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Polymerization of 1,3-Dioxolane
Initiated with 1,3-Dioxolenium Salts:
Dual Role of the Ambident Initiator*

ANDRZEJ STOLARCZYK, PRZEMYSEAW KUBISA, and
STANISLAW PENCZEK

Center of Molecular and Macromolecular Studies
Polish Acgdemy of Sciences
90-362 Lodz, Poland

ABSTRACT

1,3-Dioxolenium salts (1,3-dioxolane-2-ylium cations) with stable
anions (e.g., AsFs", PFs , or SbFs ™) are quantitatively formed in
the reaction of 1,3-dioxolane with triphenylmethylium salts
bearing corresponding anions. This reaction precedes the
actual initiation process, involving simultaneous reaction of
dioxolenium salts with dioxolane and with already formed
polydioxolane. The first product of the former reaction could
not directly be observed, and only its product of H™ transfer

was isolated and characterized. Reaction of the 1,3-dioxolenium
salt with polymer segments is very much faster and, because of
the ambident reactivity of this salt, proceeds, at the different
position than its reaction with monomer. As a model of polymer
segment diethoxymethane was used. A reversible process,
leading to diethoxymethylium cation is, according to the GLC
studies, accompanied by another reaction in which the

*Presented in part at the 23rd ITUPAC Macromolecular Congress,
Boston 1971, and at the 3rd International Symposium on Cationic
Polymerization, Rouen, 1973.
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CszOiCHa cation is formed. This cation is eventually respon-
sible for a fast initiation on a polymer segment,

INTRODUCTION

In the polymerization of 1,3-dioxolane (I} initiated by triphenyl-
methylium salts bearing various anions A~ (II) the 1,3-dioxolane-2-
ylium (1,3-dioxolenium) salts (III) are formed in the initiation step
as intermediates [ 1, 2],

l_'1 ) 1 .
00 * (CgHg) ;€A™ —= (CgHg)CH + o?oA "
H
I II I

Preliminary results and tentative explanations concerning the
polymerization of I initiated by IT and III were given in a review
paper published by one of us in 1974 [ 3].

Hydride-ion transfer reactions, studied by Meerwein et al. [ 4]
and described in recently published reviews [ 5, 6] also precede
the true initiation in polymerizations of tetrahydrofuran [ 7] and
B-propiolactone [ 8] initiated by 1L

We have recently used 1,3-dioxolane-2-ylium salts (III A7) with
different anions (A” = AsFs~, PFs", and SbFs~) as convenient initia-
tors for the polymerization of tetrahydrofuran [ 9] and cyclic esters
of phosphoric acid [ 10]. In both systems initiation proceeds qsuantl—
tatively by simple nucleophilic attack of monomer on C4 (or C°)

III with simultaneous ring-opening between 0'-C® (or O°-C*).
Thus, for THF:

3,11

1 . k®10°°M 's Ony +
+ 0 +0A Py— - C-0-CH,-CH,~0, l AT
Y 25°C, CcHgNO,/THF ./
H

(2)

Reaction (2) was the only process observed in the m1t1at10n of
THF and the ambident properties of III (reaction at C* and at C*)
were not revealed in this particular system.

In the present work we describe kinetics and mechanism of initia-
tion of the polymerization of I with Il A~ (A™ = AsFes and SbFs"),
where the ambident properties of IIl are responsible for an unusual
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reaction path, including a slow reaction of III with I and fast reaction
of III with poly-1.

RESULTS AND DISCUSSION

IIT AsFs~ and III SbFs ", prepared as described above, were stable
in the solid state for months. Solutions of these salts in CHsNO:z
solvent were also stable, as evidenced from 'H-NMR spectra; no
new peaks appeared during a prolonged storage of the freshly pre-
pared solutions.

The perchlorate of III, IIT C104~ decomposes in solution to the corre-
sponding ester: ethyleneglycol-1-formate-2-perchlorate. The latter
compound was identified by its 'H-NMR spectrum, consisting of a

CH;—CH

0 Clo;, — €-0-CH,-CH,-0C10
0

N7

N
3
C
[
H

N/

typical AA'BB' pattern for two methylene groups (a muiltiplet, includ-
ing four distorted triplets 5 from 4.2 to 5.0 ppm) and a singlet of a
formate proton at 6 8.1 ppm.

Thus, for a study of reactions between Il and I stable III SbFs~ was
selected.

Cationation of 1,3-Dioxolane with 1,3-Dioxolenium
Hexafluoroantimonate

Reaction Products

In a typical experiment, 0.5 mole/liter solution of III SbFs~ was
mixed with 1.5 mole/liter solution of I in CDsNO:z solvent at 25°C.
At these conditions no high polymer of I can be formed (ceiling con-
centration of [ at 25°C is equal to 2.0 mole/liter [ 11]). Surprisingly,
0.5 mole/liter of the = C’-H protons, absorbing at 5 9.25 ppm was
converted into more than 1.0 mole/liter of formate protons

o

|
(H-C-0O-, absorbing at 5 8.1 ppm), and indicating, that simple stoi-
chiometry, as described, e.g., for cationation of THF by Eq. (2), is
not obeyed for cationation of I. Thus, every mole of III SbFs~ origi-
nally used produces one formate group and gives back one mole of
IIT SbFs~ under the conditions specified above.
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This is possible, provided that the first reaction product abstracts
H™ anion from I[Egs. (3)].

0
N
0+ 0 0, 0 — -0-CH.-CH,-"
. >< H/c 0-CH,-CH,-"0_ 0 (3a)
H H N ” IV g My
ani itt M
(anions onmitted) =0-CH,=CHy -0~ CH, -CH - 0=2CH,
H (3b)
I I A
0 0

N . 1
C-0-CH —CHZ—O—CH ~-CH,-0 *CH 2 +0 0 —» \\C—O—CH -CH,~-0-CH,-CH,,-0-CH
v 2 R / 2= ) 3
H >< 0 1

wE \l/ (3e)

\' I VI

Scheme (3a)-(3c) requires that methoxydiethyleneglycolformate VI
is formed.

This last conclusion is in agreement with 'H-NMR spectrum of
the reaction mixture of III SbFs~ and I, when the reaction goes nearly
to completion. This is shown in Fig. 1 and compared with the NMR
spectrum of the original sample of IV prepared from diethylene-
glycol monomethyl ether and formic acid. The main assignments
are given in Fig. 1.

Although the spectra of the original sample of VI and of the reac-
tion product of III SbFs~ with I are not identical, the ratio of formate
protons to methoxy protons is very close to the expected value of 1:3.
In Fig. 1b two kinds (at least) of -O—CHs groups are clearly observed.
This can be due to the presence of higher oligomer analogs of VI.

The last "generation' of III SbFs~ formed, having no more I available
to cationate, cationates the linear molecules like VI; protons involved
in these oxonium ions can absorb in the region covered by CDnI-Is_nNO2

present in CDs NOz, used as a solvent.

The mass spectrum of the original sample and the mass spectrum
of the product with the same GLC retention time, and formed in the
reaction between ITI SbFs~ and I ([III SbFs~] = 1.6 mole/liter, [I] = 1.7
mole/liter) are shown together in Fig. 2. These spectra are compared
with a spectrum of the compound producing a GLC peak with the same
retention time and separated from the polymerization mixture (polym-
erization conditions [I] = 3.0 mole/liter, [ Il SbFs~] = 10~° mole/liter,
25°C, CH2Cl2 solvent), this is given in Fig. 2c. The fragmentation
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FIG. 1. 'H-NMR spectrum of {a) O=CHOCH2CH-OCH2 CH2 OCHs
(VI) neat compared with (b) spectrum of the reaction product of 2.0
mole/liter of I with 0.5 mole/liter of III SbFs~ in CDsNO: solvent,
25°C.

pattern, explaining the origin of the major sets of peaks in the mass
spectrum shown in Fig. 2 is given in Fig. 3. Thus, combined 'H-NMR
and GLC-MS data indicate that the reaction between III SbFs~ and I
proceeds [e. g., Eq. (3)] through the first cationation product, IV,

CHZ—CH2

N\ + -
C-0-CH,-CHp-"0 O SbFg

1 CH2

Iv
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FIG. 2. Mass spectrum of (a) O=CHOCH:2CH20CH:CH=20CHx (VI)
compared with (b) mass spectra of VI found by GLC in the reaction
product of T with IIT SbFs~ and {c) VI isolated by GLC from the polym-
erization mixture.
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FIG. 3. Fragmentation pattern explaining the origin of the major
sets of peaks in the mass spectrum shown in Fig. 2.
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identical to that observed in the cationation of THF [ Eq. (2)]. This
first cationation product, the tertiary oxonium ion (IV), cannot directly
be observed because it rearranges rapidly into the corresponding
alkoxycarbenium ion [ Eq. (3b)]. This one abstracts H™ anion from I
or converts into the tertiary oxonium ion, linear or cyclic, depending
on the polymer/monomer ratio. Apparently, both rearrangement and
H™ transfer reactions are faster than the cationation processes.

Above the ceiling conditions, when the living polymer = monomer
equilibrium is shifted to the monomer side, the H™ transfer would
dominate, resulting in short-chain oligomers of the general structure:

H

y C-O-CH>—CH2~0-CH2—CH2—O-CH 2—); O—CH:>—CH2~0-CHs
7
o

The average value of "n'' can be judged on the basis of the ratio of
two integrated peak areas: the 6 4.85 ppm (s) band, characteristic of
polymeric —O-CH2—0—, and 0 8.1 ppm, giving the concentration of
the end groups (Fig. 1).

Kinetics of Cationation of I with III SbFs

As shown in the previous section, in the cationation of I every
cationated molecule of I re-forms one molecule of III SbFs , apparently
with the rate exceeding the rate of cationation.

Thus the scheme (3a)-(3c) can be rewritten in the following way:

k,
M SbFs +1 — M, 1y
slow
v v 4)
fast
V+1 III SbFs~ + VI
fast

Summing up the left-hand side parts of equations in scheme (4)
and the right-hand sides one gets the following formal equation:

I+1 Vi
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Thus scheme (4) is kinetically equivalent to the following equalities:
[T SbFs~] = [ III SbFs ™ Jo = constant, and [I] = [I]o ~ 2[ VI]. On the
basis of the scheme (4) and the equalities formulated above, the
kinetic scheme reads:

d[vi]/dt = kiM[ III SbFs" ] [ 1] (5a)
= k[ L SbFs™] ([T]o - 2[ VI]) (5b)

and, eventually for the rate constant of cationation kiM we have:

kg =in ({1 /(1o - 2(VID)}/2{ M SbFs o * ¢ (6)

where kiM is the rate constant of initiation on monomer. In order to

ensure that both scheme (4) and Eq. (6) would be valid for the treat-
ment of kinetic data, low concentration of I (much below its ceiling
value) and concentration of III SbFs~ exceeding that of I were used.
The data of one typical kinetic run are given in Table 1. Accord-
ing to Eq. (6), to calculate kiM the concentration of a product (VI) for

given times t should be measured. This is proportional to the integral
of the singlet at 6 8.1 ppm (gjc— )} while at 6 5.5 ppm we observe the

four protons of the methylene groups of III SbFs~. The starting con-
centration of IIT SbFs~ ([ III SbFs ™ Jo ) is known and does not change
within a kinetic run, according to the constancy of integration at 6 5.5
ppm (Table 1). To determine the actual concentration of VI, the inte-
gration at 6 5.5 ppm (proportional to [1 SbFs"] ) was used as an

internal standard. The rate constant kiM was calculated according

to Eq. (6) for several experimental points and the average value is
given in Table 1, containing in addition the original integration peak
areas, expressed in mm of the integration line heights,

In a similar way rate constants kiM at 35, 10 and 0°C were deter-

mined and from these results, plotted in Fig. 4 as a function of l/T, the
corresponding activation parameters were calculated: AH

23.3 + 3.0 kcal/mole, AS, Mi 9.5 + 7.0 cal/deg-mole. These values

can be compared with the corresponding activation parameters of
cationation of acetonitrile with III SbFe~ (giving
O0=CHO-CH2-CH>-N=C-CHs SbFs~) AHI ~ 20 kcal/mole, aSt ~

[ 12]. Thus, cationation of 1 with III SbFs~, being a first step in the
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TABLE 1. Kinetics of Cationation of 1,3-Dioxolan (I) with 1,3-
Dioxolan-2-ylium Salt (IIT SbFs ") Studied by the *H-NMR Method®

Area under peak Concentration

. . . , k... x 10*
Time X (arbitrary units) {mole/liter) iM
10°° (mole/liter-
(sec) 8.1 ppm 5.5 ppm [ vI] (1] sec)
1.50 2.5 118 0.07 0.52 1.90
4,05 6.5 124 0.17 0.32 2.05
5.55 8.5 124 0.22 0.22 2.60
7.03 9.5 122 0.26 0.14 2.05
11.59 12.0 124 0.32 0.02 2.85
(1H) (4H) Avg. 2.3x10°°

ACDsNO: solvent; 25°C; [I]o = 0.66 mole/liter; [ III SbFs ] = 0.83
mole/liter.

]
-
jury
o

¥

1 1 1 1 1 —1

3.2 33 3.4 3.5 3.6 3.7
- -1 3
T ok 10

FIG. 4. Dependence of the average rate constant of cationation
of 1,3-dioxolane (I) with 1,3-dioxolane-2-ylium hexafluoroantimonate
{(and/or hexafluoroarsenate) (III SbFs  and ITI AsFs~) on reciprocal
of absolute temperature.
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real initiation process, is a slow reaction. Its rate constant ki ~10*

M
mole/liter-sec at 25°C is approximately 10° times lower than the
rate constant of propagation of I[3].

Before the present measurements gave the value of the rate con-
stant of cationation and revealed that this is a slow reaction in com-
parison with a chain propagation, the rate of this process was
estimated on the basis of non-direct observations by Plesch [ 13] and
Enikolopian [ 14]. The former assumed cationation by dioxolenium
salt to be a very slow reaction, while the latter author had expected
that the rate of cationation could be comparable to that of propagation.

Reaction of Dioxolenium salft with Diethoxymethane
as a Mode!l for Polydioxolane (Poly-1I)

Reaction Products

For a low ratio of ki/kp’ some initiator is left when more or less

of polymer is already formed. The proportion of initiator used,
before an appreciable amount of monomer becomes converted into a
polymer, depends on the starting concentration of initiator and on the
above ratio of rate constants [ 15]. Thus, we report in this section
on the reaction between III SbFs~ and diethoxymethane VII as a model
for a mer of poly-I:

CH:CH2OCH:0CH:CH; ~~QCH2CH20CH20CH2CHz ~~~
VII poly-1I

Reaction between III SbFs~ and VII was studied in 'H-NMR. In a
typical experiment, III SbFs~ (2.0 mole/liter) was mixed with VII
(2.1 mole/liter) in liquid SO= solvent at -20°C and the 'H-NMR spectra
were monitored,

In Fig. 5 the final spectrum of the mixture of IIT SbF¢™ and VII is
shown. By final we mean a spectrum which does not change with time
at given temperature. It was shown, however, that by changing tem-
perature the proportion of substrates and products also changes,
indicating an equilibrium process. Interpretation of the spectra is
given directly in the corresponding figure.

Kinetics of reaction of Il SbFs~ with VII

Formally, this reaction (7) is a direct H™ transfer; however, it is
too fast to proceed this simple way. As outlined in Eq. (8), we pre-
pared methoxycarbenium hexafluoroantimonate (CHsOCH:z" SbF¢’), a
powerful H™ abstracting agent which below -30°C does not abstract
H™ from diethoxymethane at a measurable rate [ 16].
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{b) {(9)

CHyC ~OCHHC (HsCH, % -O-CHyC
6;:'6H2 +(E)%GC*F§CE: é?'ébb ’ CHO"%‘%
N\ (d){e) (fy (h) (i) ())

(a) +0-CHsCH;0-CHyt
(k} (1)
ah bifcl gdk je
i
| =l
—
16¥ 8 6 A ) 0 pom d”

FIG. 5. 'H-NMR spectrum of the reaction mixture of 2.0 mole/
liter of III SbFs~ with 2.1 mole/liter of VII at equilibrium in liquid
SO: solvent, -20°C,

C:H; CzHs
/ /
(o) (0}
| N\ klP | | AN
0+0+ CH: O O+ CH (7)
H (0] (o]
N\ \
CzHs C:zHs
111 VII 1 VIII
below -30°C

CH3;OCH:2"SbFs™ + H2C{OC2Hs) ——#——— (CH3)20
+ HC(OCzHs )2 SbFs~ (8)

Thus, reaction between III SbFs~ and VII obviously proceeds by a

multistep mechanism, and rate constants kiP and k-iP are not related
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fa) (bl

(b)

1 2 4

3

FIG. 6. 'H-NMR spectra of the reaction mixture of III SbFs~ and
VII (8.5-9.5 ppm region) at different reaction times: (1) 29 min;
(2) 40 min; (3) 100 min; (4) 155 min. Peak (a) is 6 9.25 ppm; peak
(b) is 5 8.85 ppm; liquid 8Oz, -70°C.

to any individual reaction, being only the effective rate constants of
I + VT = I + VIII interconversion.

The kinetics of reaction (8) was followed by observation of the
disappearance of a singlet at 5 9.25 ppm (proton at C? in III SbFs")

and appearance of a singlet at 5 8.85 ppm (proton H—t‘ig in VIII),

A sum of integrals at 6 9.25 ppm and 6 8.85 ppm was used as an
internal standard for calculations.

Figure 6 shows a typical change of the 'H-NMR spectrum during
the kinetic run.

The rate constant of the forward reaction was calculated from the
equation of reversible reactions:

([T SbFg ] - 11 SbFg"] ) ([t smrﬁ']t - [m SbFg ], + Q)

(11 SbFs_]t - [m SbFG']e) (1o SbFG']O -[m SbFG_]e +Q)

In

= (k;p - kjp)Qt
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where

Q=1/(K - 1) VK2 ([ VII]o - [ SbFs ]o)? + 4 III SbFs ] o VII] oK

(9)
K =kp/k jp

[ M1 SbFG']e and [XII]e for a given temperature were determined

directly from the integrated eak areas after equilibrium had been
established. In equilibrium = [ vIIj 0 [Vm]e and [I]e [VIII]e;

thus, K = kiP/k-iP can simply be calculated as:

[m SbF” ] ((varl - [vm] )

K= -
[ vIII] o

A plot of the left-hand side of Eq. {9) against Q t gives a straight

line with a slope equal to kiP -k p (Fig. 7). Thus, both rate con-

stants can be calculated from kiP - k-iP and kiP/k-iP‘ These values

are equal to:
kp =4.7X 10" * liter/mole-sec

and

k., = 1.0x 107° liter/mole-sec (-50°C, SOz)

4P
From the dependence of In kiP on reciprocal temperature (Fig. 8),
the value of kip at room temperature was determined as kiP =3.107"

liter/mole-sec (25°C, SOz).

Mechanism of Reaction of III SbFs with VII

Reaction of III SbFs~ with VII proceeds with a rate constant higher
by a factor of 10° than the rate constant of reaction of III SbFs~ with L
This is in agreement with conclusions coming from the studies of
kinetics of polymerization of I initiated by III SbFs , where the kinetic



08:47 25 January 2011

Downl oaded At:

2060 STOLARCZYK, KUBISA, AND PENCZEK

ol
14
2|2 10}
E =
NS Q"9
EiE
3% o
E|S o5} °
ol !
==
w5
0 . .
0 05 10 15
time, s10°

FIG. 7. Plot of equation describing the second-order reversible
reaction of III SbFs~ with VII; liquid 8Oz, -50°C.
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FIG. 8. Dependence of the logarithm of the rate constant k.1

for reaction of III SbFe~ with VII, on reciprocal of the absolute
temperature.
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curves may be described quantitatively by a formal kinetic scheme
involving slow initiation on I and the fast initiation on poly-I [ 3].

On the basis of model studies of the reaction between III SbFs"
and VII it is difficult to propose the detailed chemical path of initia-
tion involving poly-I, because the only products which have been
directly identified at model conditions on the basis of their NMR
spectra, are I and VIII, On the other hand GLC analysis of the products
of reaction of IIl SbFs~ with VII, which was stopped at its early stage
by addition of sodium phenoxide, shows the presence of a compound
with the same retention time as independently prepared 2-ethoxy-1,3-
dioxolane IX.

Thus, we propose the following tentative explanation of the observed
phenomena. Reaction of III SbFs~ with VII proceeds through an inter-
mediate solvation product, which, at model conditions, when [ VII] =
[ III SbFs~ ] rearranged reversibly to I and XII but at the polymerization
conditions may form active species as a result of trapping of very
reactive intermediate -O-CH:" ions by a large excess of L.

CzHs C2Hs
CH2 (l:HZ 0< lo\l (in-C|H2 O/
. CHy == SHsg--2, N
O‘C’0 o \gﬂ/ °c =000 * ™
. . <l3 d CHa o
C2H
2 Coks \ CzHs
CzHs
I VIII
III VII X \
ICHz-(lIHz
o 0 + (Cz2Hs0%CH3)
\C/
H’ “0CzHs
(anions omitted) X X

(10)

Reaction of X with I is expected to be very fast; thus the rate-
determining step in the initiation on poly-I should be that of formation
of X. If both VIII and X are indeed formed by rearrangement of
the same transient product, then the rate constant of initiation on
poly-I should be at least as high as kiP' This is in good agreement

with results derived from studies of polymerization kinetics, showing
that the rate constant of initiation is much higher than the rate con-
stant of cationation of I with IIT SbFs~ (kiM)'



08:47 25 January 2011

Downl oaded At:

2062 STOLARCZYK, KUBISA, AND PENCZEK

10

1 II

FIG. 9. Reaction apparatus used for synthesis, purification and
distribution into vials of 1,3-dioxolane-2-ylium salts. Explanations
for numbers given in Experimental Section.

EXPERIMENTAL

Purification of 1, II, and CH2Cl> has been described earlier [ 2].

CH3zNO: and CDsNO: (VEB-Berlin Chemie) were fractionally
distilled several times under vacuum in the presence of CaHo:.

IIT A” (where A" = AsFs or SbFs) were prepared by a slight modifi-
cation of the method described for IIT SbCls" [2]. A 3-g portion (6 X
10"*mole) of purified I SbFs (commercial product from Ozark-Mahon-
ing, Tulsa, Oklahoma was dissolved in CH2Cl: and precipitated by CCl,)
checked to have € max - 4 X 10* + 0.4 X 10* in CHz2Cl2 solution

O‘max = 427 nm), was transferred quickly into tube 1 (Fig. 9). The

whole apparatus shown in Fig. 9 was then attached through joint 2 to
the vacuum line and pumped until the gaseous products were removed.
Then, 40 ml of CH2Cl: was distilled from the black-painted vacuum
container in which CH2Cl. was stored over CaHz. A 1.5-g portion
(2 x 1072 mole) of I, stored in the vacuum reservoir over a liquid
Na/K alloy, was vacuum-distilled into the solution prepared in this
way, giving a 0.15 mole/liter solution of I in CH2Clz. After a few
minutes at 0°C, III SbFs~ started to precipitate; in 30 min at room
temperature the yellow color of II cation had disappeared, and the
reaction was assumed to be completed after a further 30 min. After
closing a Teflon-glass stopcock (3), the whole apparatus I was re-
moved from the line and attached through cone 4, in the inclined
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position, to socket 5 of the adapter II. This adapter was attached to
the vacuum line through the cone 6. By using this adapter the solu-
tion was removed through the sintered glass (7) and the solid ITII SbFs~
was left in the apparatus I. This procedure was repeated many times,
using fresh portions of CH2Clz until ITI SbFs~ became white (usually
4-5 times).

After drying, III SbFs~ was distributed under vacuum into vials 8
connected with I through cone 2 and weighed after sealing off at
9. The vials were evacuated before distribution through stopcock
10.

VII was purified by fractional distillation (Perkin-Elmer 151
spinning band column) and stored over liquid Na/K alloy.

IX was prepared according to Baganz and Domaschke [ 17], and
VIII according to Olah and Svoboda [ 18].

The 'H-NMR spectra were obtained with a 60 MHz Jeol ‘H-NMR
spectrometer. All the NMR data are given as 6 in ppm from TMS
(internal standard).

Mass spectra were obtained with a LKB 9000 F mass spectrometer
at 70 eV. The spectrometer was coupled with a PDP 8e computer.

The GLC Cvet Model 2-65 with a dual column and flame ionization
detection was used at 130°C with a 2 m column, 10% OV-17 on Gas-
chrom Q 100/120 mesh support.

The kinetics of cationation was studied in evacuated, sealed NMR
tubes with the Jeol apparatus.
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