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Abstract

The polymerization of a mixture afis (ca. 30%) andrans (ca. 70%) isomers of 7-tetradecene oxide (7-TDO) with methyl trifluor-
omethansulfonate (methyl triflate) as initiator has been investigated. The main reaction products afforded during the polymerization were a
linear polyether, a cyclic dimer [2,3,5,6 tetndfexyl)dioxane], and 7-tetradecanone. The ketone is formed both via pinacol rearrangement of
the monomer and a transfer reaction when all the monomer is consumed, and is favoured by an increase of temperature. Kinetic studies on the
ring opening polymerization of this system were performed by means aind *°F NMR spectroscopies. Approximate rate constants of
initiation (k;) for thecisand thetransisomers were determined at 298, 314 and 329 K in bulk, and at 298 KDig.C@ he reaction time of the
cisisomer is faster than that of theansisomer, with an initial molar reactivity ratio of about 11:1 at 298 K, and of about 7:1 at 329 K (in
bulk). The activation energies of the initiation reaction for ¢theand thetransisomers were calculated to be 59 and 73 kJ/mol, respectively.

By means of-H-, Y°F- and"*C-NMR the structure of the propagating species is reasonably well identified as an oxonium macroion rather
than a linear triflic macroeste® 1999 Published by Elsevier Science Ltd. All rights reserved.
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1. Introduction propagating species was observed and was assigned to the
covalent macroester [8]. It was proposed that this was due to
The cationic polymerization of cyclic ethers promoted by the relative instability of the strained oxonium ion derived
superacids and their derivatives has been investigated infrom the oxirane ring. More recently however, the same
great detail in recent years [1,2]. The mechanisms of the authors found experimental evidence for the involvement
polymerization of tetrahydrofuran (THF) and ethylene of cyclic oxonium species in the reaction [9]. These active
oxide initiated by trifluoromethansulfonic acid (triflic species have been directly monitored ¥#y- [9-11] and
acid) and its alkyl esters (alkyl trifliates) have received °*C-NMR [4,6,12] or indirectly by*°F-NMR [6,10,13,14].
wide attention, but much less has been reported on the poly- The polymerization products are mainly represented by a
merization of disubstituted oxiranes with these initiators.  mixture of linear polymer (polyether) and cyclic oligomers.
By means of extensive NMR investigations, two propa- Their relative ratio depends on the reaction conditions as well
gating molecules have been identified in the polymerization as on the ring size of the cyclic monomer. Cyclic oligomers
of THF, i.e. a cyclic oxonium ion and a linear (covalent) (mainly dimer and tetramer) are formed via the ‘backbiting’
macroester; these two species are in equilibrium, and it wasmechanism, an intramolecular reaction which is known to
found that the equilibrium position mainly depends on the occur in the cationic polymerization of several heterocyclic
polarity of the medium [3-7]. rings [12,11,15]. In the case of oxirane, the cyclodimeriza-
In the polymerization of ethylene oxide, a single tion, leading to the stable 1,4-dioxane, is usually very effec-
- tive, and under certain conditions it may lead to complete
’;Corresponding _author. Tel.: +39-2-52056705; Fax: +39-2-52056364. depolymerization of the linear polyether [8].
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In the cationic polymerization of substituted epoxides, the
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intermediates in the propagation step. The stability of the 2.2. Kinetic procedures
propagating species may be determined by several factors,
namely whether they are secondary or tertiary oxonium 7-tetradecene oxide polymerizations were carried out
ions, the nature of the counterions, the solvents and the elecboth in bulk and in benzene solution. 1.9 mmol of 7-TDO
tronic and steric effects of the substituents on the epoxide ring.and 0.038 mmol of methyl triflate were introduced into an
Kawakam et al. [16] studied the polymerization of 2,3- NMR sample tube by using a microsyringe at dry ice tem-
epoxybutane and other substituted oxiranes by triflic acid perature in bulk polymerization. In solution polymerization,
and its derivatives. It was reported that the principal chain 1.13 mmol of 7-TDO, 0.023 mmol of methyl triflate and
carrier would be the oxonium ion due to the instability of the 0.30 ml of GDg were introduced into the NMR tube at
macroester species. Depending on the nature of the initiator57°C. The tube was then stirred at the same temperature.
and the solvent used, varying amounts of 1,4-dioxanes, 1,3-The extent of reaction was negligible at 57°C. The tube
dioxolanes, methyl ethyl ketone and higher cyclic oligomers was placed in the NMR probe insert, which was maintained
were formed. The ketone and the 1,3-dioxolanes are formedat a constant temperature. The reaction was then monitored
as a consequence of a hydrogen transposition. Both theby *H-NMR, 3C-NMR and'°F-NMR spectroscopy at 298,
triflic acid and its esters give similar amounts of methyl 314 and 329 K in bulk. In benzene the reaction was per-
ethyl ketone and cyclodimers. This fact indicates the impor- formed at 298 K and some preliminary experiments were
tance of the counterion in the determination of the reaction performed at 278 and 263 K. The molar ratio initiator:ep-
products rather than whether the propagating specie is aoxide was 1:50, or alternatively 1:2.5 in a singleDg
secondary or tertiary oxonium ion. The electronic effects experiment.
of the substituents on the epoxide ring are also important
factors in determining the reaction products [16]. The elec- 2.3. NMR measurements
tron-donating substituents may easily complete the shift of
the hydride ion in the cyclic three-membered oxonium ion  *H-, °F- and 3C-NMR were carried out on a Bruker
intermediate, thus causing its ring-opening to form the oxy- AMX-300 spectrometer operating at’al resonance fre-
carbenium ion which would be responsible for producing quency of 300.130 MHz,*°F resonance frequency of
dioxolane dimers. On the other hand, epoxides with elec- 282.350 MHz and 3¢ resonance frequency of
tron-withdrawing groups such epichlorohydrine are resis- 75.470 MHz. The reaction temperature was kept constant
tant to isomerization and propagate essentially through awithin = 1° and the experimental error of the integration
tertiary oxonium ion. Hence the main products of polymer- was within 1%.
ization are dioxane-type dimers and cyclic polyether-type
tetramers even with triflic acid as initiator. 2.4. GC-MS measurements
In the polymerization of cyclohexene oxide [16], high
polymers are exclusively yielded, probably due to the GC/MS chromatograms were obtained on a Hewlett
slow rate of the backbiting reaction resulting from the Packard 5890 gas chromatograph coupled to a VG 70
bulky cyclohexane ring on the polymer backbone. SQ mass-spectrometer. GC separation was performed
As far as the solvent is concerned, polar solvents promoteusing a DB5 fused silica capillary column (J and W Scien-
the hydride ion shift that leads to monomer isomerization or tific 30 m X 0.32 mm i.d., 0.25 mm film thickness). Tem-
to isomerized oligomeric structures. perature was programmed to hold the column 4G5f@r 1
In the present study the polymerization of 7-tetradecene minute, then to increase at®min~* to 280°C, followed
oxide (7-TDO), a mixture otis and trans isomers, with by an additional 15 minute period at the maximum tem-
methyl triflate is reported. The presence of the two long perature. Samples were dissolved in dichloromethane and
alkylic substituents on the oxirane ring is seen to modify analysed in a split/splitless injector used in the splitless
the course of the reaction, in comparison with unsubstituted mode (0.30 min). Injector temperature was set at’€60

ethylene oxide. and the GC/MS interface temperature was maintained at
290°C. MS detection was carried out under electron
2. Experimental impact ionization conditions (70 eV), aquisition mode in
full-scan from 33 to 650n/e, 1 s per scan. Instrument
2.1. materials resolution was 1000 ppm.

7-tetradecene oxide was prepared from 7-tetradecene in2.5. IR measurements
accordance with the procedure reported elsewhere [17].
Unreacted 7-tetradecene (2% by weight) remained in the The infra-red spectra of the hydroxy-terminated polymer
7-tetradecene oxide as an impurity. $SB©;CH; from were performed on the polymerization mixture neutra-
Fluka was used without further purification. ThesO lized with 1 NH,OH solution as a film coated onto a
was used reagent grade. All procedures were carried outNaCl plate. A Perkin Elmer FTIR 1760 spectrophotometer
under nitrogen. was used.
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Table 1
'H- and**C-NMR assignments of the polymerization mixture after 1 min, at 314 K
Compound Formula 'H, 8 (ppm) ¥, 6 (ppm)
Cis 7-TDO Cofae O Cefra 2.7s 56
Ve - AN
H H
trans7-TDO C.H o H 2.5s 58
6 13\ /N s
/s o AN
H CeHys
methyl triflate CHOSO,CF; 4.2s 61.5
7-tetradecene a. 2.0m —
CgH,,- CH,- CH=CH-CH,-C.H,,
a b b a

b.5.8m 130

Multiplicity: s = singlet,t = triplet, m = multiplet.

3. Results and discussion gas chromatographic scan of the volatile polymerization
products shows two different groups of peaks. Early eluted
The cationic polymerization of 7-TDO with methyl peaks (entry 1-5) correspond to the olefin present in the
triflate as initiator was shown to afford a mixture of initial mixture and to products originating from the isomer-
polymeric products and a fraction of volatile linear and ization of the starting epoxide while later eluted peaks (entry
cyclic compounds. The whole polymerization mixture was 6) correspond to cyclic isomeric dimers of 7-TDO. The
characterized by NMR and FTIR spectroscopies while the structure and the molecular weight of the compounds corre-
volatile fraction was separated and identified by gas sponding to the different gas chromatographic peaks were
chromatrography / mass spectromethy- and *C-NMR identified by electron impact / mass spectroscopy and are
characterizations of the reagent mixture at the beginning of summarized in Table 3.
the reaction (after 1 min, 314 K, in bulk) and the polymer-  MS-spectra of 2,3,5,6-tetna-hexyl-dioxane are charac-
ization mixture at the end (after 868 min) are reported in terized by a parent peak aie 424, but each stereoisomer is
Table 1, Table 2. In order to determine the mechanism of different from the others because of the different relative
polymerization of this system, a kinetic study of the initia- abudance of their fragment ions: n/e 339 {(MC¢H 13), v
tion step and the characterization of the propagating speciese 311 (M -C¢H15CO) andm/e 196 (M -C¢HsCH =
were performed by means of proton, fluorine and carbon CHC¢H13). GC chromatographic analysis did not reveal

NMR techniques. any other cyclic structure larger than the dimer. However
their presence in the reaction mixture cannot be excluded
3.1. GC-MS characterzation because the low volatility of macrocyclic species of high

molecular weight could prevent their GC detection. The
The GC-MS characterization was afforded for the poly- composition of each volatile by-product is given as a per-
merization reaction carried out at temperature 329 K. The centage area of the total of the volatile species detectable by

Table 2
'H and*®C NMR assignments of the polymerization mixture after 868 min at 314 K
Compound Formula H, 8 (ppm) 3¢, 6 (ppm)
Polyether and cyclic C.H 3-4m 72-83
) sH1sa

oligomers

MWMWOQ——CH —CH —Oww»

CeHia

7-tetradecanone 2.2t a. 42

Hy3Cq—CH,—C —CH, —C.H,,

a b a b. 210

Multiplicity: see Table 1.
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Table 3
Composition of the volatile fraction polymerization reaction of 7-TDO with
CH3SO;0CF; as percent of total volatile reaction products (GC area)

Entry me Compound Composition mol %
1 196 7-tetradecene 0.7

2 194 7,8-tetradecandiene 1.1

3 194 unidentified fraction 3.5

4 212 7-tetradecanone 40.5

5 230 7,8-tetradecandiole 2.6

6 424 2,3,5,6-tetra-hexyl-di- 51.6

oxane

olymerization conditions:IJ, = 0.075 mol I'Y, [7-TDO], = 3.72 mol
1%, in bulk at 329 K.

gas chromatography under our test conditions. In these calcu

lations, it is assumed that the different species produce

approximately the same response factor as measured for th

ionic current during analysis. The compounds present in higher
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(6 2.5 ppm) 7-TDO was detected (Fig. 1). The disappear-
ance of methyl triflateq( 4.2 ppm) is reported in Fig. 2 and
can be written as:

_ dit] = Kicig [11[ Ecis] + Ki(trang [ ][ Etranslo

E =
+ ki(trans)[Etrans])o[I ] (1)

with [E¢ig o, [Ewang 0 @nd [I] o being thecis andtrans 7-TDO
and the initiator feed concentrations respectively kg,
andk;ang being the kinetic constant of the initiation step
for the two isomers.

The initiator:epoxide concentration ratio employed was
1:50, so a pseudo-first order approximatioB (] = [E¢i o
and [Ecido + [Ewand o)t could be applied to Eq. (1), with its
integration giving:

n % = (Kicig[Ecislo + Kigrang [Etransl0)t

] (12)

concentrations were found to be 7-tetradecanone and cyclicThe disappearence rate of the two isomers could be written as:

dimers. However, it is important to remember that the relative

abudance calculated does not reflect the composition of the —

polymerization mixture as a whole, but refers only the volatile

fraction as it is not possible to have a clear idea of the percen-  d[Eyand
tage of volatile species detected in the GC/MS analysis versus

the low percentage of undetectable volatile compounds.
3.2. Kinetics and mechanism

Mechanistic studies of the 7-TDO polymerization utiliz-
ing methyl triflate as the initiator were performed from the
kinetic viewpoint by means of NMR spectroscopies.
Schemes 1 and 2 explain the course of the 7-TDO polymer-
ization reaction.

3.2.1. Initiation
From the area of the signals monitored #ty— NMR at
different times, the consumption o (6 2.7 ppm) andrans

d[ Ecis]
dt

= I(i(cis)[Ecis][I] + kp(cis)[Ecis][ P ] (2)

dt = ki(trans)[Etrans][ I] + kp(tranQ[Etrans.l[ P ] (3)

with [P%s] being the concentration of the propagating spe-
cies andkpis) andKkyrang being the kinetic constant of the
propagation step for the two isomers.

At an early stage of the reaction, we assumed that epoxide
consumption due to chain propagation is negligitg.&
[Ecdd[P*] = 0) and only a negligible amount of theans
isomer reacts with the triflic ester(4Esd = 0). Thus the
integration of Eq. (2) gave:

1 [H[Ecislo

In =Ki(cigt
o~ (Eodo MolEad — 9
From Eq. (2ak;s Was calculated and then inserted in Eq.
(1a) to calculatek;yang. Under this approximation, we

(2a)

R. AR
—C kKi(cis)
/ \
H " — F259, R
Initiation CH, -0—S0, -CF, ' 1 CH
CH, -0
R H Ki(trans) T el
N \C/ - |
/ \ R
H R
R =CgH,,
CF,80, CFys0, R o
I CH il
v _CH _ A
Isomerization CH, ’Oi | > CH,-0=C — > R—CH,-C—R CF,S0,CH,
: CH !
i R
R

Scheme 1.
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Fig. 1. The concentration—time relationshipsafandtrans7-TDO, polymer species and 7-tetradecanone in the polymerization carried out in bulk at 314 K,
[1]o = 0.075 mol I'Y, [7-TDO], = 3.72 mol "%,

obtained second orddg sy and their values are reported In all NMR spectra tH, *C and'°F), the assignment of

in Table 4. It is interesting to note that in all testing con- peaks to the propagating species is unambigously given to

ditionsKk;cs > Kiyans: This different reactivity behaviouris  those signals which are absent at the beginning of the reac-

due, at least partly, to the different ground state energiestion, grow in intensity during the reaction itself, and then

of the two stereoisomers. In fact theans isomer was disappear at the end.

calculated to be 2.1 Kcal/mol more stable than tie The 'H — NMR spectrum of our reaction system shows

form®. two complex multiplets at about 4.9 and 5.0 ppm (Fig. 4)
Arrhenius plots ok; for the reaction carried out in bulk at  arising during the polymerization reaction. The chemical

298, 314 and 329K lead to the activation energies of shifts of these signals have been attributed by various

59 kJ mol™* for the cis isomer and 73 kJ mof for the authors alternatively to the oxonium ion or to the linear

transisomer (Fig. 3). macroester [6,11,18].
Matyjaszewski et al. were able to see both species during
3.2.2. Propagation the polymerization of THF with ethyl triflate [6], the reso-

In order to characterize the propagating species involved nance at lower fields (4.86 ppm) was assigned to the oxo-
in our cationic polymerization system, we carried out the nium ion while the resonance at higher fields (4.58 ppm)
reaction with a molar initiator: monomer ratio of 1:2.5 in was assigned to the ester. A slow equilibrium macroion—
CeDs solution (or deuterated toluene in one low temperature macroester was invoked to justify the presence of two dis-
experiment). In this way, it was possible to improve the tinct peaks in the NMR spectrum. The relative amount of the
signal to noise ratio and reduce linewidth. two species changed with solvent polarity, while their che-
mical shift did not.

In the polymerization of ethylene oxide with ethyl triflate

Table 4 . . . .

Rate constants of initiatiork{) of the cis andtrans 7-TDO polymerization in CD,Cy,, Kobayashi et al. [9] observed a single peak in the

determined by NMR spectroscopy at three temperatures proton spectrum, at 4.6 ppm. It was assigned to the macroe-

Temp. (K) Solvent K o0 % 10° K oo 10° ster -_Oj 2_-0-803_(_:5,. Thg same authors_ co_uld see the two
(/mol s) (/mol s) species in equilibrium in the polymerization of oxepane

with ethyl triflate [18], where the ester was found at

ggg bcfj?lga i'g 8'2 4.65 ppm and the oxonium ion at 5.0-5.3 ppm.
314 bull® 18 24 In order to obtain more information on the signal$ 4t9
329 bulk® 43 6.3 and 5.0 ppm, we recorded'sl — *H COSY spectrum (Fig.

110 = 0.70 mol/l, E]o = 1.74 mol/l.

B[] 0.075 molll, ] 3.72 molll 3 Thermodynamical parameters were calculated using a molecular
o= VY. » Elo = o -

mechanics program based on Allingers MM2 force-field.
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Fig. 2. The concentration—time relationship of methyl triflate in the polymerization carried out in bulk at 3114 %,§.075 mol I'%, [E] o = 3.72 mol I'%.

5). As it can be seen, the multiplet at 4.9 ppm shows two excluded, as they should not have cross-peaks in the
distinct cross-peaks, one at about 3.5 ppm, in the etherether region.

region, and a second at about 1.2 ppm, in the methylenic On the other hand, the multiplet at 5.0 ppm does not show
region. These signals could arise either from protons of any cross peak. The only protons which fulfill this require-
type b (polymeric oxonium ion), typec (monomeric ment are those of type(the methyl of monomeric oxonium
triflate ester), or typed (polymeric triflate ester) (Fig.  ion) (Fig. 6). However it is hard to accept such an assign-
6). Other protons adjacent to the active site can be ment, as these protons would be expected to resonate at

100 -
o
10 4
0 ]
<
o u
-
x
w
©
E
£ ©7-TDOCcis .
] m 7-TDO trans
n
[ e S A A B B B e B e me N A  a a a E a E
3 3.05 3.1 3.15 3.2 3.25 3.3 3.35 3.4 3.45 3.5

1000 /T

Fig. 3. Arrhenius plot ok; for the polymerization otis andtrans 7-TDO in bulk, ], = 0.075 mol I', [7-TDO], = 3.72 mmol ',
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ppm 5.1 5.0 4.9 4.8

Fig. 4. PartiaH-NMR spectrum of 7-TDO polymerization in D¢ after 203 min, at 298 K,I[o = 0.70 mol I', [E] o = I.74 mol I™%.

higher fields than those of tyfe The latter, in fact, have an  two sharp singlets, one at- 76.08 ppm and one at—
additional oxygen in theg-position and are methynes 79.06 pprl. They were assigned to the ester and to the
instead of methyls. Moreover, they should appear as sing-oxonium ion, respectively.

lets. Similar results were found by Wu and Pruckmayr [14], as
Thus we can conclude that the ambiguity of the macro- in CCl, a peak was seen &t— 75.7 ppm, while in CHNO,
ion—macroester cannot be solved with the us&-bNMR, a peak was produced at— 78.7 ppm. These observations

although information on the propagating species can be confirmed that the ester group resonates downfield to ethyl
obtained by the'®F-NMR spectrum. It also offers better triflate (— 77.2 ppm) and the oxonium ion resonates upfield
resolution, in the case of the oxonium ion, if only the coun- in the !°F-NMR spectra. In the ethylene oxide
terion is monitored, and not the propagating chain itself.  polymerization Kobayashi et al. [9] found only one peak

As reported in literature, macroester and macroion are ——— _ ,

Il resolved in the fluorine spectrum. In the THF polvmer- AII qf the ~°F chemical shift (both of literature and ours) are calculated
We . ] . p o poly assigning the value of— 78.6 ppm to CECOOH (external standard),
ization with ethyl triflate, Kobayashi et al. [10] observed independent of the solvent used.

_J
c - A
-

—-—
-
-~

" ppm

Fig. 5. 'H-'H COSY spectrum during the course of the polymerization reactiongds@t 298 K. The arrows show the cross peaks of the resonance at
4.9 ppm.
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at — 75.62 ppm which was subsequently assigned to the In this work a qualitative kinetic analysis for the actual
macroester. propagation step was also attempted, but the presence of
The®F-NMR spectra of our reaction system, at different both cis andtrans 7-TDO isomers made the interpretation
reaction times, are shown in Fig. 7. No single peak was of their experimental consumption data quite complicated.
observed, but as many as three major, along with severalln our approach, the reaction was considered a copolymer-
minor, resonances in the range 77.6 to — 78.0 ppm, all ization where one of the monomers was more reactive than
upfield to the initiator chemical shift £ 77.2 ppm) were  the other toward both propagating species. Gisenonomer
seen. For this reason, they were assigned the macroion proentered the copolymer faster than trensform and tended
pagating specie. to self-propagate until it was consumed, at which point the
In the 3C-NMR spectrum of the polymerization mixture transmonomer entered the copolymer.
after the conversion of about 80% of monomer, peaks at The consumption data were obtained at 297, 314 and
91.9, 93.0 and 96.0 ppm are assigned to the active specie829 K with an initiator: epoxide ratio of 1:50. If it is
(Fig. 8). Pruckmayr [4,19] also found three signals for the assumed that the reactivity of the propagating species is
THF/CRSO;CH; system, and attributed the chemical shifts dependent only on the monomer unit at the end of the
at 87.5 and 89.6 ppm to the ring- and open-chain methylenechain, the following four propagation reactions are possible:

carbons adjacent to the oxonium ion, and the signal at Kee
79.1 ppm to thex-methylene carbon of the macroester spe- P#ais + Eeis = Pis (@)
cie. He also observed a pronounced ring-size effect resulting
in a downfield shift of about 1.7 ppm per each ring expan- P s + Etrans—’ Ptrans (b)
sion by one methylene group, going from five to seven-
1 ki

membgred rings. It should there.fore.be expected that anp s, - 4+ E -5 Pigq (©)
approximate shift of 3.4 ppm upfield in a three-membered
ring will be seen. As the methyne carbons rather than methy- e

g y y P *trans + Etrans™ P*rans (d)

lene carbons were monitored, a downfield shift of approxi-
mately 6—9 ppm is expected. A combination of these two
effects results in chemical shift values which are in good
agreement with the presence of an oxonium ion in the propa-
gating species. The occurence of the oxonium ion, in the poly-
merization of 7-TDO, can be justified by the stabilization
effect due to the electron release of the two alkyl chains,
which are absent in the oxonium ion derived from EO.

It might be postulated that in our reaction, both active
species are present in equilibrium, viz. macroion and
macroester, as reported by other authors in similar systems. [___ R r .
If the equilibrium is obtained rapidly at room temperature =710 -78.0 =750 -809
on the NMR timescale, the observed chemical shift arises
from two species having different chemical shifts. To verify
this, we cooled down the reaction system at about 223 K and
recorded both th&F- and*C-NMR spectra. No significant
change was evident in both spectra (data not shown), there-
fore it is possible to rule out such a fast equilibrium. The
observed chemical shift dispersion in our system can be B
attributed both to thesis—trans isomerism of 7-TDO and — . — ———
to the different chain lengths of the growing polymer. 170 =783 =751 -gud

and the rates of disappearence of the two monomers in the

(a)

(b)

monomeric polymeric

+R H $+R R_H
Triflic Oxonium ion gjg—oq ._o-CH-'m—oq
R H RH

a b

7R R RR -77.0 -78.0 -754 830
CH,-O-CH-CH-OTH -=0-CH-CH-O-CH-CH-OTf (
P

c d

Triflic Ester

Fig. 7.'°F NMR spectra of the polymerization reaction ipZ; at 298 K:
Fig. 6. Structures of the propagating species. (a) after 11 min ; (b) after 203 min; (c) after 443 min.
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propagating step were given by: 3.2.3. Side-chain reaction
Two main by-products have been observed in the 7-TDO
_ d[ldftcis] Ky [Elael[ P # ] = kel P s [ Ecil polymerization: cyclic oligomers and 7-tetradecanone.
+ Kic[P *tans ][ Ecidl (4 3.2.3.1. CyclodimerizatioriThe complex group of signgls
até 3—4 ppm in the proton spectrum andsat2—83 ppm in
d[Egransl the carbon spectrum are due to methyne groups adjacent to
T at Kotrang[Errandl [P # 1 = k[P #trans [ Exran] the ether oxygen. Both the methynes of the linear polymer

and the cyclic oligomers resonate in this chemical shift
Kl P #cis 1l Erand ® range and it is not possible to make a separate assignment
with [P* ] and [P*y..d being the concentrations of the for them. The assignment of these signals to the methyne
propagating species ending with ttisandtransmonomers carbons was confirmed by13C — DEPT 135-NMR
respectively andt.., k. are the propagation kinetic constant experiments.
of cisisomer andky, ki are the propagation kinetic constant
of transisomer. 3.2.3.2. Isomerization.As far as the formation of
In Fig. 9b bothcis andtrans 7-TDO consumption rates isomerized products is concerned, pinacol rearrangement
are approximately constant until the 200th min of the reac- is a well-documented reaction in alkyl- and aryl-
tion, that is they followed a pseudo-zero order behaviour. substituted epoxides under acidic conditions [20—22]. In
During this step, the concentrations of the two propagating our case a superacid ester was employed as catalyst so the
speciesP* .s and P* ,0s formed during the initiation step  cyclic oxonium ion formed is tertiary rather than secondary.
remained constant, the concentration of the monomersMoreover, hydrogen is often considered to be a good
decreased but remained higher than the concentration ofmigrating species [23]. The monomer isomerization could
the propagating species so they could be considered conbe written as reported in Scheme 1 [23,24].
stant. After 200 min, theis disappearance rate decreased  Further, in the formation of ketone the initiator (methyl
and thetrans rate was seen to be sightly increased. It is triflate) is recovered. The initiator is also recovered during
likely that the cis monomer depletion became appreciable the formation of dioxane, as already observed by Saegusa et
and its concentration became comparable with the propagat-al. [9].
ing species. Its disappearance resulted in a decrease in its The formation of 7-tetradecanone was also confirmed by
rate of consumption. Simultaneously the consumption of the IR spectrum of the reaction mixture quenched with 1 N
trans monomer by the reaction with* ;s (Eq. (b)) became  NH,OH solution. The carbonyl stretching band is visible at
important and its disappearance rate accelerated. At thel723 cni™. The peak at 1090 cnf and the broad band at
point at which all thecis monomer was consumed, the con- 3450-3550 cm’ are attributed to the ether and hydroxyl
sumption rate of théransisomer slowly increased because groups of the oligomers, respectively (Fig. 10).
both P* 45 and P*,,s reacted with the monomer but with There is no clear evidence for the formation of dioxolane
different kinetic constants (Eqgs. (b) and (d)). type structures. In fact, although according to Kawakami et
The same kinetic behaviour was observed at 298 andal. [16] the methynes adjacent to the acetalic function
329 K, although different disappearance rate values wereshould resonate around 4.5 ppm at proton NMR, only very
seen. At 329 K, all reactions were faster and the plateau small peaks were observed in this spectral region. It can
were very short (Fig. 11c). However, at 298 K (Fig. 11a), therefore be suggested that with the use of our system,
the trans pseudo-zero order behaviour plateau were larger, monomer isomerization leads entirely to ketone.
the reactions very slow, and the absence of an actual plateau As monitored by 'H-NMR, the amount of ketone
at the beginning of theisreaction may have resulted froma increases around 10%—-15% with an increase in temperature
greater difference betwedq. andk (Egs. (a) and (b)). from 298 to 314 K, and approximately the same amount
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Fig. 8. Partia™*C-NMR spectrum of 7-TDO polymerization ingD¢ at 298 K, |]o = 0.70 mol I"%, [E] o = 1.74 mol I"%,
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Fig. 9. Consumption rate—time relationshipsisfandtrans7-TDO in the polymerization carried out in bulk]{ = 0.075 mol I, [7-TDO]0= 3.72 mol I},

(a) 298 K; (b) 314 K; (c) 329 K.
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Fig. 10. IR spectrum of 7-TDO polymerization mixture quenched with 1,QH.
when temperature rises from 314 to 329 K. At temperaturesa model linear dimer H; = —220.9 kcal mol™). The

lower than room temperature, only preliminary data are entropic factor is also expected to favour the linear mono-
available, but ketone formation seems to be markedly meric ketone, when compared to both the cyclic dimer and
reduced. However, the amount of ketone does not vary the linear polymer. As a consequence, it is not surprising
significantly between bulk and benzene solution that with increasing temperature, the amount of ketone
polymerization. Therefore, it can be said that temperature increases significantly. At lower temperatures, it is possible
plays a more important role in the formation of ketone. This that the reaction proceeds under kinetic control and the
finding can be explained assuming that 7-tetradecanone idinear polymer and cyclic oligomer reaction pathways are

the most thermodynamically stable species formed in the favoured. The hydrogen transposition necessary for ketone
reaction. The approximate heats of formation (Hf) for the formation is seen to require a large amount of activation

main products formed in our reactidwere calculated, and  energy.

7-tetradecanone was seen to have a lower enthalpic content

_ 1 ; -
(Hf_ 228.0 kecal mof )than the most stable stereoisomer ® Thermodynamical parameters were calculated using a molecular

. . h _ ‘ ‘
of tetrasubstituted dioxanél{ = — 221.7 kcal mol~), and mechanics program based on Allinger's MM2 force-field.
14
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Fig. 11. The concentration—time relationships of the macroion propagating species and 7-tradecanone in the polymerization carrieg at2B8X, ],
= 0.70 mol I'}, [7-TDO], = 1.74 mol I'%.
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3.2.4. Transfer reaction propagation step occurs via a nucleophilic attack of the

At the end of the reaction, large amounts of olefinic pro- monomer on the the macroion propagating species to give
tons have been detected in tHel-NMR spectrum. As a polyether. However, side-chain reactions produce 1,4-
reported in the literature, olefins have already been observedetrasubstituted dioxane as by-products through a ‘back-
as termination products in the polymerization of cyclic biting’ mechanism, and 7-tetradecanone through the
ethers [23,24], and the formation of C—C double bonds isomerization of the 7-TDO. Two kinds of mechanism for
could be in good agreement with an E1 termination reaction the transfer reaction have been suggested: a classical E
as shown in Scheme 2. An ‘extra production’ of 7-tetrade- elimination reaction which leads to a vinyl polyether, and
canone and a decrease in the macroion concentration were rearragement of the macroion which gives the same olefin
also observed when all monomer was consumed. This effectand the 7-tetradecanone.
was more evident when the reaction was carried out with a
monomer/initiator ratio of 2.5:1 at 298 K ingD¢ (Fig. 11).
This finding can be explained if we suggest that the macro- Acknowledgements
ion propagating species could rearrange to produce a vinyl
terminated polymer and a ketone (Scheme 2). It can be We would like to thank Dr. Claudio Carati (Eniricerche,
supposed that the propagation and chain transfer reactions>. Donato Milanese) for the provision of a copy of his
are competitive but the latter becomes significant only with automatized NMR acquisition program, which was of
a decrease in the monomer concentration. In presence of thé@reat help in obtaining kinetic data.
more nucleophilic oxirane ring, the transfer reaction is quite
negligible.
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