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ABSTRACT: 1,3-Dioxacycloalkanes were found to polymerize in two stages forming cyclic oligomers in the first stage
and mainly high polymers in the second stage with boron trifluoride ether complex as an initiator. Some of the
formed cyclic oligomers were isolated and identified. High-speed liquid chromatography was used to obtain product

distribution and preparative chromatography was also used.

There have been extensive works on the polymerization
of 1,3-dioxolane. Mainly four kinds of reaction mechanism
have been proposed, namely, carboxonium ion,! tertiary ox-
onium ion,? macrocyelic secondary oxonium ion,? and polymer
complexed tertiary oxonium ion* mechanisms. There are some
evidences for each mechanism but they are not always con-
sistent to each other. We have been interested in the poly-
merization of cyclic formals.!25-7 We proposed the carboxo-
nium ion mechanism. Recently, we and Black and Worsfold
independently reported the two-stage polymerization of
1,3-dioxacycloalkanes.®-10 We reported that 1,3,6,9-tetraox-
acycloundecane is polymerized in two stages initiated with
boron trifluoride ether complex forming cyclic oligomers in
the first stage and high polymers in the second stage. Black
and Worsfold reported that 1,3-dioxolane is polymerized by
two different mechanisms operating at the same time giving
low molecular weight material and high polymers with
triethyloxonium hexafluorophosphate as an initiator. Al-
though the reaction conditions employed are different, the
results seem to be very similar in the sense of two-stage
character of monomer consumption. In the two-stage poly-
merization of 1,3-dioxacycloalkanes, the products can be
separated by liquid chromatography and the information on
reaction mechanism can be derived by studying the structure
and amount of the products. In order to establish the two-
stage character of the polymerization of 1,3-dioxacycloalkanes,
the polymerizations of 1,3-dioxolane, 1,3-dioxacyclooctane,
1,3,6-trioxacyclooctane, 1,3,6,9,12-pentaoxacyclotetradecane,
and 1,3,6,9,12,15-hexaoxacycloheptadecane were studied using
boron trifluoride ether complex as an initiator. The poly-
merizations were found to proceed in two stages in all cases.
The results on 1,3-dioxolane are very important, which may
reflect the true reaction mechanism of the polymerization of
1,3-dioxolane.

Experimental Section

Dichloromethane and boron trifluoride ether complex were distilled
under nitrogen. 1,3-Dioxacyclooctane, 1,3,6-trioxacyclooctane,

1,3,6,9,12-pentaoxacyclotetradecane, and 1,3,6,9,12,15-hexaoxacy-
cloheptadecane were synthesized from the corresponding glycols and
paraformaldehyde using p-toluenesulfonic acid as catalyst by a
method similar to one in the literature.!! They were dried and purified
by distillation over lithium aluminum hydride four times. 1,3-Diox-
olane was distilled over calcium hydride followed by distillation over
lithium aluminum hydride. The purity of the dioxacycloalkanes was
shown to be better than 99.9% by gas chromatography. The reaction
was carried out by adding boron trifluoride ether complex to a di-
chloromethane solution of 1,3-dioxacycloalkane in a one-necked flask
fitted with a three-way stopcock capped with a serum cap. The reac-
tion was stopped by adding an excess amount of triethylamine. The
consumption of monomer was monitored by gas chromatography on
the sample pulled out from the system with a syringe through the
serum cap. The gas chromatograph used in the experiment is Hitachi
Model K53 connected with 1 m of column packed with Silicone GE
SE-30 and FID detector was used. The product distribution was re-
corded on Toyo Soda high-speed liquid chromatograph Model HL.C
802 UR connected with 2 m of TSK-GEL G2000 H8 (exclusion limit
2.5 X 102 &, TP/F 8000) columns and 1 m of TSK-GEL G4000 H8
(exclusion limit 1 X 10¢ A, TP/F 8000) column (Toyo Soda) unless
otherwise noted. The detector for gel chromatography is a differential
refractometer. The solvent is chloroform and the flow rate is 1 mL/min
at 35 °C. Three counts approximately correspond to 2 mL of elution
volume. The higher count number indicates the lower molecular
weight.

Results

Typical examples of the time-conversion relationship of
1,3-dioxacycloalkanes initiated with boron trifluoride ether
complex in dichloromethane, obtained by plotting the dis-
appearance of monomer against time, are shown in Figure 1.
Together with the results on gel chromatography which are
shown in Figures 2-5, the monomer seems to be consumed in
two stages forming cyclic oligomers in the first stage and high
polymers in the second stage. For instance, the consumption
of 1,3,6,9,12-pentaoxacyclotetradecane seems to be one stage
in Figure 1 because the reaction is fast; however, in the earlier
stage only cyclic oligomers are formed and mainiy high poly-
mers are formed in the latter stage of the polymerization as
is reported.’? The gel chromatogram indicates that oligomers
are formed during the first relatively slow stage and high
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Figure 1. Time-conversion relationship of 1,3-dioxacycloalkanes (0
°C) in dichloromethane by BF3:OEto: [BF3-0Ety] = 1.20 X 10~2 M;
(a) O [1,3-dioxolane] = 3.77 M; (b) @ [1,3-dioxacyclooctane] = 5.0 X
107! M; (¢) @ [1,3,6-trioxacyclooctane] = 5.29 X 10~! M; (d) @
[1,3,6,9-tetraoxacycloundecane) = 4.40 X 10~ M; (e) O {1,3,6,9,12-
pentaoxacyclotetradecane] = 5.29 X 10~ M; (f) m [1,3,6,9,12,15-
hexaoxacycloheptadecane| = 6.33 X 10~ M.
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Figure 2. Gel chromatogram of the polymerization of 1,3-dioxolane
as a function of reaction time. 0 °C in dichloromethane: [BF3.0Et,]
=1.20 X 10~2 M, [1,3-dioxolane] = 3.77 M, (1) 60 min, (2) 90 min, (3)
105 min, (4) 180 min.

polymers are mainly formed during the second stage. The rate
of the formation of oligomers was affected very much by the
amount of contaminated water in the system.®12 Contrary to
this, the rate of formation of high polymers was scarcely af-
fected by the amount of water. Thus, the order of the reaction
rate in Figure 1 may not be the true one because the amount
of contaminated water in each monomer is not necessarily the
same. The gel chromatograms of the reaction system are
shown in Figures 2-5 for 1,3-dioxolane, 1,3-dioxacyclooctane,
1,3,6-trioxacyclooctane, and 1,3,6,9,12,15-hexaoxacyclohep-
tadecane. A and B in Figures 2, 3, 4, and 5 correspond to the
cyclic dimer and trimer of respective monomer. The molecular
weight of oligomers which can be separated on these columns
covers from several thousands to about one hundred. And the
molecular weight of the polymer is about 2 X 104 based on
polystyrene. Cyclic oligomers are formed in the first stage and
high polymers are formed in the second stage for all the 1,3-
dioxacycloalkanes except 1,3-dioxacyclooctane. For instance,
1,3,8-trioxacyclooctane is consumed relatively slowly until the
reaction time of 90 min and faster thereafter, in Figure 1.
Correspondingly to this, in the gel chromatogram in Figure
4, only the cyclic oligomers are formed with the reaction time
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Figure 3. Gel chromatogram (2 m of G2000 H8 columns were used)
of the polymerization of 1,3-dioxacyclooctane. 0 °C in dichloro-
methane: [BF3-OEt,] = 1.20 X 10~2 M, [1,3-dioxacyclooctane] = 5.0
X 1071 M, (1) 60 min, (2) 120 min, (3) 180 min, (4) 480 min, (5) 46
h.
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Figure 4. Gel chromatogram of the polymerization of 1,3,6-trioxa-
cyclooctane. 0 °C in dichloromethane: [BF3.0Ets] = 1.20 X 1072 M,
[1,3,8-trioxacyclooctane] = 5.29 X 101 M, (1) 60 min, (2) 90 min, (3)
120 min, (4) 180 min.

shorter than 90 min (curves 1 and 2) and high polymers are
mainly formed with the longer reaction time (curves 3 and 4).
In the case of 1,3-dioxacyclooctane, cyclic dimer was first
formed and all sizes of cyclic oligomers and high polymers are
formed competitively. The molecular weight of polymer does
not seem to change with reaction time. The molecular weight
of the peak of polymer is about 104 based on polystyrene. The
higher molecular weight cyclic oligomers were formed with
the longer reaction time. This is well shown in the gel chro-
matogram in Figure 3. A, B, and C in Figure 3 are cyclic dimer,
trimer, and tetramer of 1,3-dioxacyclooctane. After 46 h, the
molecular weight of some of the oligomers reached to the re-
gion of the molecular weight of high polymers which were
formed competitively with cyclic oligomers. This may be a
good evidence that there are two different active species for
the formation of cyclic oligomers and high polymers. Some of
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Figure 5. Gel chromatogram of the polymerization of
1,3,6,9,12,15-hexaoxacycloheptadecane. 0 °C in dichloromethane:
[BF; OEtg] = 1.20 X 1072 M, {1,3,6,9,12,15-hexaoxacycloheptadecane]
=6.33 X 10~ M, (1) 10 min, (2) 20 min, (3) 30 min, (4) 120 min.

the oligomers formed were isolated and identified (see
below).

Cyclic Oligomers of 1,3-Dioxolane.!? 1,3-Dioxolane (200
g) was polymerized by trifluoromethanesulfonic acid as an
initiator and stopped with excess triethylamine. The resulting
system was dissolved in 100 mL of dichloromethane and
poured into 1000 mL of methanol. The supernatant solution
was separated by decantation. This procedure was repeated
for three times. The combined solution was evaporated on a
rotary evaporator and the resulting oil was put in a sublimator.
The compound sublimed at the bath temperature 100 °C
under vacuum was collected and recrystallized from ethyl
ether. This compound was identified as cyclic dimer of 1,3-
dioxolane by mass spectrum, NMR spectrum, and elementary
analysis. Caled for (C3HgOs)o: C, 48.63; H, 8.17; M + 148.
Found: C, 48.65; H, 8.20. Mp 67 °C; NMR (CDCl3) 6 3.90 (s,
8 H), 4.83 (s, 4 H); yield 0.11 g.

The reaction products of the polymerization system in di-
chloromethane by boron trifluoride ether complex were sep-
arated by preparative gel chromatography. The cyclic dimer
was identified by comparing its spectra and melting point with
authentic sample. The cyclic trimer, tetramer, and pentamer
were also identified. Caled for (CsHgOs)s: C, 48.63; H, 8.17.
Trimer Found: C, 48.66; H, 8.18. NMR (CDCl;) 6 3.80 (s, 12
H), 4.77 (s, 6 H). Caled for (C3HgOg)s: C, 48.63; H, 8.17. Tet-
ramer Found: C, 48.65; H, 8.21. NMR (CDCls) 6 3.79 (s, 16 H),
4.77 (s, 8 H). Caled for (C3HgOs2)s: C, 48.63; H, 8.17. Pentamer
Mp 28 °C. Found: C, 48.61, H, 8.22, NMR (CDCls) é 3.76 (s,
20 H), 4.77 (s, 10 H).

Cyclic Oligomers of 1,3-Dioxacyclooctane. The poly-
merized system starting from 11.6 g of monomer was termi-
nated with excess triethylamine. The mixture was distilled
under reduced pressure until the unreacted monomer was
completely distilled off, and the remaining oil was crystallized
from ethanol. The crude crystal was recrystallized from a small
amount of ethanol. This crystal (A in Figure 3) was identified
to be the cyclic dimer of 1,3-dioxacyclooctane by comparing
the melting point!? and by the NMR spectrum. Mp 55.5 °C;
NMR (CDCl3) 6 1.63 (12 H), 3.66 (8 H), 4.70 (s,4 H); Yield 0.2
g. The higher molecular weight oligomers were assumed to be
cyclic because the mixture of oligomers did not show any in-
dication having terminal groups in IR and NMR spectra.

Cyclic Oligomers of 1,3,6-Trioxacyclooctane. To the
polymerized system started from 13 g of monomer which was
terminated with excess triethylamine, 100 mL of benzene was
added and the solution was poured into 1000 mL of n-hexane.
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Table I
Concentration of Cyclic Oligomers (X102 M) at 0 °C in
Dichloromethane®
Monomer® Dimer Trimer Tetramer Pentamer

1,3-Dioxolane 1.9 2.0 1.8 1.2
1,3-Dioxacyclooctane 2.7 1.1
1,3,6-Trioxacyclooctane 2.7 1.4 0.7
1,3,6,9-Tetraoxacyclo- 2.5 1.0 0.6

undecane

a Initial concentration is about 5 X 10~1 M except for 1,3-
dioxolane. Initial concentration of 1,3-dioxolane is 3.77 M. ¢ 1.20
X 1072 M of boron trifluoride ether complex was used as a catalyst
and the reaction time is 24 h.

The supernatant solution was separated by decantation. This
procedure was repeated three times. The combined solution
was evaporated to an oil. The compound, sublimed from this
oil at the bath temperature 100 °C under vacuum after the
complete removal of unreacted monomer, was purified by
recrystallization from n-hexane or sublimation at 60 °C under
vacuum. This compound (A in Figure 4) was identified to be
the cyclic dimer of 1,3,6-trioxacyclooctane by mass spectrum,
NMR spectrum, and elementary analysis. Caled for
(CsH1003)2: formula wt 236.27; C, 50.81; H, 8.54. Mp 55 °C.
Found: C, 50.83; H, 8.56. NMR (CDCls) 6 3.73, 3.77 (two s, 16
H), 4.73 (s, 4 H); M + 236. There was no detectable amount
of OH in IR and NMR spectra. The cyclic trimer and tetramer
were separated by preparative gel chromatography. Caled for
(CsH1003)3: C, 50.81; H, 8.54. Trimer Found: C, 50.81; H, 8.57.
NMR (CDCly) 6 3.70 (s, 24 H), 4.75 (s, 6 H). Caled for
(CsH,003)4: C, 50.81, H, 8.54. Tetramer Found: C, 50.79; H,
8.58. NMR (CDCls) 6 3.71 (s, 32 H), 4.76 (s, 8 H). There was
no indication of any terminal group in IR and NMR spec-
tra.

Cyeclic oligomers of 1,3,6,9-tetraoxacycloundecane have
been reported.® The separation of cyclic oligomers of
1,3,6,9,12-pentaoxacyclotetradecane and 1,3,6,9,12,15-hex-
aoxacycloheptadecane are now in progress.

Thus all the oligomers formed in the polymerization of
1,3-dioxacycloalkanes were proved to be cyclic. The amounts
of cyclic oligomers formed are shown in Table 1.

The polymerization of 1,3-dioxacycloalkanes was confirmed
to proceed in two stages forming cyclic oligomers in the first
stage and mainly high polymers in the second stage.

References and Notes

(1) (a) M. Okada, Y. Yamashita, Y. Ishii, Makromol. Chem., 80, 196 (1964);
(b) E. A. Bergman, E. B. Ludvig, V. A. Ponomarenko, and S. S, Medvedev,
Vysokomol. Soedin., Ser. A, 11, 200 (1969).

(2) (a) V.Jaacks and W. Kern, Makromol. Chem., 62,1 (1963); (b) V. Jaacks,
K. Boehlke, and E. Eberius, ibid., 118, 354 (1968).

(3) (a) P. H. Plesch and P. H. Westermann, J. Polym. Sci., Part C, 16, 3837
(1968); (b) Y. Firat, F. R. Jones, P. H. Plesch, and P. H. Westermann,
Makromol. Chem., Suppl., 1,203 (1975).

(4) (a) S. Penczek, Makromol. Chem., 134, 299 (1970); (b) ibid., 175, 1217
(1974).

(5) Y. Yamashita, M. Okada, and K. Suyama, Makromol. Chem., 111, 277
(1968).

(6) Y. Yamashita, M. Okada, and H. Kasahara, Makromol. Chem., 117, 256
(1968).

(7) M. Okada, S. Kozawa, and Y. Yamashita, Makromol. Chem., 127, 66
(1969).

(8) Y. Kawakamiand Y. Yamashita, J. Polym. Sci., Polym. Lett. Ed., 15,214
(1977).

(9) Y. Kawakami and Y. Yamashita, Polym. J., 9, 227 (1977).

(10) P. E. Black and D. J. Worsfold, J. Macromol. Sci., Chem., 9, 1523
(1975).

(11) M. J. Astle, J. A, Zaslowsky, and P. G. Lafyatis, Ind. Eng. Chem., 46,787
(1954).

(12) Y. Kawakami, J. Suzuki, and Y. Yamashita, Polym. J., accepted for
publication.

(13) J. M. Andrews and J. A. Semlyen, Polymer, 13, 142 (1972).

(14) J. W_Hill and W. H. Carothers, J. Am. Chem. Soc., 57,925 (1935).



