954 Communications to the Editor

Table 11
Rate Constants in the Cyclodimerization of Ethylene
Oxide Catalyzed by Superacid Esters at 35°2

"k X 105, kgy(ap) x 105,

Catalyst Solvent l./(mol sec) 1./(mol sec)
EtOTf CCl, 2.8 2.5
EtOTE CH,CIl, 4.1 3.3
EtOTf 7.4 6.3
EtOTf C,H,NO, 22 15
MeOTf CH,Q1, 5.6 2.9
EtOSO,F 4. 4.2

4 [EO], = 9.2 mol/l. in solution reaction and [I], was 5.0
mol % for EO.

1)/l = &, J (w0l @

and

¢

t
In [EO), /[EO),, = & [ " [t + Fyam [ “IPKiE ®
1

£y

Since the k; value and the relationship of [I] vs. time were
obtained, the term of k; f;,2 [I]dt in eq 8 became a known
value. Thus, k; and kp(ap) values were determined accord-
ing to eq 7 and 8. In order to show the rate at what the re-
action proceeded the preliminary results of several systems
are given (Table II). Both the k; and &p(ap) values increased
in more polar media. It is interesting to note that in every
case the value of kpp) is slightly smaller than that of k;
when Et0S0.;X (X = CF3 and F) is employed as a catalyst.

Further study is necessary to predict a definite mecha-
nism of the present reaction, especially of the cyclodimeri-
zation process. As to the mechanism, however, it is impor-
tant that the propagating end is an ester type species as ob-
served in the superacid ester catalyzed polymerization of
other cyclic ethers of oxepane,! tetrahydrofuran,>+418 and
3,3-bis(chloromethyl)oxetane.” We are presently undertak-
ing the kinetic and mechanistic studies on the cyclodimeri-
zation of EO in more detail, the reactions of substituted
1,2-epoxides, as well as the depolymerization of poly(ethyl-
ene oxides), all of which are catalyzed by superacids and
their derivatives.
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I3C Nuclear Magnetic Resonance Studies on the
Polymerization of Cyclic Ethers

The polymerization of cyclic ethers has received consid-
erable attention lately.!-3 The polymerization kinetics have
been established for many systems, based on the concen-
tration of the propagating species, which were determined
by phenoxy end capping,*5 and more recently by pro-
ton?88.2 and fluorine®’ NMR spectroscopy. In the poly-
merization of tetrahydrofuran (THF) a macroion = ma-
croester equilibrium has been proposed,” and both end
groups could be observed directly in high-resolution proton
NMR spectra.?
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The proton NMR signals are generally rather weak, unless
large initiator concentrations are used, and due to strong’
solvent effects the assignments are not always unambigu-
ous.?87 In polymerization systems where the initiator con-
tains fluorine atoms, a clear distinction between covalent
macroesters and ionic species can be made based on their
different 1F NMR signals.? However, the use of this tech-
nique is obviously restricted to polymerization systems
with fluorine-containing initiators. Furthermore, it only al-
lows a determination of the concentration of the counterion
and does not permit monitoring of the actual propagating
oxonium chain head during polymerization.

We have now utilized 3C NMR spectroscopy to study
these propagating chain heads and to monitor structural
changes in the active species during the cationic polymer-
ization of cyclic ethers. Not only can the presence of ma-
croions or macroesters be clearly demonstrated in a noise-
decoupled 3C NMR spectrum, but a distinction can also be
made between different types of ionic species formed in the
course of the polymerization. This is generally not feasible
by proton NMR spectroscopy. We wish to report prelimi-
nary results of these investigations.

The proton-noise decoupled spectra were obtained on a
Bruker WH-90 Fourier transform NMR spectrometer, op-
erating at 22.63 MHz. Typically, the spectra were recorded
at 6024 Hz sweep width, and accumulation of 1000 pulses
with phase alternating pulse sequence was found to give
spectra with adequate signal-to-noise ratios. Field-frequen-
cy stabilization was maintained by deuterium lock on ex-
ternal perdeuterated benzene. The samples were prepared
in 10 mm o.d. NMR sample tubes, with tetramethylsilane
(TMS) as internal reference, and all chemical shifts are re-
ported in ppm downfield from TMS. Spectral assignments
were facilitated by spectra of model compounds and model
polymers, which will be described in more detail at a later
date.

Figure 1A shows the 13C NMR spectrum of the polymer-
ization mixture of tetrahydrofuran-methyl fluorosulfate
(6:1) in nitromethane (64% by weight), after a reaction time
of 20 min. Figure 1B shows a corresponding polymerization
in carbon tetrachloride. The signal at lowest field in Figure
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Figure 1. 13C NMR spectra (22.63 MHz) of the polymerization
mixture of THF-CH3O0SOF (6:1): (A) 64% in CH3NO,, after a po-
lymerization time of 20 min (8 indicates the solvent peak); (B) 64%
in CCly, after a polymerization time of 20 min (the scan has not
been extended to include the solvent peak at 96.7 ppm).

1A (at 89.8 ppm) is due to the open-chain methylene car-
bon of the polymeric species next to the oxonium ion at the
growing chain end, while the signal at 87.5 ppm arises from
the a-methylene carbons of the tetrahydrofurylium ring at
the same chain end. The a-methylene carbon of the ma-
croester (Figure 1B, at 79.1 ppm) is about 8 ppm further
upfield; and the methyl carbon of the initiator (CH3O-
SQO,F) is found at 62.5 ppm in Figure 1B. No residual initi-
ator signal was detected in the nitromethane scan. The
methylene carbons adjacent to the oxygen in the polymer
chain are seen at 71.1 ppm. The two smaller satellites on ei-
ther side of this peak are due to penultimate o carbons.
The tetrahydrofuran monomer signal is at 68.2 ppm. The
small peak at 58.4 ppm was found to be due to the -OCHj3
end groups of the polymer chain. This was demonstrated
by off-resonance decoupling, which split this signal into a
quartet. Solvent peaks are at 96.7 and 63.2 ppm, for CCl,
and CH3NOs,, respectively.

The corresponding 3-methylene carbon signals are found
in the high-field region, between 25 and 30 ppm. The indi-
vidual peaks are sharp and can easily be separated by scale
expansion, but all chemical shift effects are much less pro-
nounced in the 3 carbons, and they are less useful to moni-
tor chemical reactions. The chemical shift assignments of
Figure 1 are summarized in Table I.

Figure 2 shows the oxonium region in more detail. The
curve at the bottom (Figure 2A) is a scan between 83 and
95 ppm of the system THF-CH3NO; (67% by weight) in
the presence of a different methyl ester initiator, methyl
triflate (THF-CF3S8O3Me = 6:1). The ring- and open-chain
methylene carbons next to the oxonium ion are again found
at 89.6 and 87.5 ppm, i.e., the counterion did not have any
effect on the chemical shifts. No macroester was detected
in this system. The small peak at the low-field side (at 90.1
ppm) was assigned to the a-methylene carbons of the
methyl tetrahydrofurylium ring, i.e., the initial tertiary ox-
onium ion formed in the reaction with THF. In systems
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Tablel
13C NMR Shift Assignments in the
Polymerization of Tetrahydrofuran by MeOSO:F

!3C
chemical
Assignments® shifts?®
A~ 89.6
/EH_,
/\/\/CH_O\*\ j 87.5
g,
/\/\/SHJOSOEF 79.1
e CHOCH, A~~~ 71.1
*CH, *CH, 68.2
\O/
EH(OSO_.F 62.5
A CH,OCH, 58.4
\/\/OCH_,((’;H_,)_‘CH_‘O/\/\/ 27.4
* *
CH,~—CH, 26.2
0

2The carbon atoms of interest are marked by an asterisk.
® Chemical shifts are given in ppm with respect to internal TMS,
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Figure 2. '3C NMR spectra (22.63 MHz) of the oxonium ion re-
gion: (A) THF-CH30S0:CF; (6:1) in CH3NO, (64%), after 15 min;
(B) THP-CH30S0,CF; (6:2) in CH3NO; (67%), after 60 min; (C)
OXP-CH30S0,CF3 (2:6) in CH3zNO, (67%), after 30 min.

with very high concentrations of methyl ester initiator
(CH30S80.F, CH3080,CF3, etc.) this is the predominant
peak observed.

Scan B in Figure 2 shows the oxonium region of an ana-
logous system, using tetrahydropyran (THP) instead of
THF. No evidence for ring opening was found in this sys-
tem. The only major peak in the oxonium region is at 92.1
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Table I1
13C NMR Chemical Shifts of the
“Oxonium’’ a-Methylene Carbons

ISC
chemical

Assignments® shift®

CH,
Me—0<+ :> 92.1
CH,

CH,
\/\/\0/+ ] 87.5
\QH—‘
CH,
\/\/\0< 90.5
cH.
CH,
CH,~—0_+ .
PV aN o\ :I 89.6

CH,
/\/\E‘H_,—O\/: 92.8
CH.

2 The carbon atoms of interest are marked by an asterisk.

& Chemical shifts are given in ppm with respect to internal TMS.

ppm, which is due to the a-methylene carbons of the meth-

yl tetrahydropyranylium ring.
+
CHO )

CF;80,”

CH,080.CF; + O ==

Finally, the top scan (Figure 2C) shows the oxonium re-
gion in the spectrum of a polymerization mixture contain-
ing the seven-membered ring oxepane (OXP).!! The largest
signal (at 93.5 ppm) is due to the a-methylene carbons of
the initially formed methyl oxonium ring, which was
present in higher concentration in this case because of a
high initiator concentration. No macroester signal is found
under these conditions. In the presence of higher mono-
mer-initiator ratios (oxepane-CH30SO;CF; = 4:1, in ni-
tromethane, 70 wt. %) the methyl oxonium signal at 93.5
ppm was absent after 60 min, and the molar ratio of ma-
croion I to macroester II (at 79.5 ppm) was found to be 3:7.

+ OXP
CH,0SO,CF, + O = CHO —
CF:sSO:!-
+
CH,O~- > ""~0 =
CF,80,”
I
CHO0- """ (CH,):0S0.CF,
- I
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The chemical shifts of the oxonium methylene carbons of
Figure 2 are listed in Table II.

The pronounced ring-size effect in these systems is evi-
dent, resulting in a downfield shift of about 1.7 ppm per
ring expansion by one methylene group, from the five-
membered to the seven-membered ring. A corresponding
downfield shift of the open-chain and ring methylene car-
bons in the « position to the propagating chain end of the
larger ring is also observed. Carbon-13 NMR spectroscopy
may therefore allow quantitative measurement of the dif-
ferent propagating chain ends in ionic copolymerization of
cyclic ethers.

Similar chemical shifts have been found in polymeriza-
tions initiated by ethyl esters (EtOSO.F or EtOSO:CF3), or
by free acid (CF3SO3H). The clear separation of the differ-
ent oxonium ions, which in some cases cover a range of al-
most 10 ppm, and the sensitivity of 13C measurements may
permit an estimation of the so-called “dormant” oxonium
ions. Such open-chain oxonium ions have been postulated
to be present in these polymerization systems.!? Carbon-13
NMR spectroscopy therefore appears to be a very powerful
tool for studying the detailed mechanisms in the cationic
polymerization of cyclic ethers.
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13C—{lH} Nuclear Magnetic Resonance Study of
Poly(isopropylthiiranes) Prepared from Racemic
and Optically Active Monomers

Polymerization of monosubstituted thiirane has been ex-
tensively studied during recent years and special attention
has been devoted to obtaining stereoregular polymers.! Use
of optically active pure enantiomers allowed the prepara-
tion of corresponding optically active polymers and gave
information on the ring-opening mechanism and the struc-
ture of the polymers. Thus, S(—)-methylthiirane? and
S(—)-tert-butylthiirane® were prepared and polymerized
with various initiators. Stereoregularity was studied by
13C{1H} NMR on undeuterated polymers*’ and by 'H
NMR on deuterated polymers.5?

In the case of methylthiirane it was shown that the terti-
ary carbon of the chain (A) was sensitive only to dyad ef-



