Where f is the total force, fe is the energetic component of the elastic
force, T is absolute temperature, ﬁi is the linear thermal expagsion

coefficient of unstrained rubber, and G is the shear modulus. The latter
is defined by the equation of state for rubber elasticity:

= GAo(A - V/VoA?) (2a)
and
G = (NRT/V,) (T}/7H) (2b)

in Eqgs. (2), X is the extension ratio, L/Lg; Lg, Ao, and ¥V, are the length,
cross-sectional area, and volume of the rubber at zero pressure, zero force,
respectivelv: and L and V are the leneth and volume at force . and oressure

R—-CNHCH, CH, N———CH, ()
i I |
0 C‘\\ + CHz
AN .
R o} X
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Propagation reaction:
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N—CH,
// i
R~CNHCH, CH,N——CH, + R—C —
I I | \ —
0 C\ + CH, 0-CH,
AN
R O
X

'\/\JN_CHQ CH 2N‘— CH2

)
[ 1 I
1

C=0 C\ + CH;
| AN
R R 0 _
X
Route 2.
Initiation reaction:
o
NA—CHQ
/ rearrangement
R—C Tt -————— R—-CNHCH,CH, X
N I
(0] H, 0)

(6)

(N
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N—CH,
/
R—CNHCH,CH, X +R—C
Il \
0 0—CH,

§* 8"
R-CNHCH,CH, - - * * X _—
Il t
o) N-CH,
/
R-C
\

O_CH2

R—-CNHCH,CH; N CH,
I by
0] C\ CH,
/AN
R 0
X (8)

Propagation reaction:

rearrangement

R—CNHCH,CH, N——CH,
I l |

R—CNHCH,CH,N—-CH,CH, X
fl [
0 0

C=
I
R

(%)
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N—CH,
/
R—CNHCH, CH, N—CH,CH, X + R—C _—
I | \
0 =0 0—CH,
|
R

~~n N—CH,CH,;N——CH,
| oy
Cc=0 . CH,
| / N/ X-
R R 0
(10)

Route 1, shown schematically by Egs. (5) and (6), is the direct quater-
nization reaction of the incoming monomer by the oxazolinium salt, and
Route 2, Egs. (7)10), is composed of the ring-opening rearrangement
reaction of the oxazolinium salt and the quaternization reaction of the
incoming monomer by the rearrangement product.

In the former route, the oxazolinium salt, which is stable thermally
without the occurrence of ring-opening reaction, would effectively decrease
the electron density in the oxazoline heterocycle due to the change of the
bonding state by the complexation. The nucleophilic attack of monomer on
the electron-deficient 5-position of the oxazolinium salt generates a quater-
nary nitrogen on the incoming heterocycle. On the basis of experimental
results that the propagation rate increased with a decrease in the pKj value
of Brénsted acid in aqueous solution and with an increase in the absolute
shift values of the characteristic absorption of the oxazoline heterocycle,
it is considered that the catalytic activity of the oxazolinium salt may in-
crease with an increase in the free ion character of the ion-pair of the active
propagating end and that the delocalization in the positively charged oxa-
zolinium heterocycle may facilitate the nucleophilic attack of monomer.

In the latter route, the oxazolinium salt, which is thermally unstable,
is rearranged easily to give the straight chain derivative, R—CNHCH,CH, X.

I

0
If the ionic bond dissociation energy of the C—X bond of the derivative is
small, the derivative would quaternize the incoming monomer to aid
polymerization, whereas if that of the derivative is larger, polymerization
would not occur.
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The two series of relationships between the propagation rate and the pKy
value of Bronsted acid in aqueous solution (Fig. 5) and the result of the
thermal rearrangement reaction of the oxazolinium salt may indicate that
the polymerization with CIO7; or HSO; as the counter-ion of the active
propagating species proceeds through Route 1, whereas by the use of 1~
or Br™ it proceeds through Route 2. These different mechanisms may be
caused by the nature of the covalency of the counter-ion. The role of the
counter-ion on the elementary reactions will be discussed in a future paper.
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