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ABSTRACT: This paper describes a kinetic study on the oxonium-exchange reaction between triethyloxonium
tetrafluoroborate (EtsO+BF4~) and a series of cyclic ethers. The purpose of the study is to elucidate the mecha-
nism of the initiation reaction of the cationic ring-opening polymerization of cyclic ethers. Cyclic ethers employed
in this study were tetrahydrofuran, tetrahydropyran, and oxepane. The rates at various temperatures were deter-
mined by means of nmr technique, which gave the initiation rate constants (k;) as well as the activation parame-
ters. The k; values at 35° in CH,Clz were as follows: tetrahydrofuran, 1.50 X 10-3; tetrahydropyran, 1.34 X 10-3;
and oxepane, 1.08 X 10-3 1./(mol sec), respectively. The order of the magnitude of k; was tetrahydrofuran >
tetrahydropyran > oxepane, although the differences are not considerable. The k; value can be taken as a mea-
sure of the nucleophilicity of monomer toward the common oxonium ion. The order of the nucleophilicities ex-
pressed by k; values was discussed in comparison with the monomer basicity. The kinetics of the initiation reac-
tion also was compared with that of the propagation reaction, which is a bimolecular reaction between the cyclic
oxonium of propagating species and the cyclic ether monomer. The k; value of tetrahydrofuran is much smaller
than its k,. The big difference has been attributed to the difference of reactivity between the acyclic oxonium

(EtsO*BF4~) and cyclic oxonium.

The cationic ring-opening polymerization of cyclic
ethers has been known to proceed vie an SN2 reaction be-
tween the cyclic oxonium ion of propagating species (elec-
trophile) and monomer (nucleophile)
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By means of our ‘“phenoxyl end-capping method,”! the
propagation rate constants, kp, have been determined on
several monomers having different ring sizes and struc-
tures.2-3 Based on the k,, values thus obtained, the kinetic
reactivities of polymerization of cyclic ethers have been
quantitatively discussed.®

As to the initiation reaction, however, very few kinetic
studies have been available, so far.” When an oxonium
salt is used as initiator the initiation reaction proceeds
also through an SN2 process, where the monomer attacks
the «-carbon atom of the oxonium ion. This mechanism
resembles the propagation in which the monomer attacks
the a-carbon atom of the propagating cyclic oxonium ion.
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For the analysis of the propagation reaction, the reactivi-
ties of the cyclic oxonium ion (electrophile) and the mo-
nomer (nucleophile) are to be estimated separately.

In the present study the kinetics were made on the
reactions between triethyloxonium tetrafluoroborate
(Et3O0*BF4~) and tetrahydrofuran, tetrahydropyran, and
oxepane in CH3Cls solvent (eq 2). These reactions corre-
spond to the initiation of the cyclic ether polymerizations.

Et,O'BF,” + Of\Cn = Et6 Cn + Et,0 (2
OBLw R O mT MR TR R
BF,”

n=4,56

Also, the results can be taken as a measure of the relative
nucleophilicities of cyclic ethers in the propagation.

Experimental Section

Materials. Monomers and CHyCla were purified as previously
reported.2-¢ Their purities were shown to be higher than 99.9% by
glpc analyses. Et30+BF4~ was synthesized and purified by Meer-
wein’s procedure.® The purification of CHClz was made according
to a well-known method.?

Determination of the Reaction Rate. The whole operation was
carried out under nitrogen. Into a mixture (5 ml) of CH2Cl, (sol-
vent) and a small amount of CHCl; (internal standard), 4.78
mmol of Et30+BF4- and 6.27 mmol of monomer were dissolved
at the reaction temperature, which resulted in the concentrations
of 0.800 mol/l. for the former and 1.05 mol/l. for the latter. Then,
a small portion of the reaction mixture was transfered into an
nmr tube and the reaction was continued in the tube at a con-

(8) H. Meerwein, E. Battenberg, H. Gold, E. Pfeil, and G. Willfang, J.
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Figure 1. Nmr spectrum of the Et3O*BF,~-tetrahydrofuran reac-
tion system after 20 min at 35° in CH2Clz using CHCl; as inter-
nal standard.
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Figure 2. Time-conversion curve of the Et;O+BF4~-tetrahydro-
furan reaction system at 35° in CH,Cl,.

stant temperature. The instantaneous concentrations of the prod-
ucts, [C] (cyclic trialkyloxonium ion and diethyl ether) were de-
termined from nmr spectra recorded at several reaction times on
a Hitachi R-20B nmr spectrometer. The experimental error of the
nmr spectroscopy was within 2%.

Results and Discussion

Determination of the Reaction Rates. Figure 1 illus-
trates the nmr spectrum of the reaction system of
EtsO+BF,~ with tetrahydrofuran in CH»Cl, at the reac-
tion time of 20 min at 35°. The spectrum is conveniently
divided into six regions (A ~ F). Yamashita et al.” also
reported almost the same nmr spectrum as that of Figure
1. The assignments of signals in each region are given in
Table L.

The following relationships (eq 3) are given for the con-
centration of each component

ks +,
Et,0'BF,” + O = EtpC] + Et,0 (3)

—i

EF,”
[Mo] - -
M] - [C] - [C] [C]

at time 0 [Co]
attimet [Co] — [C]

where [Co] and [Mo] represent the initial concentrations of
Et;O+BF4~ and tetrahydrofuran, respectively, [C] repre-
sents the concentrations of the products, cyclic oxonium
[EtO+(CHz2)4])(BF4~) and diethyl ether, and k; and k.,
denote the rate constants of the initiation and the reverse
reaction, respectively. The stoichiometry of eq 3 was
shown valid for the integral value of each region on the
basis of that of the internal standard of CHCl3 as given in
the third column of Table I. Furthermore, from the proton
signal at the 8 position of the cyclic oxonium (C region)
and the methyl signal of diethyl ether (A region), the [C]
vs. time relationship was successfully constructed as given
in Figure 2. Both values of [C] obtained from the C and A
regions were in satisfactory agreement with each other.
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Table I
Assignment of Signals of Figure 1 and Integral Values
Region Assignment Integral Value

A (CH,CH,),0 6[C]

O/—CHZ 4([Mo] - [CD + 3[C] +
B i 9([Co] = [C) = 4[Mo] +

9[Co] — 10[C}
CHaCHgE)i] BF,”
(CH,CH,),0"BF,~
+/"CH2

CH,CHG | BF,”

D (CH,CH,),0 4[C] + 4([Mo] - [C]) =
4[Mo}
CH;
o ]
CH,
E (CH,CH,):0" BF,~ 6({Co] — [C]) + 6[C] =
6[Co]
+/CH2 _
CHJCHQO\ BF,
CH,

F CHCl [So)

Now, it is possible to analyze these results on the basis
of the typical second-order kinetics as described below.
The rate of the product formation of eq 3 is given as fol-
lows

de/dt = E([Co] = [CD(IM,] — [C]) = E_[CY (4)
and the equilibrium constant of eq 3, 1/K, is expressed by
1k [C

K ks (Cq - [CDIM,] = [C.D)

where [C.] is the concentration of the cyclic oxonium at
equilibrium which is determined from Figure 2. Then, eq
4 is transformed by using eq 5 into

de/dt = ki1 — K)[C?] = ((Mo] + [CDIC] + [MGJ[Co]t
(6)

Using o and 8, which are the two roots of the equation
(1~ K)x2 = ([Mo] + [CoDx + [Mo][Co] = 0, eq 6 becomes

(5)

de/dt = k(1 — K)a — [CD(B = [C]) %)
where
@ = gy i + (G +
VIM.] + [Co)? — 40MLICIN - K)}
_ 1 _
8= = K){[MOJ + [Cf]

VM) + TGP - 4IMIICDA = B} (o

Then, eq 7 can be easily integrated from ¢; to t2 and [C4]
to [Cz], respectively, to give
b = 2.303 x
1 (1 — K)a — B)t; — t,)
(8 = [CDa - [Cz]):l
] 9
o8 (o — e —1cn) @

The 1/K value could be determined from Figure 2 ac-
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Table 11
Initiation Rate Constants at Various Temperatures®

ki X 10% (1./(mol sec))

35° 25° 16° 2.5°
b
Tetrahydrofuran 15, 0 3.9 6 0.61 0
Tetrahydropyran 13.4 5.38 2.19
Oxepane 10.8 5.10 1.83

a [M]o = 1.05 mol/l., [Et30+BF4_]0 = 0.800 mol/l in CH2C12
b k1 at 17°.

Table IT1
Comparison of Initiation with Propagation
Initiation®
Propagation®

ky X 103 _—

(l./(mol kp X 108 Monomer
sec)) (l./fmol sec)) DBasicityc
at 35° 1/K at 0° pKa

Oxetane 1404

Tetrahydrofuran 1.50 36 4.1¢ —-2.08
Tetrahydropyran 1.34 23 ~2.79
Oxepane 1.08 26 0.0157 -2.02

@ This work. ® With BFj3 initiator in CH2Cl,. ¢ See ref 11. The
pK, values were obtained from the reaction

.
HOQ = OQ + H* (in 60% H,80,)

d From ref 3. ¢ From ref 2.7 From ref 4.

cording to eq 5. Then, a and 8 of eq 8 were calculated. In
two experiments with tetrahydrofuran, 1/K values were 38
and 34; then, the mean value of 36 was adopted. Finally k;
was successfully obtained according to eq 9, k; = 1.50 X
10-31./(mol sec) at 35°.

In a similar way kinetic analyses were successfully per-
formed with tetrahydropyran and oxepane. The results are
shown in Table II.

In the case of tetrahydrofuran, the kinetics were carried
out at a tetrahydrofuran monomer concentration of 1.05
mol/l., which was smaller than the equilibrium concen-
tration of monomer (1.7 mol/l. at 0° and 4.0 mol/l. at
35°).10 In fact no polymerization was observed during ki-
netic runs under the reaction conditions. As to oxepane,
the equilibrium monomer concentration was determined
by us,? as 0.06 mol/l. at 10° and 0.08 mol/l. at 30°. The
oxepane concentration of the present kinetic condition
was higher than these equilibrium concentrations. How-
ever, the propagation of oxepane has been found to be so
slow# that the initiation took place almost exclusively be-
fore going into propagation. Thus, the occurrence of the
oxepane propagation was actually not observed during ki-
netic runs. In the case of tetrahydropyran, no polymeriza-
tion took place.

As seen in Tables II and III, the k; values are in the
order of tetrahydrofuran > tetrahydropyran > oxepane,
although they lie in a narrow range. This order is not the
same as that of the basic strengths of these cyclic ethers
(pKa). Furthermore, the order of the equilibrium con-
stants (1/K) is not in correlation with that of pK, values.
The difference between the reactivity order of the cyclic

(10) E. A. Ofstead, Polvm. Prepr., Amer. Chem. Soc., Div. Polvm. Chem.,
6, 674 (1965).
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Figure 3. Arrehnius plots of initiation rate constants of three mo-
nomers.

Table IV
Kinetic and Thermodynamic Data of Four Monomers
Initiation? Propagation®  Ring
Strain¢

AH* AH* AH,
(kcal/ AS*  (kcal/ ASp*  (kcal/

mol) (eu) mol) (eu) mol)

Oxetane 144 -12 25.1
Tetrahydrofuran 16.4 - 15.9 12¢ -26 5.2
Tetrahydropyran 16.4 - 16.3 -0.7
Oxepane 16.2 —17.3 18/ -16 5.2

a This work. ¢ All kinetic data were obtained with BF; initiator
in CHoCls. ¢ From ref 12. ¢ From ref 3. ¢ From ref 13. 7 From ref 4.

ethers toward oxonium and the order of basic strength
may be attributed to the difference of the electrophiles,
EtzO+ and H3z0+,11 respectively. Table III shows also the
following facts, i.e., in the tetrahydrofuran polymeriza-
tion, the propagation is much faster than the initiation,
but in the oxepane polymerization the propagation is
slower than the initiation.

Activation Parameters of Initiation. The Arrhenius
plots of the k; values of three cyclic ethers are shown in
Figure 3, from which the activation parameters have been
calculated (Table IV). The activation enthalpies of initia-
tion of three monomers (AH;*) are almost the same values
of about 16 kcal/mol. Hence the small difference of k;
values is not due to the activation enthalpy but it is due
to the activation entropy, AS;*.

Comparison between Initiation and Propagation. The
rate constants (k;) of the oxonium exchange reaction (eq
2) of three cyclic ethers with a common electrophile of
Et;0+BF4- are taken to represent their relative nucleo-
philicities, which have been shown to vary to a small ex-
tent. On the other hand, the rate constant of the propaga-
tion of the cyclic ether polymerization, which is an Sn2
reaction between cyclic oxonium (electrophile) and mono-
mer (nucleophile) (eq 1), varies very much depending on
the ring size of monomer (Table III). The propagation rate
may be controlled by the inherent ring-opening reactivity

(11) E. M. Arnett and C. Y. Wu, J. Amer. Chem. Soc., 84, 1684 (1962).
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of cyclic oxonium and the nucleophilicity of monomer.
The entropy factor is also important. The results of the
present study have shown that the nucleophilicity of mo-
nomer which varies very little depending on the monomer
ring size is not a determining factor in the big difference
of the propagation rate constant between the tetrahydro-
furan and oxepane polymerizations.

In the consideration of the mechanism of the propaga-
tion, the values of activation parameters of the propaga-
tion in the polymerizations of four-, five-, and seven-
membered cyclic ethers (Table IV) are quite informative.
It is seen that the rate is controlled by complicated com-
binations of the activation enthalpy and entropy. It is of
interest to note that the activation enthalpy of the propa-
gation of a more strained monomer of oxetane (as is seen
from AHg2 in Table IV) is higher than that of a less
strained monomer of tetrahydrofuran. Also, the propaga-
tion rate constant of oxepane, which is more strained than
tetrahydrofuran,5 is smaller than that of tetrahydrofuran.
Thus, the strain in the cyclic ether monomer is not relat-

(12) F. S. Dainton, T. R. E. Devlin, and P. A. Small, Trans. Faraday Soc.,
51, 1710 (1955).
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ed to the activation enthalpy of propagation. The results
of the kinetic analysis in the polymerizations of a series of
cyclic ethers have clearly shown that an element of the
activation entropy is very important for governing the rate
of propagation. The activation entropy may possibly be
determined by the solvation (initial state)-desolvation
(transition state) phenomena as well as the spatial orien-
tations of the electrophile (the propagating species of cy-
clic oxonium structure) and the nucleophile (the mono-
mer) in the transition state.13

Very recently, it has been reportedl¢ that the tetrahy-
drofuran polymerization proceeds via two species, e.g., the
free ion and the ion pair. However, the contribution of the
free ion to the overall k, is not so large that the over all
kp obtained previously by us seems to permit the above
discussion of reactivity. Studies on the reactivity of cyclic
oxonium species are necessary for the full understanding
of the propagation of the cationic polymerization of cyclic
ethers.
(13) T. Saegusa, S. Matsumoto, M. Motoi, and H. Fujii, Macromolecules,

5,236 (1972).
(14) J. M. Sangster and D. J. Worsfold, Macromolecules, 5, 229 (1972).
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ABSTRACT: The monomers 1-ferrocenyl-1,3-butadiene (1) and 1-phenyl-1,3-butadiene (2) have been synthesized
and their characteristics in homopolymerization reactions and in copolymerization reactions with styrene have
been investigated. Glpc and elemental analysis data have been used to calculate polymerization rates, reactivity
ratios, and @ and e values for monomers 1 and 2. For the styrene-butadienylferrocene system, r, = 0.76 £ 0.01,
re = 2.47 + 0.01, (@ = 1.56, e = —0.80); for the styrene-butadienylbenzene system, r; = 0.71 & 0.01, ro = 1.20 £
0.01 (@ = 1.49, e = —0.79). Low molecular weight polymers were obtained in all cases. For the styrene-butadi-
enylferrocene system, M, ranged from 1300 to 1950; for the styrene-butadienylbenzene system, M., ranged from

1700 to 3800.

Many polymers that contain the ferrocene nucleus have
been prepared and studied in recent years and these have
been reviewed recently.! These polymers are of interest
because of their potential electrical and magnetic proper-
ties, their catalytic activity, and their redox properties, to
mention only a few. In many polymer applications, a con-
trolled amount of cross-linking of polymer chains is desir-
able after the polymer forming reaction has been accom-
plished. The monomers, 1-ferrocenyl-1,3-butadiene (1)
and 1-phenyl-1,3-butadiene (2), thus have the potential of

©/CH=CH—CH=CH2
o ©/CH=CH—CH=CHZ

2
1

undergoing vinyl addition copolymerization, and subse-
quently reacting with suitable cross-linking agents to form
a cross-linked polymer by thermal treatment. The deter-

(1) E. W. Neuse and H. Rosenberg, J. Macromol Sci.-Rev. Macromol.
Chem., 4, 1 (1970).

mination of reactivity ratios of monomer pairs in copoly-
merization reactions is of considerable importance, since
the chemical composition of a copolymer depends mainly
upon the relative reactivities of the two monomers toward
the two intermediate radicals. Studies of the relative
reactivities of vinyl monomers have been numerous, but
similar information on conjugated diene monomers is less
extensive. The purpose of this investigation was to homo-
polymerize 1 and 2, and to copolymerize them with each
other as well as with styrene, so that some comparison of
their relative reactivity in free-radical-initiated polymer-
izations could be made.

Results and Discussion

Homopolymerization. The free-radical homopolymeri-
zation of 1 in degassed benzene solution at 70° with
azodiisobutyronitrile as an initiator provided poly(butadi-
enylferrocene) in 37% conversion (Figure 1). The polymer
was a brown powder with a softening point of 140° and
M, of 1650 (VPO). This is in contrast to a recent prelimi-
nary study? of the polymerization characteristics of 1,

(2) D. C. Van Landuyt and S. F. Reed, Jr., J Polym. Sci., Part A-1, 9,
523 (1971).



