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Summary
Relative reactivity of cyclic ethers, including epoxide, oxetane, tetrahydro-
furan, and tetrahydropyran, was evaluated with their basicity and free
energy of polymerization. The logarithm of relative reactivity, 1/r,, of
m-membered ring ethers with i substituents to n-membered ring monomers
with j substituents can be expressed by a linear combination of the differ-
ences in basicity, A(pKy)u.i-nj, and in free energy, AAG)y.i—n.j:

10?,(1/7:1) = o AAG) i—us + B A(pKh)rn-i—nd +y
where, @, 8, and y are constants. The changes in basicity and free energy of

these compounds can be obtained as

A(PKb)m-i—nv' = hm 2 ot - bn 2 a® + A(PK{))(1)1~")<‘.’(CH;,7
i J

A(Ac)mﬂ‘—n-] =ty z o® — Gy 2 o® + A(AG)(HHH)-Z(CHa)
i i

Here a; and by (k = m, n) are constants, o® is the polar substituent constant
by Taft, and AX)i-m-scnn (X = AG, pK,) are the differences in basicity and
free energy between dimethyl-substituted compounds of m- and n-mem-
bered rings, respectively.

The ring-opening polymerizability of saturated heterocyclic com-
pounds was discussed in the light of the heat, entropy, and free-
energy changes for hypothetical polymerizations of liquid mono-
mers to condensed polymers (I). Recently, several workers have
studied the cationic copolymerization of cyclic ethers, formals, and
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esters, and now a large number of copolymerization parameters are
available. However, there is a little quantitative study on the reac-
tivity of these compounds.

Iwatsuki et al. (2,3) and also Sakai et al. (4) proposed that the
correlation of the relative reactivity of the cyclic compounds in the
cationic copolymerization with their basicity. Yamashita et al. (5)
indicated that the basicity of the monomers is a factor in the
cationic copolymerization of cyclic ethers, and concluded that the
scatter observed in the relationship between pK, and the relative
reactivity of the monomers can be related to the ring strain or the
free energy of polymerization. Aoki et al. (6) discussed the contribu-
tion of the ring strain of cyclic ethers to their relative reactivity.

These studies prompt us to report our quantitative treatment for
the contributions of the basicity and the strain in the ring of cyclic
ethers to their copolymerization reactivity.

RING STRAIN

A linear relationship can be observed between Taft’s polar sub-
stituent constant, o®, and the free energy of polymerization of the
cycloparaffins calculated by Dainton etal. (7). The best straight line
has been found by the least-squares method (9) and shown by

(Ac)m-i =anm Z o® + (G)m~2(CH3) (1)

where (AG)n.; and (AG)m.acuy are free energies of polymerization
of i- and 1,1-dimethyl-substituted m-membered ring compounds,

TABLE 1

Correlation of Free Energy of Polymerization with o® for Cycloparaffines,
(CH,) -1CRe: (AG) i = a1y 2 ot + (AG) matena)
i

Constants in

relationship
Ring Correlation No. of data
m O (AG) ypateny coeflicient® used?
3 —8.59 —13.75 0.998 3
4 =771 —13.95 0.999 3
5 -7.16 4.88 0.994 3
6 —6.55 8.11 0.984 3
2 See Ref. 9.

» AG;. in Table 3 of Ref. 7.
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and a,, is constant and collected in Table 1. The o* values used in
these calculations have been taken from Taft's review (8). This
linearity can naturally be concluded from Dainton et al.’s assump-
tion (7) in which steric repulsion effects of substituents were ne-
glected in the calculation of the free energy of polymerization.

In this approach, the free energy of polymerization of cyclic
ethers was assumed to be comparable to that of cycloalkanes (I) and
to be expressed by Eq. (1). Therefore, the relative ring strain or the
difference in the free energy of polymerization between i-substi-
tuted m-membered ring ethers and j-substituted n-membered ring
monomers can be calculated by

A(AG) pojmn.; = Gnm 2 a® —ay, 2 o® + A(AG)(m—n)-z(CHa) (2)
i i

where a, (k =m and n) are constants and A(AG)(u-ny2(cug is the dif-
ference in the free-energy changes between dimethyl-substituted
compounds of m- and n-membered rings, respectively.

A (AG)(m—n)-Z(CHs) = (AG)m~2(CH3) — (AG)natchy) (3)

BASICITY

The role of ethers as hydrogen-bond acceptors has been inves-
tigated in a number of ways (10,11). Among the saturated cyclic
ethers good agreement is found for the order of basicity regardless
of the coordinating acid (I12). At present we have inadequate in-
formation on the substituent parameters that might apply to cyclic
systems but would expect that a series of cyclic ethers belonging to

TABLE 2

Correlation of Basicity with o® for Cyclic Ethers, (CH;)n—1OCRy:
(PKo)mi = bm 2 ot + (PKh)m-Z(CHg)
i

Constants in

relationship
Ring Correlation No. of data
m b, (PKp) m2(cha) coeflicient® used®
3 1.82 6.13 0.969 3
4 2.22 0.971 — 2
3 0.792 4.20 — 2

® See Ref. 9.
? See data of Table 3.
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the same ring member should follow a rather good Taft plot. In
fact, a linear relationship can be observed between o and the
basicity of ethers. The best straight line has been found by the least-
squares method (9) and shown by

(pr)m-i =b, 2 o® + (pr)m~2(CHa) (4)
i

where (pKy)m.; and (pKp)m-2(cny are basicities of i- and 1,1-dimethyl-
substituted m-membered ring ethers and b,, is constant and col-
lected in Table 2.

The relative basicity between i-substituted m-membered ring
ethers and j-substituted n-membered ring ones can also be ex-
pressed as

A(pr)m-i—n-j =by, 2 o* — b, 2 o + A(PKp)m-wratcuy  (5)
H ]

where by (k = m and n) are constants and A(pKy)im—m-2(cuy is the dif-
ference in the basicity between 1,1-dimethyl-substituted ethers
of m- and n-membered rings and can be calculated as

A(pr)(m—n)-Z(CH:;) = (pr)mz(CHs) - (pr)wZ(CHa) (6)

Some unknown basicities of various cyclic ethers are estimated by
Eq. (4) and collected in Table 3. The basicity of these ethers should
be affected, as in the case of the free energy of polymerization, by
the ring size and substituents. Thus it may be expressed by two
factors, in which the first term is dependent on the ring members
and the second depends on the substituents, whose steric effects
are ignored in this approach.

RELATIVE REACTIVITY IN CATIONIC COPOLYMERIZATION

The propagation reaction in the cationic polymerization of het-
erocyclic compounds has been somewhat obscure. The trialkylox-
onium ion (ion pair or free ion) is believed to be more stable than
the carbonium ion derived by the ring opening of the oxonium ion,
except for the resonance-stabilized carbonium ion. An Sy1 type of
opening of the oxonium ion and in Sy2 attack of monomers to the
oxonium ion are suggested to be the rate-determining step in the
cationic polymerization of ethylene oxide, (13) and oxetane and
tetrahydrofuran (7,14-18) respectively, while a carbonium ion is
assumed to be the propagating species for cyclic formals (19-23).
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If the propagation reaction proceeds as

K, an

~nCE + OM, = aCi—OM, 2 ~Cy (7)
Knm nm

~nC + OM,, = ~Ci—OM,, 23 ~~Cx (8)

the copolymerization equation reduces to the ordinary Mayo-Lewis
equation
dM,) _ (My) (M) + (My) 9)
dM,)  (Ma) (M) + ra{Ma)

where
~Cjt, ~Ci—OM;,, OM,, and (M;) (k= m and n)

are growing carbonium ion, oxonium ion, monomer and the concen-
tration of monomer of k-membered ring, and K, and k; (I = m and
n) are the equilibrium and rate constants, respectively. Here 7,
(k= m and n) are expressed as

o = kpuKn! kymKom (10a)
Tm = kmmKmm! kmnKmn (10b)

The monomer reactivity ratio should therefore include k and K.
K should be proportional to the basicity, while k is the rate constant
of an Syl type of opening of the derived oxonium ion. Thus we may
explain the upperward deviation (5) of three-membered ethers and
the downward deviation (5) of five- or six-membered ones in the
relationship between log 1/r, and pK, for monomer M, by Eq. (10).
The logarithm of relative reactivity, 1/r,, of i-substituted m-mem-
bered ring ethers to j-substituted n-membered ring ones, there-
fore, should be expressed by a linear combination of the differences
in basicity, A(pKp)m.i—np» and in free-energy change, A(AG).i-n.i> as
shown by

log(llrn) = o AAG) pi—nsi + B A(pr)m-i—n-j +y (11)

where a and B are the empirical parameters to express the contri-
bution of the ring strain and the basicity to the reactivity and v is a
correction term determined by M, used as standard.

We picked up the data (6,24-27) on the cationic copolymeriza-
tion of 3,3-bis-chloromethyloxetane with other cyclic ethers from
Table 1 in Ref. 5 and show them in Table 3 together with calcu-
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TABLE 4

Constants in Relationship
l()g(llrn) =a A(Ac)nri—n-j + B A(pr)m-i—n-j +y

1065

Constants in relationship

Correlation No. of data
Ethers o B y coefficient® used?
A 3-membered —0.308 —1.89 7.10 0.980 8
B 3-,5-,and —0.0949 —0.544 2.29 0.962 12

6-membered

% See Ref. 9.
b See Table 3.
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FIG. 1. Relationship between log(l/r,) + o0 A(AG)p.in; and A(PKy)pei-n; for
BF,-Et,0-catalyzed copolymerization of 3,3-bischloromethyloxetane with
cyclic ethers at 0°C in CH,Cl;. O, three-membered ring (A); O, three-, five-,
and six-membered ring (B). See Table 4.
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lated and observed values of the basicity (pK,)m., free-energy change
(AG) i, and Zo® values. The concepts of regression were applied to
this case where the expected value of the random variable log(1/r,)
depends linearly on known quantities of differences in the free-
energy change and the pK, value. Maximum likelihood estimates of
a, B, and y were obtained by the method of least squares (9) and
these values are shown in Table 4. As shown in Fig. 1, good cor-
relations were observed between the relative reactivity corrected
with A(AG)y.i-n; and the A(pKp)m.i-n; value. Therefore, the co-
polymerization parameter, 1/r, may be expressed by Eq. (11) for
the cationic polymerization of cyclic ethers. Since the changes in
basicity and free energy of these ethers can be obtained by Egs.
(2) and (5), Eq. (11) may be rewritten as

10g(1/fn) = APm—n(E(T#)m-i—n-j + a A(AG) (m-n2(cuy)
+ B A(PKp)im-matcuy + v (12)

where

APm—n(EU“)m-i—n-J‘ = (aap + Bbm) 2 o® — (aa, + an) 2 o* (13)
i j

The comparison between the values of 1/r, (the last two columns in
Table 3) calculated by Eq. (12) and observed ones (the 12th column
in Table 3) shows good agreement in both values to establish the
availability of empirical equation of (11) and (12).
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Zusammenfassung

Die relativen Reaktivititen von cyklischen Athern, einschliesslich Epox-
iden, Oxetanen, Tetrahydrofuran und Tetrahydropyran, wurden auf Grund
ihrer Basizititen und Freien Energie der Polymerisation abgeleitet. Der
Logarithmus derrelativen Reaktivitit, 1/7,, von m-gliedrigen Ringithern mit
i Substituenten und von n-gliedrigen Ringmonomeren mit j Substituenten
kann als lineare Kombination der Differenz der Basizititen A(pKp)m.1—n.s, und.
der freien Energie, A(AG)y.i-n.j, ausgedriickt werden.

IOg(l/Tn) =a A(AG) pi—ni T B A(pr)m-ivn-j +y

wobei @, 8, und y Konstanten sind. Die Anderungen in der Basizitit und
der Freien Energie dieser Verbindungen kénnen folgendermassen erhalten
werden:

APKp)mins = b Y, 0% — by 3 0 + A(PKy) tm-nratcna

A(Ac)m-i-nd = Qn 2 o — a, 2 a® + A(Ac)(m—n)'ﬂ(CHn)
i E)



11:41 25 January 2011

Downl oaded At:

1068 Y. TANAKA

hierbei sind a; und by (k=m, n) Konstante, o® ist die polare Taft’sche
Substituentenkonstante und AX)n-nacny (X = AG, pK,) sind die Differ-
enzen in der Basizitit und der Freine Energie zwischen dimethyl-substi-
tuierten Verbindungen aus m- und n-gliedrigen Ringen.

Résumé

On a evalué les réactivitiés relatives, les basicités et I’énérgie libre de
polymérisation des éthers cycliques, epoxydes compris, de I'oxétane, du
tetrahydrofurane, et du tetrahydropyrane. On peut exprimer le logarhitme
de la réactivité relative 1/r,, des éthers avec m-cycles et des substituants
{ aux monoméres possedants n-cycles et des substituants §, par une com-
binaison linéaire des différences de basicité A(pKy)m.i—n, et d’énérgie libre
AMAG)p.4-n4 COMmMe

log(llra) =a A(Ac)m-i—w! + B A(pr)wt—M +y
ou a, B, et y sont des constantes. On peut obtenir le changement de
basicite et d’énérgie libre de ces composés comme

A(pr)m.i—n-j = bm 2 o® — bn 2 o® + A(PKb)(m—n)~2(CHa)
i i

A(Ac)mi—n-j =an E o® — Gp 2 o* + A(AG)hn—n)-z(CHn)
i i

Ici a, et by (k = m, n) sont des constantes, o est le substituant polaire con-
stant de Taft, et A(X)on-m-acun (X = AG, pK,) sont des différences de basicité
et d’énérgie libre entre les composés dimethyl substitués et des m- et
n-cycles, respectivement.
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