Vol. 7, No. 4, July-August 1974

creases gradually in the range of 0.80-0.50. These results
agree well with the values of H, and H, calculated from
specific rotations.

These structural analyses of DL copolymers combined
with our kinetic analyses may be suggested that dI-Ni cat-
alyst has a stereoselectivity for DL-NCA higher than other
catalysts. This highly stereoselective capacity of dI-Ni
catalyst suggests the asymmetric carbon atom in the acyl-
oxy moiety of this catalyst contributes mainly to this
property, because that of Ni(OAc)2:4H20-n-BusP and of
benzylamine is similar to each other and differs from that
of nickel di-2-methylbutyrate catalyst.

III. An Example of Highly Stereoregular Polymer
Obtained from pL-NCA. pL-BG-NCA was polymerized in
5 wt % dioxane solution at 30° for 72 hr with the dI-Ni
catalyst (molar ratio, NCA:Ni:P = 4:1:11.8) after aging at
30° for 25 min. The polymer obtained in 79.5% yield had a
molecular weight of 5.98 X 10% and was composed of the
regular and perturbed helixes in a ratio of 90:10. This
value of chain conformation is independently supported
quantitatively by the surface pressure vs. surface area re-
lationship obtained by the monolayer methods using our
samples.24 Highly stereoregular polyalanine was also ob-
tained from DL-Ala-NCA with the dI-Ni catalyst in 5 wt %
anisole solution.

The stereoselective polymerization of pL-BG- and of
pL-Ala-NCA with dI-Ni catalyst was extended to the
sterecelective (or asymmetric) polymerization of pL-BG-
and of pL-Ala-NCA with d-Ni catalyst. This extension
gave optically active polymers fully supporting our evi-
dence, and will appear in a subsequent paper.

Superacids and Their Derivatives 415

References and Notes

(1) (a) Faculty of Pharmaceutical Science, Tokushima University, Sho-
machi, Tokushima 770, Japan; (b) Technical Institute, Asahi Chemi-
cal Co., Nobeoka, Miyazaki, Japan; (¢) Technical Development Insti-
tute, Asahi Chemical Co., Fuji, Shizuoka, Japan.

(2} S. G. Waley and J. Watson, Proc. Roy. Soc., Ser. A, 199, 499 (1949).

(3) D. G. H. Ballard and C. H. Bamford, Proc. Roy. Soc., Ser. A, 233, 495
(1954).

(4) R.D. Lundberg and P. Doty, J. Amer. Chem. Soc., 79, 3961 (1957).

(5) M. Idelson and E. R. Blout, J. Amer. Chem. Soc., 80, 2387 (1958),

(6) H. Weingarten, J. Amer. Chem. Soc., 80, 352 (1958).

(7) F. D. Williams, M. Eshaque, and R. D. Brown, Biopolymers, 10, 753
(1971).

(8) M. Tsuboi, Y. Mitsui, A. Wada, T. Miyazawa, and N. Nagashima,
Biopolymers, 1, 297 (1963).

(9) S. Yamashita and H. Tani, Macromolecules, 7, 000 (1974).

(10) M. Idelson and E. R. Blout, J. Amer. Chem. Soc., 80, 2387 (1958).

(11) P. Doty, J. H. Bradbury, and A. M. Holtzer, J. Amer. Chem. Soc., 78,
947 (1956).

) P. Doty and R. D. Lundberg, J. Amer. Chem. Soc., 78, 4810 (1956).
(13) M. Idelson and E. R. Blout, J. Amer. Chem. Soc., 79, 3948 (1957).
) R.D. Lundberg and P. Doty, J. Amer. Chem. Soc., 79, 3961 (1957).

(15) J. Takeda, Int. Symp. Macromol. Chem., Tokyo, Kyoto, Abstr., No.
1, 167 (1966).

(16) T. Tsuruta, S. Inoue, and K. Matsuura, Makromol. Chem., 80, 149
(1964).

(17) M. Goodman and J. Hutchison, J. Amer. Chem, Soc., 88, 3627 (1966).

(18) H. Dostal, Monatsh. Chem., 69, 424 (1936).

(19) R. G. W. Norrish and E. F. Brookman, Proc. Rov. Soc., Ser. A, 163,
255 (1937).

(20) G. D. Fasman, “Poly-«-Amino Acids,” G. D. Fasman, Ed., Marcel
Dekker, Madison, N. Y., 1967, p 500.

(21) J. T. Yangand P. Doty, J. Amer. Chem. Soc., 79, 761 (1957).

(22) S. M. Bloom, G. D. Fasman, C. de Loze, and E. R. Blout, J. Amer.
Chem. Soc., 84, 458 (1962).

(23) J. T. Yang, “Poly-a-Amino Acids,” G. D. Fasman, Ed., Marcel Dek-
ker, Madison, N. Y., 1967, p 500.

(24) T. Yamashita and S. Yamashita, Bull. Chem. Soc. Jap., 13, 3969
(1970).

Superacids and Their Derivatives. IV.1 Kinetic Studies on the
Ring-Opening Polymerization of Tetrahydrofuran Initiated with
Ethyl Trifluoromethanesulfonate by Means of 1°F and 'H Nuclear
Magnetic Resonance Spectroscopy. Evidence for the Oxonium-
Ester Equilibrium of the Propagating Species
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ABSTRACT: Kinetic studies on the ring-opening polymerization of tetrahydrofuran (THF) initiated with ethyl tri-
fluoromethanesulfonate (EtOSO,CF3) were performed by means of '°F and 'H nmr spectroscopy. The equilibrium
between the oxonium (3) and ester (4) species of propagation was directly observed by 1°F nmr spectroscopy. Sol-
vent effect on the polymerization was examined in five solvents of CCly, CHCl3, CHsCly, benzene, and nitroben-
zene. The fraction of the oxonium ion concentration, [O+], was increased in polar solvents, and vice versa. Rate con-
stants of initiation (k;) and propagation due to 3 (kp(;)) and apparent rate constants of propagation (kp(ap)) were de-
termined on the basis of the direct determination of the instantaneous concentrations of 3, 4, and monomer by !°F
and 'H nmr spectroscopy. Rate constants of propagation due to the ester 4 (kp()) were estimated to be very small
compared with kp(;). The activation parameters of the elementary reactions were determined in CCly solvent.

Very recently we have reported kinetic studies on the
cationic ring-opening polymerization of tetrahydrofuran
(THF) initiated by superacid esters? and anhydrides.? In
these studies, the oxonium-ester equilibrium of propagat-
ing species (eq 1) has been discussed.?

+/
1 == —O(CH,)080.X (1)
/ \— 2
080,X~
1(X=CF,F.Cl)

In addition, such equilibrium has already been established
in the reactions of superacid esters with tetrahydropyran

(eq 2).14
N
ROSO.X + O, ) == R—0_ ) (2)

080X~

In the previous study by proton nmr (!H nmr) spectros-
copy,? however, it was very difficult to verify directly the
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Figure 1. °F nmr spectrum of the THF polymerization mixture
by EtOS02CF}; initiator in CCly after 48 min at 13°.
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Figure 2. Polymerization of THF with EtOS80,CF3 monitored by
1F nmr spectroscopy in CCly at 13°. Relationships of ([0*] +
[E])-time (curve A) and of [O*]-time (curve B): {M]o = 5.30 mol/l.,
[I]o = 1.05 mol/l.

equilibrium of eq 1 probably due to the limitation of the
sensitility and resolution of 'H nmr spectroscopy. There-
fore, the elucidation of the equilibrium has been an impor-
tant unsolved problem in several studies?-¢ upon the THF
polymerization catalyzed by superacids and their deriva-
tives. In the present study, we used fluorine-19 nmr (1°F
nmr) spectroscopy and succeeded in direct observation of
both the cyclic oxonium ion (3) and ester (4) species during
the kinetic run of the THF polymerization initiated by
ethyl trifluoromethanesulfonate (EtOSOy,CF3). Then, ki-

+ K
WQG = —O0(CH,),080,CF, (3)
0S0,CF,” 4
3

netic studies of the THF polymerization were carried out in
five solvents by means of 19F as well as 'H nmr spectrosco-
py. Thus, clear-cut evidence for the equilibrium of eq 3 was
given. The equilibrium constant (K = 4/3) was very depen-
dent upon the solvent employed.

Results and Discussion

I9F nmr Spectroscopy. Figure 1 illustrates the 1°F nmr
spectrum of the THF polymerization system initiated by
EtOS0O,CF3, which was taken after 48 min at 13°. The
molar ratio of monomer to initiator was 5:1. The !°F chemi-
cal shifts are given in parts per million from the external
standard of CF3COqH capillary. Peak A at —2.52 ppm is
due to EtOSO,CF3. Peak B at +0.46 ppm is assigned to the
oxonium counter anion of 3 (OSO;CF3™) of the propagating
species. Finally, peak C at —2.80 ppm is reasonably as-
cribed to the ester type species of 4 (~~CH3;0S0,CFs3).
Peak C appears at lower field than peak A, since the poly-
mer alkyl group of 4 is more electron withdrawing than
ethyl group of EtOSO.CF3 due to the inductive effect of 4-
alkoxy group in the polymer alkyl. No other peaks were de-
tected in the !°F nmr spectrum. Thus, the °F nmr spec-
troscopy provides a new method for the direct determina-
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Table I
The F Chemical Shift Data® in the THF
Polymerization in Five Solvents at 0°

Initiator Ester

(EtOS0,- Oxonium (mvCH,-

Solvent CFy) (OSO,CF;~) OSO.CF;)
CCl, —2.52 +0.46 —2.80
CsH; —1.99 +0.67 —2.24
CHCI; —2.62 +0.43 -2.91
CH.Cl, —2.48 +0.71 —-2.73
C:H:NO, —-2.20 —+0.32 —2.41

e In parts per million from the external standard of
CF;CO,H capillary.

tion of the instantaneous concentrations of initiator and
the oxonium and ester species of propagation.

Similarly, the kinetics were carried out in four other sol-
vents. Signals due to initiator, 3, and 4 appeared separately
in all cases. The 1°F chemical shifts varied according to the
solvent used (Table I).

Oxonium-Ester Equilibrium. Figure 2 shows the varia-
tions of (JO*] + [E]) (curve A) and of [0*] with time (curve
B) during the THF polymerization in CCl, at 13°, where
[O*] and [E] denote the concentrations of the oxonium ion
(3) and the ester (4) species, respectively. At the end of the
kinetic run (after 76 min) 28% of the initial feed of initiator
has been reacted. The molar ratio of [O*] to [E] reached to
a constant value of 46:54 after about 30 min. This indicates
that the equilibrium of eq 3 is actually present in the THF
polymerization initiated by EtOSO,CFs.

Such an equilibrium was observed also in CHsCl; sol-
vent. In this case, however, the ratio of [O*] to [E] became
a constant value of 89:11 after about 30 min at 0°. This
finding is taken to support our previous conclusion that
“the contribution of 4 to the propagation is, if any, very
small during the THF polymerization in CHCl,.”’2 Name-
ly, the polymerization proceeded mostly via the oxonium
propagating species in CHCl,.

Similarly the THF polymerization was monitored by 1°F
nmr spectroscopy in three other solvents. In CHCl; and
benzene solvents, the fractions of [0*] were 85 and 75% at
0°, respectively, after the equilibrium was reached. In ni-
trobenzene, however, the [E] fraction was very small, e.g.,
below 2% at 0°, throughout the polymerization.

The equilibrium was also examined under the reaction
conditions where the monomer concentration was below
that of the polymerization equilibrium, [M].. Figure 3
shows the relationships of ([O*] + [E]) vs. time (curve A)
and [O%] vs. time (curve B) in CHyCl; at 35°. The initial
THF concentration was 1.02 mol/l., which is much lower
than [M]. = 4.00 mol/l. at 35°.7 The ratio of [O*] to [E] was
in a constant ratio of 90:10 after 50 min. This ratio was not
changed even after 7 hr at 35°. With the aid of 'H nmr
spectroscopy it was concluded that the following reaction
mainly took place to produce the cyclic oxonium (5) and
ester species (6). The value of 5/6 = 90/10 at 35° is very

+
= Et—p<:' =
0SO,CF,~
5

EtOSO.CF, + O

EtO(CH,),0S0.CF, (4)
6

close to that of 3/4 = 89/11 in the THF polymerization at
0°in CH2C12

At a reaction time of 7 hr when the equilibrium of eq 4
was already reached, the concentrations of EtOSO.CFj, 5,
and 6 were respectively 0.61, 0.42, and 0.05 mol per L, i.e.,
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Figure 3. A molar reaction of THF with EtOSO.CF3 monitored by
19F nmr spectroscopy in CHsCls solution at 35°. Relationships of
([0*] + [E])~time (curve A) and of [O*]-time {(curve B): [THF], =
1.02 mol/l., [EtOS02CF3)o = 1.08 mol/l.

the cyclic oxonium species 5 was in equilibration not only
with ester species of EtOSO.CF3 but also with 4-ethoxy-
butyl trifluoromethanesulfonate (6). It is interesting to
compare this result with the result of the 'H nmr study on
the reaction of EtOS0,X with tetrahydropyran (eq 5) in
CH,Cly, in which the cyclic oxonium species 7 was in equil-
ibration only with the starting ester species of EtOSQsX,
but not with a 5-ethoxypentyl-type ester (8).1

+
Et0SOX + O ) == Et—0
050.X~

7

=x*

EtOX(CH,);080,X (5)
8

'H Nmr Spectroscopy. Figure 4 shows a 'H nmr spec-
trum of the THF polymerization system in CCly by EtOS-
0,CF; initiator, which was taken at the same reaction time
and temperature as those of !°F nmr spectrum shown in
Figure 1. The signal pattern is just the same as that of the
1H nmr spectrum previously reported, whose signal assign-
ments were already made.2 Therefore, only the results of
the assignment of signals A—J of Figure 4 are given here as
follows.

CH,CH,0SO.CF.
Vo
H B
/CHZ—TH_;
%
CH,—CH,
| i
C F
. /CHZ—CHQ
CH,CH,~0CH,CH,CH,CH,%~0CH,CH,CH,CH,—0
nol N A el
4 ¥ CH,—CH,
I D D G D D G A )
A E
-0SO,CF,”

CH,CH,—QCH,CH,CH,CH0CH,CH,CH,CH,080,CF,
Sa—— S——

A A
I b D G D D G Jd

Based on the above assignments the instantaneous con-
centration of THF monomer could be determined by inte-
gration of peaks C and D, as previously carried out in the
THF polymerization by EtOSO,CF; initiator.2 Figure 5
shows the monomer conversion-time relationship under
the same conditions as those of Figure 2.

Kinetics. The following scheme of reactions explains the
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Figure 4. 'H nmr spectrum of the THF polymerization mixture by
EtOS0O,CF; initiator in CCly after 48 min at 13°.
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Figure 5. The monomer concentration-time relationship in the

polymerization of THF with EtOS0O2CF3; monitored by 'H nmr
spectroscopy in CCly at 13°: [M]o = 5.30 mol/L., [I]o = 1.05 mol/l.

course of the THF polymerization initiated by EtOSO.CFs.

k; +
— Et—0 =

EtOSO,CF, + O

0SO.CF,”
EtO(CH,),080.CF,, (6)
Propagation
+ [ +
0SO,CF,~ 0SO,CF,~
3
~~+O(CH,),F-0S0.CF, (T)
and

k

—

~~Q(CH,),080,CF; -+ 0/\:]
4

+
w-{)(CHg)r—IO(] = —+fOCH,),3708S0.LF, (8
0S0.CF,~
On the basis of a bimolecular mechanism (eq 6) the rate

equation of initiation is given by

—d[1)/di = k;[1][M] (9)

Integration of eq 9 gave

1l t
n [1—] = k‘fo [Mlds

where k; is the rate constant of initiation, and [I]o is the ini-
tial feed concentration of EtOSO,CFs3.
The rate equation of propagation is expressed as

(10)

—d[M)/dt = kyapP¥I{M] - ML} (11)
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Table II
Rate Constants, Activation Parameters, and the
[0O*] Fraction in the THF Polymerization Initiated
by EtOSO.CF; in CCl

kt X kp':\p) >< k])':‘, >< [O‘]
10° 104 10° Frac-
(1. {mol (l.”{mol (L./(mol tion"
Temp (°C) sec)) sec)) sec)) (%
0 0.80 0.84 2.2 45
13 2.1 1.6 3.6 46
25 3.9 3.0 5.7 47
AH* (kcal/mol) 20 16 13
AS* (eu) -5 —12 —24
« Solution polymerization in CCl,. IM], = 5.30 mol 'l
Il = 1.05mol l. " At alaterstage of polymerization where

the equilibrium of eq 3 was reached.

where, [M] and [M], are the instantaneous and equilibrium
monomer concentrations, kpap is the apparent rate con-
stant of propagation, and [P*] represents the total concen-
tration of the propagating species.

Integration of eq 11 gave

M, - [M],

{M], - [M]e (12)

¢
In = /emp)f [P*]dr
]

where [M], is the initial feed concentration of THF. Now,
[P*] is given by
[P*| = [07] ~ [E] (13)

The ester species 4 is not dead, but is thought to be inher-
ently capable of propagation, since the ester of EtOSO.CF
initiates the THF polymerization. [P*] is equal to the
amount of the reacted initiator. Therefore, the following
relationship is derived

Roap = FpnXy =+ RocerXe (14)
where kp(i, and kp(e) represents the rate constants of propa-
gation due respectively to the oxonium ion 3 and ester 4
species, and X, and X, are the molar fractions of [O*] and
|E], respectively, e.g., X; + X. = 1. It is reasonable to as-
sume that the magnitude of kpe, must be at least smaller
than that of k; which was about 140-280 times smaller than
that of %, as shown in Tables I and III (vide infra), e.g.,
kp) > hkpre). Furthermore, X was not so large, e.g., below
0.55 in all cases (Tables II and III). Therefore, eq 14 be-
comes

Rotam = Rpi)Xi (15)
Consequently, eq 12 is converted to
_ ¢
i Ml = (M, Iepmf [0*ld  (16)
Ml - M, 0

The integrated value of [M] in eq 10 was given by graphi-
cal integration on the [M]-time curve in Figure 5. The
value of In [I]¢/[I] was obtained from curve A in Figure 2.
Thus, a plot of eq 10 gave a straight line, whose slope gave
the ki value, k; = 2.1 X 1075 1./(mol sec) in CCly at 13°.

Then, kpap) and kp(;) were determined. The {(from 0 to
t}[P*]dt value was calculated by integration on curve A in
Figure 2. A plot of eq 12 is shown in Figure 6A, whose slope
corresponds to Rp(ap), Epapy = 1.6 X 1077 1./(mol sec) in
CCly at 13°. The integrated value of [O*] in eq 16 was ob-
tained also by graphical integration on curve B in Figure 2.
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Figure 6. Plots of eq 12 (A) and of eq 16 (B) in the THF polymer-

ization by EtOS0,CF3 in CCly at 13°: [M]o = 5.30 mol/L., [Ilo =
1.05 mol /1., (Mo = 2.3 mol /1.7

o

Figure 6B shows a linear plot of eq 16. From the slope of
the straight line passing the origin, the value of k) was
determined, kpi) = 3.6 X 1073 1./(mol sec) in CCly at 13°.
Similarly the kpap) and k) values were determined at 0
and 25°. The rate constants and the activation parameters
as well as the [O*] fraction (%) at equilibrium are shown in
Table II.

The activation parameters of initiation, in which a di-
pole-dipole reaction between EtOSO;CF3; and THF pro-
duces a cyclic onium species (eq 8), are relatively large in
CCly (AH* = 20 kcal/mol, AS* = —5 eu). In a polar solvent
of CHoCls, both parameter values were much smaller.2 This
is not unreasonable because such tendency has been al-
ready observed in the same type of reaction of eq 2, i.e,,
both the AH* and AS* values were increased in a less polar
solvent of CH4Cl; in comparison with those in a more polar
solvent of nitrobenzene.!

It is seen that the activation parameters of kpp) are
slightly different from those of kg). This is due to different
values between [ (from O to t)[P*]dt of eq 12 and f (from 0
to t){0*]dt of eq 16 depending upon the reaction tempera-
ture during kinetic runs. It should be noted, however, that
the [0*] fraction in [P*] was not changed at the reaction
temperatures of 0, 13, and 25°, after the equilibrium of the
oxonium-ester propagating species has been reached at a
later stage of the THF polymerization, as shown in the last
column in Table II.

Similarly, on the basis of the combined data of °F and
'H nmr spectroscopy kinetic analyses were successfully
performed in the other four solvents. These are given in
Table III.

It is worth while to note that the order of the [O7] frac-
tion at equilibrium coincides with that of the dielectric
constant (¢) of the polymerization mixture, which is also
given in Table III. Namely, the cyclic oxonium is stabilized
more strongly in highly polar media than in less polar ones.

The k; values were generally increased in polar solvents,
e.g., the rate of initiation was about four times faster in a
polar solvent of nitrobenzene than in a nonpolar solvent of
CCly. Similar results have been observed in many dipole—
dipole reactions producing onium ions such as the reaction
of eq 2' and Menschutkin reactions (eq 17).%

R;N + R’X — RyR'N'X~ 17

In CCly the value of kpp) was 2.6 times smaller than
that of kp(). In a highly polar solvent of nitrobenzene, how-
ever, both the kap) and kp i) values were identical since the
[0*] fraction was higher than 98% throughout the kinetic
run. Interestingly, the k,q values did not vary so much in
the five solvents; they are in a narrow range of 2.0-4.4 X
10~3 1./(mol sec) at 0°, irrespective of a big change of the
dielectric constants of the system. The reason may be ex-
plained as follows. The propagating chain end probably
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Table II1
Rate Constants and the [O*] Fraction in the THF Polymerization by EtOSO,CF;
Initiator in Five Solvents at 0°

ki X 100 Eocapy X 10 Eoy X 108 [O+] Fraction?
Solvent ¢ of Solv. ¢ of the Mix.* (I./ (mol sec)) (1./(mol sec))  (I./(mol sec)) (%)
CCl, 2.24 4.5 0.80 0.84 2.2 45
CsHs 2.28 4.5 1.1 1.7 2.7 75
CHCI, 4.81 6.0 1.1 1.8 2.2 85
CH,Cl. 8.93 8.3 1.2 1.7 2.0 89
C:H:NO, 34.8 23.4 3.1 4.4 4.4 >98

a [M], = 5.30 mol/l., [I], = 1.05 mol/l. ? Dielectric constant taken from ref 8. < Calculated by assuming the molar additivity
in the dielectric constant value of solvent and THF. ¢ of THF = 7.588 ¢ At equilibrium.

Table 1V
Rate Constants in the THF Polymerization with
EtOSO,CF; Initiator Determined by 'H nmr
Spectroscopy in Five Solvents at 0°¢

kl:(:n:) X
103
ki X 10° (l/(mol k])<i> X 10
Solvent (1./(mol sec) sec)) (1./(mol sec))
CCl, 0.6 1.0 ~4b
C:H; 0.8 c ~2.8
CHCls 1.0 1.9 ~3.1°
CH,Cl: 1.1 2.1 2.1
CH.Cl (0.85)¢ (2.0)¢
C:H:NO, 3.9 4.3 4.3

e [MJ], = 5.30 mol/l,, [I], = 1.05 mol/l. * Quantitative
determination could not be made in .these solvents due to
the broadness of peak E, and also due probably to the
relatively low [O 7] value. ¢ Could not be determined be-
cause the triplet signal I at the polymer end was overlapped
with that of EtOSO,;CF; in benzene. ¢ Taken from ref 2.
M1, = 7.70 mol/L, [[} = 1.27 mol/L.

consists of three kinds of species in the THF polymeriza-
tion by EtOSO.CFj initiator, i.e., the free ion (3a), ion pair
(3b), and ester (4) species, respectively. This is very reason-
able since Sangster and Worsfold!© have recently reported
that two kinds of the oxonium propagating species, the free

+ +
““‘"O/\:] + 0S0.CF~ = “""‘O(]'OSO._;CF;_ =
3a 3b
~—~((CH,),0S0.CF, (18)

4

ion and the ion pair, were involved in the THF polymeriza-
tion initiated by triethyloxonium tetrafluoroborate (Et;0*-
BF ™). Each species exhibited a different rate constant of
propagation.l® In eq 18 the combined concentration of 3a
and 3b corresponds to the [O*] value in the present study.
It is likely, therefore, that the variation of the polymeriza-
tion solvent brings about the change not only in the [0+]/
XE] ratio but also in the 3a/3b ratio in the oxonium
species. In addition, it is also very likely that the rate con-
stants of propagation due to 3a and 3b may be varied with
the change of the solvent.

Thus, the present study provides a novel method which
allows a determination of kpap) and kp) on the basis of the
direct determination of the instantaneous concentrations
of 3 and 4 by '°F nmr spectroscopy. The instantaneous con-
centration of monomer was obtained with the aid of 'H
nmr spectroscopy.

The above results are taken to support the proposed
mechanism (eq 6-8). All the processes of the THF polymer-
ization by EtOSO,CF; initiator can be given by Scheme I.
In the scheme the interconversion between 3 and 4 was a
faster process than propagation, i.e., the equilibrium of eq

3 was attained during the kinetic run. The rate constant
(kpe)) of the intermolecular oxonium formation of eq 8 was
very small compared with ky;). The value of kg is proba-
bly around that of ki. The precise determination of kye)
value, however, is required for the further study. The ester-
type species 4 is not dead, but is inherently capable of
reacting with THF to produce oxonium species. In this
sense, we propose to denote 4 as a “sleeping species.” 11

Scheme I
k, + K
Et0S80.X '—-(]—’ Et—0 = EtO(CH,),080.X
= S K
(X =CF,) 050,X

+ K
EtO(CH»_,L—,OC:] = Et—fO(CH.)3—080.X
050,X~

||

.
Et—fo<CH_,ﬁ”—pi]
080,X~

K
= Et—fO0(CH.)F=080.X

It is shown in the THF polymerization that the propa-
gating cyclic oxonium ion (9) undergoes chain transfer with
polymer alkyl ether to form a trialkyl oxonium ion (10) of
the so-called “dormant’” species.!2 The cyclic oxonium 10 is

P, P.

* v o
P1~—~0<] +0 = P1-O<CH._.)4*O\

P. P,

9

3

10

also not a dead species, and can regenerate the cyclic oxoni-
um ion by the reaction with monomer. However, 10 should
be discriminated from a “sleeping species” in a sense that
4 can awake into a cyclic oxonium ion of the propagating
species (3) not only by the intermolecular reaction with
monomer but also by the intramolecular cyclization of the
so-called back-biting reaction.!?

A similar type of back-biting reaction has already been
observed by us,? i.e., 4-ethoxybutyl chlorosulfate (11) cy-
clized intramolecularly to produce a cyclic oxonium ion

(12).
CH,—CH,
. - " +
Et—O/ = Et—()(:]
&N
CH—CH, 080.C1”
57080l 12
1

In relation to the ester species 4, we have found that the
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ester (13) is actually the only propagating species in the po-
lymerization of 3,3-bis(chloromethyl)oxacyclobutane by
EtOSO.CF; initiator.!3

CH,Cl
~—QCH,CCH,080,CF;

CH,Cl
13

Penczek et al.b have presented a kinetic study on the
THF polymerization by EtOSO,CF3 under the conditions
where the initial concentration of initiator was as low as
0.122 mol/l. They assumed that the average rate constant
of propagation (kp) is independent on the nature of the
counteranion in the THF polymerization initiated by Lewis
acid catalysts, which cannot produce ester-type species.
Thus, a big change in &p/kpap: values was observed with
the variation of solvents, e.g., 23.0 in CCly, 2.45 in CH,Cla,
and 1.07 in nitromethane at 25°. They ascribed the variation
of kp/kpiap) to the change of the fraction of the ester species
in different solvents. However, they determined directly the
concentrations of neither 3 nor 4. From the present results,
their observation can not be ascribed entirely to the ester
species, because the values of ([0+*] + [E])/[O*] are in a
narrow range between 2.2 (in CCly) and 1.0 (in nitroben-
zene) at 0° under the present polymerization conditions
(Table III). In addition, it is likely that even k, of the oxo-
nium propagation is changed depending on the nature of
the counteranion, since our previous studies revealed that
rate constants of propagation varied with initiators em-
ployed, i.e., 0.66-9.9 ./(mol sec) at 0° in CH,Cl, 2120

Kinetics by !H Nmr Spectroscopy. It has already been
established that kinetics of the THF polymerization by su-
peracid esters could be performed by 'H nmr spectroscopy
alone.? Since the THF polymerization by EtOSQsCF3 was
found to be of living character without termination, kinetic
analyses could be made as follows.2 The instantaneous con-
centration of P* was obtained by the integration of peak I
(Figure 4), from which k; and kpap) values were determined
according to eq 10 and 12, respectively. With monitoring
peak E, ky) values were obtained according to eq 16. How-
ever, signal J could not be observed as a fine peak even in
CCl, where a large amount of [E] should be involved. These
results are summarized in Table IV.

The values of rate constants in CHsCl, and nitrobenzene
are in good agreement with the corresponding values in
Table III. The same values between kpap) and kpi) were
obtained in these solvents. This indicates that the contri-
bution of the ester type to kp(ap) is very small, as already
pointed out.? In the other three solvents, CCly, CHCls, and
benzene, k; and kp(apy values are in good agreement with
the corresponding values of Table III. In these three sol-
vents, however, peak E was very broad and [O%] values
were relatively low, which did not allow good quantitative
measurement of the integrated value of [0O*] in eq 16.
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Therefore, kp() values thus obtained may not be reliable in
these solvents.

The above observations indicate that there is a limita-
tion in 'H nmr spectroscopy in the determination of kp).
Since signal J due to the methylene protons of ~ ~CH20-
SO;CF3 cannot be detected as a peak in 'H nmr spectra,
the kinetic analysis becomes less reliable in less polar sys-
tems in which the [E] fraction was increased. However, it is
safe to say that 'H nmr spectroscopy is still a useful meth-
od to perform kimetics on the THF polymerization by su-
peracid esters especially in polar solvents such as CH.Cl;
or nitrobenzene, in which only a low concentration of the
ester type is involved in the propagation species.

Experimental Section

Materials. THF and solvents were purified as previously re-
ported.! EtOSO.CF3 was prepared by the reaction of diethyl sul-
fate with CF3SOgH, bp 55-58° (100 mm) (lit.14 115°).

Kinetic Procedures. Kinetic reactions were carried out under
nitrogen. Into an nmr sample tube containing 0.20 ml of solvent,
2.44 mmol of THF and 0.482 mmol of EtOSO,CF; were introduced
at —78° by using a microsyringe (the initial concentrations of [M]o
= 5.30 mol/l. and [I]o = 1.05 mol/l., respectively). Then, the tube
was sealed and stirred at the same temperature. The extent of the
reaction was negligible at ~78°. The tube was placed in the nmr
probe insert which was kept at a constant temperature. The reac-
tion was then monitored by !F nmr or 'H nmr spectroscopy. The
instrument used was a Hitachi R-20B nmr spectrometer equipped
with radiofrequency units for proton (60 MHz) and fluorine-19
(56.456 MHz) nuclei. The reaction temperature was kept constant
within £1° and the experimental error of the integration was with-
in £2%.
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