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INVITED REVIEW

Synthesis of novel fluorinated polymers: facile carbon-
carbon bond formation aided by fluorine substituents

Tadashi Narita

The review article summarizes my work as a macromolecular synthetic chemist to leave it on the sands of time. Fluorinated vinyl
compounds with high addition reactivities toward anionic and radical species were demonstrated to allow facile preparation

of fluorinated polymers. Novel anionic addition polymerization of fluorinated vinyl monomers, which generally show poor
homopolymerization reactivities under radical conditions, has been developed. Measurement of pseudo first-order rate

constants, k', demonstrated the order of reactivity of 18 fluorinated acrylates and methacrylates by the reaction with
diethyl(ethyl cyanoacetato)aluminum. The new field, anionic polyaddition, was accomplished by the double Michael addition of
bis(2-trifluoromethylacrylate)s to active methylene compounds. Radical addition reaction of several fluorinated vinyl compounds
with organic compounds possessing carbon-hydrogen bonds afforded fluorinated organic compounds. By developing the novel
radical addition, the polyaddition reaction was achieved to incorporate fluorinated vinyl monomers into polymer main chains with
organic compounds possessing carbon-hydrogen bonds, the first use for these polymers as starting materials of macromolecular

syntheses. Facile carbon—carbon bond formation reactions were made possible with the aid of fluorine substituents under
anionic and radical conditions. These reactions were then developed into the formation of the carbon—carbon bond from
a carbon-hydrogen bond as a functional group in aliphatic compounds.
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INTRODUCTION

The Clarke number of fluorine is about 0.03%, which is about half
of that of sulfur, one-sixth of that of chlorine and almost equal to that
of nitrogen and rubidium. This suggests that fluorine should be one of
the most abundant elements on the Earth. The fluorine atom has two
well-known distinguishing characteristics: it is the smallest element
except for hydrogen, and it has the highest electron-withdrawing
ability of all the elements. All hydrogens linked to carbons in organic
compounds could theoretically be substituted by fluorine atoms.
Replacing the hydrogens of poly(ethylene) with fluorines yields
poly(tetrafluoroethylene). The e-values of fluorinated vinyl mono-
mers are generally larger than those of the hydrocarbon analogs
because of the high electron-withdrawing inductive effect of fluorine
substituents.

The synthesis of fluorinated polymer began with the discovery of
poly(tetrafluoroethylene) by Plunkett in 1938, although the synthesis
of poly(chlorotrifluoroethylene) was reported by Schloffer and Scherer
in 1934.! The history of fluorinated polymer syntheses is as long as that
of hydrocarbon analogs, as poly(ethylene) was synthesized under high
pressure in 1933, Nylon-66 was synthesized by Carothers in 1936 and
in 1952 poly(ethylene) was synthesized by Ziegler under low pressure,

earning him the Nobel Prize. Staudinger was the first Nobel laureate in
macromolecular chemistry, and the award marks it as one of the most
essential sciences.

The homopolymerization reactivity of polyfluorinated vinyl mono-
mers is well known to be very poor except for tetrafluoroethylene and
chlorotrifluoroethylene. Another commercially available polyfluori-
nated homopolymer is poly(vinylidene fluoride). Further, copoly-
merizations of several polyfluorinated vinyl monomers have been
studied with hydrocarbon analogs, and quite a few fluorine-containing
copolymers are commercially available. The study on the polymeriza-
tion and copolymerization of fluorinated vinyl monomers has
predominantly focused on radical addition polymerization, and a
great deal of information on these reactions is available from patents
because the research and the development have mainly been carried
out by industrial research groups.!

Radical addition polymerization of typical fluorinated vinyl mono-
mers seems to have been thoroughly studied. The homopolymeriza-
tion reactivities of fluorinated vinyl monomers bearing perfluorovinyl
groups (CF,=CF-) such as trifluorovinylbenzene (CF,=CF-CgHs)
and hexafluoro-1,3-butadiene (CF,=CF-CF=CEF,) are very low. The
polymerization reactivities of a-trifluoromethylvinyl (CH,=C(CF5)-)
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Table 1 Q and e-values of fluorinated acrylate
Monomer Q e
CH,=CH-COOCH,CF,CF,CF3 0.78 1.15
CH,=CH-COOCH,CF3 0.97 1.13
CH,=CH-COOCH(CF3), 0.79 1.36
CH,=C(CH3)-COOCH,CF3 1.03 0.98
CH2=C(CH3)-COOCH(CF3), 1.38 1.30
CH,=CF-COOCH3 0.92 1.33
0.47 0.73
CH»=CF-COOC,H5 0.66 1.06
0.49 0.68
CH,=C(CF3)-COOCH3 0.8 2.9
CH,=C(CF3)-CN 2.5 3.1
CH,=CH-COOCH3 0.42 0.6
CH»=C(CH3)-COOCH3 0.74 0.4
CH,=CH-CN 0.60 1.2

and perfluoroisopropenyl (CF,=C(CF;)-) derivatives are similarly
low. Therefore, the addition polymerization reactivities of many
fluorinated vinyl monomers have remained widely open, although
those of hydrocarbon analogs are easily determined.

The anionic addition polymerization reactivity of fluorinated vinyl
monomers should be high as these compounds would be good anion
acceptors because of the high electron-withdrawing inductive effect
of the fluorine substituents.>®> The e-values of these monomers are
generally larger than those of hydrocarbon analogs, as summarized in
Table 1. Radical addition reactions of fluorinated vinyl monomers
with cyclic ethers and alcohols have also been reported as these
vinyl compounds are generally good radical acceptors.* Therefore,
facile carbon—carbon bond formation reactions could be achieved by
anionic and radical additions of a wide variety of organic compounds
to fluorinated vinyl compounds. These reactions could then be developed
into the formation of carbon—carbon bonds from carbon-hydrogen
bonds as functional groups in an aliphatic compound. It would also
be possible to develop novel fluoropolymer syntheses by performing
carbon—carbon bond formation reactions with difunctional compounds
possessing two fluorinated vinyl groups.

ANIONIC ADDITION POLYMERIZATION OF FLUORINATED
VINYL MONOMERS

As previously been reviewed,>* the anionic polymerization reactivity
of acrylates and methacrylates possessing fluoroalkyl groups in ester
moieties has been investigated since 1982, and the results have
demonstrated that fluorine substituents have an extremely large
effect on the reactivity of vinyl groups. For example, the anionic
polymerization of hexafluoroisopropyl methacrylate (CH,=C(CH3)
COOCH(CFs3),) initiated by triethylaluminum produced the polymer
in high yields, although methyl methacrylate had a low polymerization
reactivity under similar reaction conditions because the initiation
reactivity of organoaluminums is lower compared with that of
organolithiums and organomagnesiums. Fluoroalkyl substituents
that are linked four or five single bonds away from the vinyl
groups have been shown to have a large effect on the reactivities
of the vinyl groups of fluoroalkyl acrylates and methacrylates. The
anionic polymerization of styrene derivatives possessing fluoro- or
trifluoromethyl-substituted phenyl groups generally produces poor
results. For example, p-trifluoromethylstyrene initiated by triethyl-
aluminum in 1,2-dimethoxyethane produced a polymer in very low

yield. These styrene derivatives therefore showed similar or slightly
higher reactivities compared with those of hydrocarbon analogs,
and corresponding homopolymers were obtained under traditional
anionic polymerization conditions initiated by organolithiums or
organomagnesiums.

Anionic polymerization has proven to be a reliable route for
investigating the polymerization of fluorinated vinyl monomers
because fluoroalkyl groups as ester moieties had a large effect on the
anionic reactivity of vinyl groups of fluoroalkyl acrylates and metha-
crylates. However, the research approach only supplemented the field
of traditional anionic polymerization by showing that traditional
anionic polymerization was applicable to fluoroalkyl acrylates and
methacrylates. The polymerization mentioned above provided no
opportunity to open a new research field within anionic polymeri-
zation. Further work endeavored to challenge famous unsolved
problems in the world of the fluorine chemistry, such as 2-trifluoro-
methylacrylates, o-trifluoromethylstyrene, hexafluoro-1,3-butadiene,
trifluorovinylbenzene and o-trifluoromethylvinyl acetate, which were
then reported to produce no corresponding homopolymers.

The radical homopolymerization of ethyl 2-trifluoromethylacrylate
(CH,=C(CF3)COOC,H;s) would be impossible under conventional
radical conditions because the e-value of methyl 2-trifluoromethyl-
acrylate is as high as 2.9, as shown in Table 1. Anionic polymerization
could work well because of the high e-value. In 1985, anionic
polymerization with initiators of relatively low reactivity, such as
alkali metal tert-butoxide or organoaluminums, was examined to
obtain high-molecular-weight polymers of ethyl 2-trifluoromethyl-
acrylate in high yields. The incorporation of the trifluoromethyl group
at the 2-position of acrylate is concluded to greatly enhance the
anionic polymerization reactivity. The polymer yields of 2,2,2-tri-
fluoroethyl 2-trifluoromethylacrylate (CH,=C(CF;)COOCH,CF5)
and 1-trifluoromethyl-2,2,2-trifluoroethyl 2-trifluoromethylacrylate
(CH,=C(CF;)COOCH(CF3),) were lower than that of ethyl 2-tri-
fluoromethylacrylate. These results indicated that the increase in
trifluoromethyl substitution might have a greater influence on the
reactivity of the propagating anion compared with the vinyl groups of
2-trifluoromethylacrylates. The reactivity of the propagating anion
might be decreased because of the electron-withdrawing inductive
effect of fluorine substituents.

Recently, 2-trifluoromethylacrylates possessing long alkyl groups in
ester moieties, such as CH,=C(CF;)COOCH(CF;)CF,(C4H;0), CH,=
C(CF;)COOCH,CH(CF;)CH,(C,H,0) and CH,=C(CF;)COOCH,CH
(CF5)CH,(C3Hs0,), were shown to yield corresponding homopolymers
under the conventional radical conditions, although the yields are rather
low as shown in Table 2.5 Fluoroalkyl groups in ester moieties were
obtained from the radical addition of tetrahydrofuran or 1,3-dioxolane
with 2-benzoxypentafluoropropene (CF,=C(CF;)OCOC¢Hs; BPFP) or
tert-butyl 2-trifluoromethylacrylate, followed by hydrolysis, as mentioned
below (see Scheme 7). This is an example of long-lived research
serendipitously gaining new value.

No radical or anionic polymerization reaction has ever been
reported for a-trifluoromethylstyrene (CH,=C(CF;)-CgHs). A termi-
nation reaction may take place, as a-trifluoromethylstyryl anion was
not observed to react with other vinyl monomers in a study on
anionic copolymerizations with hydrocarbon analogs.>* The inability
of the a-trifluoromethylstyryl anion to serve as a propagating living
end may be due to the high electron-withdrawing effect of fluorine
substituents or the abstraction of fluorine by a carbanion as a side
reaction. The polymerization profile of a-difluoromethylstyrene
(CH,=C(CHF,)-C4Hs) was found to be similar to that of a-trifluoro-
methylstyrene.
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Table 2 Polymerization reactivity of 2-trifluoromethylacrylate
Monomer Initiator Yield (%) M, (x10% Reference
CH»=C(CF3)COOCH3 tert-C4HqOK 92 12
Radical 0 13
CH,=C(CF3)COOCH,CF3 LiZnC4Ho(CoH5), 69 14
BPO Trace 0.3 15
CH,=C(CF3)COOC(CH3)3 Anion 0 15
AIBN Trace 0.2 15
CH,=C(CF3)COOCH(CF3)CF,(C4H0) LiZnC4Ho(CoHs), 90 0.2 16
BPO 3 1.1 16
CH,=C(CF3)COOCH,CH(CF3)CH,(C4H;0) LiZnC4Hg(CoHs), Trace 0.2 17
AIBN 2 1.0 17
CH,=C(CF3)COOCH,CH(CF3)CH(C5H505) LiAIC4Ho(CoHs)3 Trace 0.6 18
BPO 2.5 1.6 18
CH»=C(CF3)COOCH»CH,0COC(CF3)=CH, BPO 25 2.4 19
CF,=C(CF3)OCOCgH5 Anion 0 10
Radical 0 10
Abbreviations: AIBN, 2,2’-azobisisobutyronitrile; BPO, benzoy| peroxide.
Table 3 Anionic polymerization of hexafluoro-1,3-butadiene o ©
B ] o F, F . E 1FR . G R ;
Initiator Solvent  Temperature (°C)  Time (h)  Yield (%) F)PS:( _>(§'>_§:< - - _ _»Fac):c;(J
F F F F F
CsF Toluene 60 168 58.9 R F
THF 60 168 71.6 > >=@ _
CsHCO3 Toluene 60 168 0 F3C  CF3 F3C CF3
THF 60 168 0
tert-C4Hg0cs Toluene 60 3 83.9 /
THF 60 3 80.8
tert-C4H9OCs/18-Crown-6  Toluene 60 3 31.22 F3C—=—CF;
60 3 3.40 Scheme 1 Anionic polymerization mechanism of hexafluoro-1,3-butadiene.
CH3COO0Cs Toluene 60 168 0
THF 60 168 29.5
Cs naphthalene THF 60 3 74.3
Cs*(o-MeSt),2~Cs* THF 60 3 75.9
C2HsCs THF 60 168 0 isomerization of hexafluoro-1,3-butadiene, especially the reaction
Toluene 60 168 0

Abbreviation: THF, tetrahydrofuran.
atert-C4Hg0Cs/18-Crown-6=1/1.
btert-C4HqOCs/18-Crown-6=1/2.

The polymerization of hexafluoro-1,3-butadiene has been studied
under radical conditions since the 1960s and has been shown to
produce viscous oily or grease-like oligomers in low yields. High-
molecular-weight polymers of hexafluoro-1,3-butadiene are produced
under anionic conditions initiated with cesium fluoride, cesium
tert-butoxide and organocesium compounds at a moderate tempera-
ture, as shown in Table 3.>* Poly(hexafluoro-1,3-butadiene) is partly
soluble in hexafluorobenzene and insoluble in all other usual organic
solvents. The structure of the polymer was found to be —[(C(CF;)=
C(CF3)],~ by *C nuclear magnetic resonance (NMR), X-ray photo-
electron spectroscopy and solid-state Raman spectral measurements.
These results prove the 2,3-addition structure. The isomerization
reaction is then thought to occur during the polymerization as
shown in Scheme 1.>3 It remains uncertain whether the reaction
proceeds through hexafluoro-2-butyne because the isomerization of
hexafluoro-1,3-butadiene to hexafluoro-2-butyne was reported to take
place in the presence of an excess of cesium fluoride at 150 °C, and
the polymerization reaction conditions were far from those of the

temperature. Insufficient research results have been obtained to
determine the mechanism that would be preferable, as no report has
been published on the reaction of anionic species with the 2-carbon of
hexafluoro-1,3-butadiene.

The thermal expansion coefficient of the poly(hexafluoro-1,
3-butadiene) obtained in toluene is one-third of that of poly(tetra-
fluoroethylene) after heat treatment at 400°C for 10h, and the
thermostability increases significantly with the heat treatment, as
shown in Figure 1.2 The thermal decomposition took place by random
scission at about 650 °C because the products, CF,, CF; and CF,CF;,
were detected by mass spectrometry.

The addition polymerization reactivity of trifluorovinylbenzene is
very low, and it has been reported to readily produce hexafluoro-
cyclobutane derivatives under various reaction conditions.® The
anionic polymerization was conducted with several anionic initiators
and was shown to afford homopolymers with the highest molecular
weight of 1.9x10* with an extremely narrow molecular weight
distribution and a low yield when initiated with cesium fert-butoxide
and allowed to proceed at 60°C for 72h in toluene. Poly(trifluoro-
vinylbenzene) was produced by the initiation of diethyl(ethyl cyano-
acetato)aluminum with 7% as the highest yield. No side reactions
could take place once the polymerization reaction started because
the molecular weight distribution was very narrow.>® A low initiator
efficiency would fit the data, including the poor polymer yields.

Polymer Journal
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Figure 1 Temperature dependence of the thermal expansion coefficient of
poly(hexafluoro-1,3-butadiene) after heat treatment: (a) none, (b) 200°C
per 2h, (c) 400°C per 2h, (d) 400°C per 10h and (e) poly(tetrafluoro-
ethylene).

The polymerization of I-trifluoromethylvinyl acetate (CH,=
C(CF3;)OCOCH3;) yielded polymers when initiated with Ziegler-type
catalysts.?

The methodology of anionic polymerization has proven an essential
component of the investigation of the polymerization reactivities of
fluorinated vinyl monomers. The anionic addition polymerization of
fluorinated acrylates and methacrylates has revealed that these vinyl
monomers have higher reactivities compared with hydrocarbon ana-
logs, and that the corresponding homopolymers can be obtained by
initiators of relatively low reactivities. The anionic addition polymer-
ization was successful in the case of 2-trifluoromethylacrylates and
hexafluoro-1,3-butadiene, which have never yielded high-molecular-
weight homopolymers under radical conditions. The incorporation of
fluoroalkyl groups generally decreased the polymerization reactivity
based on the yields of polymers of fluoroalkyl 2-trifluoromethylacry-
lates. The 2,3-addition polymerization of hexafluoro-1,3-butadiene
was proven to take place, although no report has ever been published
on 1,2- or 1,4-addition polymerization of hexafluoro-1,3-butadiene.
The polymerization of hexafluoro-1,3-butadiene by the 1,2- or 1,4-
addition mechanism might hardly take place because hexafluoro-1,
3-butadiene is not a conjugated diene.” The results of the polymeriza-
tions of 2-trifluoromethylacrylates and hexafluoro-1,3-butadiene
might provide an avenue for a new field to be opened in anionic
polymerization methodology. The results show that the anionic
polymerization has not yet worked well for a-trifluoromethylstyrene,
a-difluoromethylstyrene or trifluorovinylbenzene. The tacticity of
poly(ethyl 2-trifluoromethylacrylate) has not yet been studied by '°F
NMR measurement, which might afford more information than H
and 13C NMR because of the ability to detect long-range interactions
of fluorine atoms. The investigation on the reactivity of fluorinated
vinyl monomers should be a high priority for the field of anionic
polymerization methodology from the academic point of view.

INITIATION REACTIVITY OF ANIONIC POLYMERIZATION

OF FLUORINATED ACRYLATES

The anionic polymerization reactivities of fluorinated acrylates and
methacrylates are becoming clearer, as demonstrated in the previous
section; therefore, a logical next step would be to quantitatively

Polymer Journal

establish the order of reactivity of several fluorinated vinyl monomers
under anionic conditions.>® Pseudo first-order rate constants, K,
of the reaction of diethyl(ethyl cyanoacetato)aluminum ((C,Hs),
AI(NCCHCOOC,Hs; EtAIECA) in the presence of large excess
amounts of fluorinated acrylates and methacrylates might allow for
quantitative comparisons of reactivity, as Et,AIECA showed moderate
polymerization reactivity toward these monomers. The reactions
should be simple, as the Michael addition would take place without
any other side reactions such as carbonyl addition or hydrogen
abstraction reactions, which likely take place in typical anionic
polymerizations of hydrocarbon analogs initiated by organolithiums
and organomagnesiums. The reaction system would therefore be an
appropriate model to investigate the initiation reaction in the anionic
polymerization of fluorinated vinyl monomers. The results are
summarized in Table 4.5

The reactivity order is as follows: CH,=C(CF;)COOC,Hs>
CHZZC(CF3)COOCH(CH3)2 > CH,=CHCOOCH,Cg4Fs > CHZZC(CF3)
(CE3), > CH,=CHCOOCH; > CH,=CHCOOCH,C¢Hs > CH,=C(CF;)
COOCH,CF; > CH,=CHCOOCH,CH,CgF;; > CHZZC(CH3)COOCH2
C6F5 > CHZZCHCOOCHchg, > CHZZCHCOOCH2C2F5 > CH2:
CHCOOCH(CF3), > CH,=C(CH;)COOCH; > CH,=C(CH;)COOCH,
C¢Hs > CH,=C(CH3)COOCH,CH,CgF,;; > CH,=C(CH3;)COOCH
(CH3)2 > CHZZC(CH3)COOCH2C2F5 > CHZZC(CH3)COOCH2CF3

The order of reactivity seems to be complicated, with no regular
pattern observed among the 18 fluorinated acrylates and metha-
crylates.

The reactivity of 2-trifluoromethylacrylates is greater than that
of the acrylates, and the reactivity of methacrylates is the lowest
because the order of rate constants is CH,=C(CF;)COOC,Hs>
CH,=CHCOOCH; > CH,=C(CH;)COOCH; and CH,=C(CF;)
COOCH2CF3 > CH,=CHCOOCH,CF; > CHZZC(CH3)COOCH2CF3
This demonstrates that the introduction of the trifluoromethyl group at
the a-position enhances the reactivity of the vinyl group toward anionic
species. The order may be consistent with the fact that the anionic
polymerization of CH,=C(CF;)COOC,Hs and CH,=CHCOOCH;
readily takes place upon initiation with organoaluminums, whereas
CH,=C(CH3)COOCH; shows very low polymerization reactivity
under similar conditions.

The reactivity orders of 2-trifluoromethylacrylates, methacrylates
and acrylates can be summarized, respectively, as follows:

CH,=C(CF3)COOC,H;s > CH,=C(CF;)COOCH(CHj3), > CH,=
C(CF3)COOC(CH3)3 > CH,=C(CF;) COOCH,C4Fs > CH,=C(CF3)
COOCH(CF3), > CH,=C(CF3;) COOCH,CFs.

CH,=C(CH;)COOCH,C¢Fs > CH,=C(CH;)COOCH; > CH,=C(CHj)
COOCH,C¢Hs > CH,=C(CH;)COOCH,CH,CgF,; > CH,=C(CHj;)
COOCH(CHs), > CH,=C(CH3)COOCH,G,Fs > CH,=C(CH;)COOCH,CF.

CH,=CHCOOCH,C¢Fs > CH,=CHCOOCH; > CH,=CHCOOCH,
CgHs > CH,=CHCOOCH,CH,CgF;; > CH,=CHCOOCH,CF; > CH,=
CHCOOCH,C,F5 > CH,=CHCOOCH(CF;),.

The reactivity of CH,=C(CF;)COOC,Hs5 is higher than that
of CH,=C(CF;)COOCH,CF;, and the order of reactivity is similar
to the order of polymer vyields. The result indicates that one
more trifluoromethyl substitution decreases the reactivity toward the
carbanion, even though the trifluoromethyl group is linked four
single bonds away from the vinyl group. Similar results are observed
in the case of 2-trifluoromethylacrylates and acrylates, with orders of
CH,=C(CF3)COOCH(CHj3), > CH,=C(CF;)COOCH(CF3), and CH,=
CH,=CHCOOCH(CF3),, respectively. The order of CH,=C(CHj3)
COOCHj; > CH,=C(CH3)COOCH,CFj; is inconsistent with that of
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Table 4 Relationship between log k' of fluorinated acrylates and methacrylates with diethyl(ethyl cyanoacetato)aluminum and spectroscopic

data
Run Monomer Temperature (°C) 5+Log k’ e-Value p-Carbon (p.p.m.)? C=0 (p.p.m.)? C=0 (cm1)®
1 CH,=C(CH3)COOCH3 40 0.81 0.4 125.3 167.9 1732
2 CH,=C(CH3)COOCH(CH3), 40 0.40 0.10 124.8 166.9 1718
3 CH,=C(CH3)COOCH,CgHs 40 0.68 0.42 125.7 167.1 1716
4 CH»=C(CH3)COOCH,CF3 40 -0.05 0.98 127.7 165.6 1738
5 CH,=C(CH3)COOCH,C,Fs 40 0.00 — 127.8 165.5 1743
6 CH,=C(CH3)COOCH,CgxF5 40 1.56 0.48 126.5 166.5 1727
7 CH,=C(CH3)COOCH(CF3), 0 — — 129.7 163.9 1758
8 CH,=C(CH3)COOCH,CHCsF17 40 0.53 — 126.3 166.9 1728
9 CH,=C(CF3)COOCH,CH3 0 1.69 2.9 132.5 161.3 1740
10 CH,=C(CF3)COOCH(CHs), 0 1.59 — 132.1 160.7 1736
11 CH,=C(CF3)COOC(CH3)3 0 1.39 — 131.6 160.4 1736
12 CH,=C(CF3)COOCH,CF3 0 0.62 — 134.7 159.6 1760
13 40 1.87 — 134.7 159.6 1760
14 CH,=C(CF3)COOCH,CgF5 0 1.35 — 133.9 160.6 1747
15 CH,=C(CF3)COOCH(CF3), 0 1.26 — 136.4 158.1 1776
16 40 1.71 — 136.4 158.1 1776
17 CH,=CHCOOCH3 0 0.84 0.6 130.6 166.6 1731
18°¢ 40 1.89 0.6 130.6 166.6 1731
19 CH,=CHCOOCH,CgHs5 0 0.68 1.13 131.0 165.9 1726
20 CH,=CHCOOCH,CF3 0 -0.05 1.13 133.0 164.4 1762
21 40 1.47 1.13 133.0 164.4 1762
22 CH,=CHCOOCH,CyF5 40 1.31 — 133.2 164.3 1751
23 CH,=CHCOOCHCgF5 0 1.48 — 131.9 165.2 1736
24 CH»,=CHCOOCH(CF3), 40 1.14 1.36 135.3 162.6 1763
25 CHp=CHCOOCH,CH,CgF17 40 1.74 — 1315 165.6 1736
26 CH,=CFCOOC(CH3)3 40 — — 101.4 159.4 1739
27 CH,=CFCOOCH,C,F5 40 — — 104.8 158.7 1767

2Determined by 13C nuclear magnetic resonance in CDCl3.
bDetermined by infrared.
“Toluene: 15ml.

the polymerization reactivity based on the polymer yields for
organoaluminum initiation. The initiation reactivity of CH,=C(CF5)
COOCH(CHj3); is higher than that of CH,=C(CF;)COOC(CHj3)s,
probably because of the bulkiness of the substituents. A similar order
is observed for CH,=C(CH;3;)COOCH;>CH,=C(CH;)COOCH
(CH3),, probably because of the same reason. The effect of the
pentafluorophenylmethyl group as the ester moiety seems to be
different from that of other fluoroalkyl groups because the reactivity
order is CH,=CHCOOCH,C¢F5 > CH2:C(CF3)COOCH2C6F5 >CH,=
C(CH;)COOCH,C¢Fs. The effect of the pentafluorophenyl group in
pentafluorostyrene (CH,=CH-C¢Fs) could, however, scarcely be demon-
strated because no polymer was obtained with organoaluminum initia-
tion. These findings prove the limited effect of the pentafluorophenyl
group on the reactivity of the vinyl group, with a modest increase in the
reactivity to anionic species observed. The effect of the pentafluoro-
phenylmethyl group was therefore different from that of the pentafluoro-
phenyl group.

Table 4 also presents spectroscopic characteristics such as the *C
NMR chemical shifts of B-carbons and carbonyl carbons and the
infrared absorptions of carbonyl groups of the monomers. Figure 2
shows the relationship between log k¥’ and the '>C NMR chemical
shifts of the B-carbons of fluorinated acrylates and methacrylates.>® A
linear relationship is observed between log k” and the chemical shifts
of fluoroalkyl acrylates (18, 21, 22, 24 and 25) in Figure 2a. The results
are in accordance with the decrease in reactivity upon increasing the
number of trifluoromethyl groups. A poor dependence is observed

in the case of 2-trifluoromethylacrylates (9, 10, 11, 12, 14 and 15) and
methacrylates (1, 2, 3, 4, 5, 6 and 8). A linear relationship is observed
for 2,2,2-trifluoroethyl esters, such as CH,=C(CH;3;)COOCH,CFs;,
CH,=C(CF;)COOCH,CF; and CH,=CHCOOCH,CF; (4, 13 and 21).

Figure 3 summarizes the relationship between log K’ and the °C
NMR chemical shifts of carbonyl carbons.>® A linear relationship is
observed between log k" and the chemical shifts of acrylates (18, 21, 22
and 24) and methacrylates (1, 2, 3, 4, 5, 6 and 8) in Figure 3a, and
some dependence is shown in Figure 3b in the case of 2-trifluoro-
methylacrylates (9, 10, 11, 12, 14 and 15) and acrylates (17, 19
and 20). The results could be used to estimate the reactivities of
2-trifluoromethylacrylate, acrylates and methacrylates, respectively, by
comparing the 1*C NMR chemical shifts of their carbonyl carbons
with those of other fluorinated acrylates and methacrylates.

No obvious relationship was observed between log k’ and the
infrared wave numbers of carbonyl groups, although the e-values of
acrylates and methacrylates, including fluorinated ones, were found to
be proportional to wave numbers of carbonyl groups, as previously
reported.>>8

No rate constants were obtained for CH,=C(CH;3;) COOCH(CF;3),,
CH,=CFCOOC(CHj3;)3 or CH;=CFCOOCH,C,Fs because the poly-
merizations took place too rapidly, and the reaction system did not
maintain a large excess amount of a monomer. The pseudo first-order
rate constants of CH,=CFCOOC(CHj3)3; and CH,=CFCOOCH,C,F5
are presumed to be extremely different from those of fluoroalkyl
acrylates because the chemical shifts of the 3-carbons of these mono-

Polymer Journal
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Figure 2 Log k" at 40°C (a) and at 0°C (b) vs 13C NMR chemical shifts of
B-carbons of fluorinated acrylates and methacrylates (refer to Table 4): (®)
2-trifluoromethylacrylate; (@) methacrylate; (O) acrylate.

mers are 101.4 and 104.8 p.p.m., respectively, considerably smaller
than those of other fluorinated acrylates.

In conclusion, the order of reactivity of fluorinated acrylates and
methacrylates toward anionic species was demonstrated by measuring
pseudo first-order rate constants. The high anionic addition reactivity
was exhibited by introducing a trifluoromethyl group into the vinyl
group at the a-position, and introducing a fluoroalkyl group in the
ester moiety of 2-trifluoromethylacrylates decreased their reactivities
toward the anionic species. The result is in agreement with that based
on the polymer yields. The initiation reactivity was generally decreased
by introducing fluoroalkyl groups into ester moieties of acrylate and
methacrylate derivatives. The results are roughly consistent with those
based on the polymer yields of fluoroalkyl acrylates and methacrylates.
A linear relationship was observed between pseudo first-order rate
constants and the 3C NMR chemical shifts of the carbonyl carbons of
2-trifluoromethylacrylates, methacrylates and acrylates. A limited
relationship was observed between the rate constants and '*C NMR
chemical shifts of f-carbons. No relationship was observed between
the rate constants and infrared absorptions of carbonyl groups, respec-
tively. The bulkiness of the fluoroalkyl groups exerted a minor effect
on the reactivity. A theoretical study should be conducted based on
the results shown in Table 4, because the order of reactivity as deter-
mined by the pseudo first-order rate constants seems to be compli-
cated and lacking in a regular pattern. A quantitative investigation
must also be carried out on the propagation reaction to clarify the
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Figure 3 Log k' at 40°C (a) and at 0°C (b) vs 13C NMR chemical shifts
of carbonyl carbons of fluorinated acrylates and methacrylates (refer to
Table 4): (@) 2-trifluoromethylacrylate; (®) methacrylate; (O) acrylate.

overall polymerization reactivity of fluorinated acrylates and metha-
crylates. The rate constants were related to a certain extent to the
polymerization reactivity based on polymer yields, with higher poly-
mer yields obtained from the organoaluminum-initiated anionic
polymerization of fluoroalkyl acrylates and methacrylates, such
as CH,=C(CH3)COOCH(CF3),, CH,=CHCOOCH,CF; and CH,=
C(CH3)COOCH,CF;. It is also desirable to calculate the order of
reactivity according to theoretical chemistry to determine the factors
that exert the most control over the whole polymerization reaction to
gain a quantitative understanding of the polymerization reactivity.
The investigation on the anionic polymerization is at its beginning,
and the broad research field must also remain open for theoretical
work.

ANIONIC POLYADDITION OF 2-TRIFLUOROMETHYLACRYLATE
The Michael addition reaction of active methylene compounds such
as acetylacetone, alkyl acetoacetate, dialkyl malonate, alkyl cyano-
acetate and malononitrile is a well-known reaction in organic chem-
istry textbooks that takes place in an anionic manner in order to
form carbon—carbon bonds with vinyl compounds such as acrylo-
nitrile, acrylates and vinyl ketones. Double Michael addition reac-
tions have been reported to take place for the reactions of vinyl
compounds such as acrylonitrile and methyl vinyl ketone with diethyl
malonate and ethyl cyanoacetate (ECA) to afford the correspon-
ding di-addition products of active methylene compounds in high
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Table 5 Double Michael polyaddition of 1,4-phenylene bis(2-trifluoromethylacrylate) with ethyl cyanoacetate

Run ECA (mmol) Solvent Base (mmol) Temperature (°C) Time (day) Yield (%) M, (x 104)2 M,/M,2
1 2.5 CoHs0H C,Hs0Na 0.25 60 1 50.4 0.44 1.7
2 2.5 0.25 60 1 39.4 0.64 1.7
3 5.0 0.25 60 1 84.7 0.61 4.4
4 5.0 0.25 60 1 52.7 0.84 2.7
5 5.0 0.5 60 1 21.0 1.20 2.9°
6 12.5 0.25 60 1 52.7 1.0 24
7 12.5 0.5 60 1 59.7 1.1 8.3
8 12.5 0.5 Rt 1 Gel 0.72b 3.2b
9 25.0 0.25 60 1 73.0 0.98 2.5

10 25.0 0.25 60 1 61.6 0.83 1.8

11 25.0 0.25 Rt 1 Gel 1.1P 4.8P

12 25.0 0.5 60 1 67.8 0.89 2.1

13 25.0 0.5 60 1 35.8 0.46 2.1

14 25.0 0.5 60 2 319 0.56 1.7

15 5.0 THF NaOHaq 0.25 Rt 26 (min) Gel — —

16 5.0 0.25 Rt 1(h) Gel — —

Abbreviations: ECA, ethyl cyanoacetate; Rt, room temperature.

1,4-Phenylene bis(2-trifluoromethylacrylate): 2.5 mmol, solvent: 5ml.

2Determined by size-exclusion chromatography (PSt standards, eluent: THF).

bTetrahydrofuran (THF) soluble part.
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Scheme 2 Anionic polyaddition mechanism of phenylene bis(2-trifluoromethylacrylate) (PBFA) with ethyl cyanoacetate (ECA).

yields with the formation of two carbon—carbon bonds. Therefore,
ECA functions as a difunctional compound under specific reaction
conditions. The high reactivity of 2-trifluoromethylacrylate as an
anion acceptor might make this reaction an appropriate candidate
for the preparation of polymers by the double Michael addition.>®
The reaction of phenyl 2-trifluoromethylacrylate (CH,=C(CF;)
COOCgH;5) with ECA was investigated as a model reaction catalyzed
by sodium ethoxide or sodium hydroxide in the presence of excess ECA
at 60 °C for 24 h. The results showed that the di-addition compound of
ECA was produced in high yields. Table 5 shows the results of the novel
anionic polyaddition of 1,4-phenylene bis(2-trifluoromethylacrylate)
(CH,=C(CF3)COO-C¢H,~OCOC(CF;)=CH,) with ECA.5® Increas-
ing the amount of ECA in the feed increases the yields and molecular
weights of the polymers obtained (runs 1, 4, 6 and 10) catalyzed by
sodium ethoxide in ethanol. The yield and the molecular weight of the
resulting polymer are satisfactorily high when ECA is present in

significant excess in the feed (run 9). The highest molecular weight
obtained is 1.2x10* (run 5). Small increases in yields and molecular
weights are observed when the amount of sodium ethoxide is
increased (runs 10 and 12). The gel formation takes place under
sodium hydroxide catalysis (runs 15 and 16). The anionic polyaddi-
tion was concluded to take place by the double Michael addition
because the NMR spectrum of the polymer was almost the same as
that of the di-addition product of the model reaction (Equation (1)).
Scheme 2 presents the reaction mechanism.>® The addition reaction of
the ECA anion to the a-trifluoromethylvinyl moiety takes place at the
polymer chain end, followed by sodium ion transfer to ECA to yield
sodium salt again. This cycle may yield the polymer. Further, the
groups of polymer chain ends could mainly be cyanoacetate moieties.
A trace amount of ethoxide-terminated polymer was detected by
NMR measurement. The polyaddition reaction might be terminated
when the ethoxide anion is added to the a-trifluoromethylvinyl group.

Polymer Journal
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The monomer addition experiment was carried out using ECA
moieties at polymer chain ends. The reaction of the isolated polymer
was carried out in the presence of 1,4-phenylene bis(2-trifluoromethy-
lacrylate) in the feed catalyzed by sodium ethoxide to obtain results
that showed the drastic increase in the molecular weight and the
molecular weight distribution compared with those of the starting
polymer. The results supported the mechanism in which the polymer
end groups were mainly ECA moieties.

The results of the reaction of phenyl 2-trifluoromethylacrylate with
acetylacetone catalyzed with sodium hydroxide afforded the di-addi-
tion product of acetylacetone in fairly high yields, although addition
reactions catalyzed by sodium ethoxide revealed that the yields of the
monoaddition compound of acetylacetone were higher than those of
the di-addition product. The polyaddition of phenylene bis(2-trifluor-
omethylacrylate) with acetylacetone catalyzed by sodium hydroxide
yielded results indicating that the polymers were obtained bearing the
highest molecular weight of 7.6x 10 in tetrahydrofuran as a solvent
with 29% yield.

Another type of anionic polyaddition was achieved by the reaction
of the compound possessing a trifluorovinyl group and a hydroxyl
group under basic conditions, as shown in Equation (2) reported by a
DuPont research group.? The addition of nucleophiles to fluorinated
olefins is among the best-known reactions in organofluorine chem-
istry. The preferred polymerization catalysts were cesium carbonate,
cesium fluoride and tetraalkylammonium chloride, affording mole-
cular weights of about 2.5x10% under neat conditions to avoid the
formation of cyclic products. Cyclic dimers were mainly produced in
1,2-dimethoxyethane in fairly high yields.

CF3

CF3

with the formation of carbon—carbon bonds from carbon-hydrogen
bonds as functional groups. This represents another challenging field
of research in macromolecular synthesis.

RADICAL POLYADDITION OF PERFLUOROISOPROPENYL
COMPOUNDS

In 1991, then Professor Nakai at the Tokyo Institute of Technology
called to talk about the study on the reactivity of the vinyl group in
BPFP, which was synthesized easily by the reaction of lithium enolate
obtained from 1,1,1,3,3,3-hexafluoroisopropanol ((CF;),CHOH) with
two equivalents of butyllithium, followed by the reaction with benzoyl
chloride. Addition polymerization of BPFP followed by hydrolysis of
the polymer could yield polymers of hydrophobic fluorinated main
chains with hydrophilic hydroxyl substituents.

The radical addition polymerization of BPFP was examined, but as
anticipated, all attempts were unsuccessful as far as an addition
polymerization was concerned. An attractive result was attained
when the reaction was carried out in tetrahydrofuran media initiated
with benzoyl peroxide and followed by the mass spectrometric
measurement of a trace amount of the product. The molecular ion
peak was exactly in accordance with the molecular weight of the 1:1
addition product of BPFP with tetrahydrofuran (Equation (3)). The
reaction in toluene afforded similar results, which showed that the
product was the addition compound possessing a benzyl group. The
reaction of BPFP was then investigated with several organic com-
pounds possessing carbon-hydrogen bonds under the same condi-
tions to determine the quantitative conversions of BPFP with
compounds such as cycloalkanes, 18-crown-6 and formylalkanes.

T Base i
CF2=CF-0-CF,CF-O-:CF,CF2CH;OH ——» -(CFZ-CHF-O-CFz‘CF-O-CFz'CFz-CHg 0)’—,

\ CH, “CF,
,clez CHF
O—CF2 *0—CF, @)
CF3-CF CF—CF;
Con\CHF CF;CFZO
&k, b,

The results demonstrate that anionic polyaddition by the develop-
ment of the double Michael addition reaction affords a facile method
for the preparation of novel fluorine-containing polymers with
carbon—carbon bond formation, which is achieved with the aid of
the trifluoromethyl group of the vinyl monomer. The reaction estab-
lishes a new field in synthetic macromolecular chemistry. It should be
noted that the novel polyaddition reaction is successful, although the
yields of the product fitting to the polyaddition are not quantitative in
the model reaction. Furthermore, the polyaddition reaction takes
place under the stoichiometric imbalance of the two components in
the feed. The high reactivity of fluorinated vinyl monomers as anion
acceptors would make it possible to produce new type of polymers

Polymer Journal

The idea hit me strongly that the addition reaction of a perfluoroi-
sopropenyl group would be a good candidate for polymer preparation
by adopting bifunctional bis(perfluoroisopropenyl) derivatives
(CF,=C(CF3)-R—C(CF;3)=CF,) with several organic compounds pos-
sessing carbon-hydrogen bonds.>>1°

The reaction of BPFP with 1,4-dioxane was examined as a model to
afford 2,6-disubstituted 1,4-dioxane detected by X-ray crystallographic
analysis (Figure 4)'0 as depicted in Equation (4), in contrast to
the anticipation that 2,5-disubstituted dioxane would be produced
because no 2,5-disubstituted tetrahydrofuran was yielded by the reaction
of BPFP with tetrahydrofuran and no addition reaction of isolated
monosubstituted tetrahydrofuran took place with BPFP (Equation (3)).



Figure 4 Ortep drawing of di-addition product of 2-benzoxypentafliuoro-
propene (BPFP) with 1,4-dioxane.

In the reaction of monofunctional BPFP with 1,4-dioxane, the mole
ratio of 1:1 and 2:1 addition products is found to be about 1:5 as shown
in Figure 5.1° The precise 1,5-radical shift mechanism is proposed as
depicted in Scheme 3.1 The mutual repulsion between two fluorine
atoms may sterically assist the mechanism of 1,5-radical transfer.
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o 11
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(4)

Bis(1-trifluoromethyl-2,2-difluorovinyl) terephthalate (CF,=C(CF3)
OCO-CgH,—COOC(CF;3)=CF,; BFP) was synthesized from terephtha-
loyl dichloride in a similar manner as BPFP. Radical polyaddition of
BFP yielded polymers with molecular weights of up to 9.9x10° in the
presence of an eightfold excess of 1,4-dioxane in the feed initiated with
benzoyl peroxide at 60 °C. The polyaddition equation is shown as
Equation (5), and the proposed mechanism is depicted in Scheme 4.1°
The reaction is initiated by the abstraction of hydrogen from 1,4-
dioxane and then the addition of the resulting radical to the perfluoro-
isopropenyl group, followed by a 1,5-radical shift.
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Figure 5 Dependence of (a) 1:1 and (b) 2:1 addition products of
2-benzoxypentafluoropropene (BPFP) with 1,4-dioxane on reaction time.

The reaction may be promising, as it would enable simple
introduction of fluoroalkyl groups into organic compounds and
polymer main chains. It should be noted that the reaction
takes place under a stoichiometric imbalance between the two
feed components, and yields of the product fitting to poly-
addition were not quantitative in model reactions. It may also be
advantageous that 1,1,1,3,3,3-hexafluoroisopropanol is readily avail-
able at a fairly low price and will always be commercially available
because the compound is scarcely related to fluorine-containing
refrigerants.

The radical polyaddition reaction might be applicable to a wide
variety of organic compounds possessing carbon-hydrogen bonds that
have never been used as starting materials for the preparation of
polymers. Several studies have been conducted on the radical poly-
addition of perfluoroisopropenyl compounds. The following discus-
sion provides examples of radical polyaddition from these new
findings.>'0

Higher-molecular-weight polymers were expected when the radical
polyaddition was carried out under y-rays irradiation from a ®Co
source, which enables the continuous generation of radical species.
The highest weight-average molecular weight polymer of 2.0x 10* was
produced under a dose of 2000kGy in the presence of eight equiva-
lents of 1,4-dioxane in the feed with BFP. The investigation of the dose
dependence on M,, yields the results cited in Figure 6,'° which shows
that an eightfold excess of 1,4-dioxane to BFP in the feed is preferable
to obtain higher-molecular weight polymers above 2000kGy. The
kinetic analysis of the model reactions revealed that the rate constants

CF3

n
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Scheme 3 Radical addition mechanism of 2-benzoxypentafluoropropene (BPFP) with 1,4-dioxane.
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Scheme 4 Polyaddition mechanism of bis(1-trifluoromethyl-2,2-difluorovinyl) terephthalate (BFP) with 1,4-dioxane.

of the formation of 2:1 addition products (kq) of BPFP with 1,4-
dioxane and diethyl ether were two orders of magnitude larger than
those of 1:1 addition products (k.,) under the y-rays irradiation. The
results led to the conclusion that the radiation-induced step-
growth polymerization required high k4/k;, values under the stoichio-
metric imbalance of two components in the feed, as well as the high
radiation resistance, to form high-molecular-weight polymers. Poly-
mers prepared from 1,4-dioxane showed higher radiation resistance
than those obtained from diethyl ether measured in solid state and in
solution.

A polymer of 5.5x10° as a molecular weight was obtained
from BFP with hexane by the radical polyaddition (Equation (6))
initiated with benzoyl peroxide at 80°C for 120h. Hexane might
be the simplest compound bearing carbon-hydrogen bonds.
The reaction may take place by the precise 1,5-radical shift
mechanism.
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Because the radical addition of BPFP with formylalkanes produced
addition compounds in quantitative yields as mentioned above, the
reaction of BFP with glutaraldehyde was examined under emulsion
polymerization conditions because glutaraldehyde was available as an
aqueous solution. The reaction initiated by benzoyl peroxide and allowed
to proceed at 80 °C for 72 h afforded an oligomer of 4.8 x 10° as the highest
molecular weight, as shown in Equation (7). The abstraction reaction of
the hydrogen of the formyl group may initiate the polyaddition reaction.
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Figure 6 Dependence of the weight-average molecular weight of the polymer
obtained on the irradiation dose for feed 1,4-dioxane/bis(1-trifluoro-
methyl-2,2-difluorovinyl) terephthalate (BFP) values of (a) 4.0, (b) 8.0,
(c) 16 and (d) 32.

It may also be possible to prepare polymers of BFP with multifunc-
tional compounds, such as 18-crown-6, which has 24 carbon-hydro-
gen bonds, to prove the precise radical shift mechanism of the reaction
of BFP with 1,4-dioxane. The reaction was initiated with benzoyl
peroxide and carried out at 60 °C for 72 h, yielding soluble polymers
containing 18-crown-6 moieties in the polymer main chain. The
highest molecular weight obtained was 5.5x10%. The reaction takes
place as shown in Equation (8). A precise 1,5-radical shift mechanism
has not yet been proven, because the structure of the product yielded
by the hydrolysis of the polymer has not yet been determined, as
described below.
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The addition of BPFP with triethylamine afforded ordinary
yields as compared with many reports on the radical addition of
trifluorovinyl compounds with amine derivatives.* The radical
polyaddition of BFP with triethylamine was then examined to
yield a polymer of 6.3x10% as the highest molecular weight follow-
ing initiation with benzoyl peroxide and reaction at 60°C for

72h, as shown in Equation (9), although the yield of polymer was
very low.

CF3 3C. o
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To increase the fluorine content of polymers obtained from BFP with
1,4-dioxane, the copolymerization of BFP and bis(1-trifluoromethyl-2,2-
difluorovinyl) 2,3,5,6-tetrafluoroterephthalate (CF,=C(CF3)OCO-CgFs—
COOC(CF;)=CF,) with 1,4-dioxane was investigated and shown to
afford polymers of molecular weight 1.1x10* following initiation with
di-tert-butyl peroxide and reaction at 80°C for 72h, as shown in
Equation (10). It was likely that the random distribution of BFP units
and bis(1-trifluoromethyl-2,2-difluorovinyl) 2,3,5,6-tetrafluoroterephtha-
late units was possible in the polymer main chain because the monomer
reactivity ratios of bis(1-trifluoromethyl-2,2-difluorovinyl) 2,3,5,6-tetra-
fluoroterephthalate (M;) and BFP (M,) were r=1.19, ,=0.78 and
r1x1,=0.93, which is smaller than 1, and the reactivity of BPFP was
similar to that of 2-pentafluorobenzoxypentafluoropropene (CF,=
C(CF3;)OCOCgFs) examined as a model reaction.

o
CF2-C 'C=CF, , CF,=C ‘C=CF, 5
OC'@CO oc-'-co DTBP
F F3C, CF3
CF,CH CH-CF CFyCH ‘CH-CF
2"o- ¢ c-0 2'[ o -c<®)-¢c-0 2[
o o o
(10)

The radical polyaddition reaction could be developed to the
synthesis of fluorinated hybrid polymers bearing alkylsilyl groups in
polymer main chains because many organosilicone compounds pos-
sess carbon-hydrogen or silicon-hydrogen bonds. The reactions of
diethoxydimethylsilane ((C,H50),Si(CHj3),) and dimethoxydimethyl-
silane ((CH30),Si(CHj3),) with BPFP were examined as model reac-
tions initiated by benzoyl peroxide or di-tert-butyl peroxide. The yield
of the 2:1 addition product of BPFP with diethoxydimethylsilane was
found to be higher than that of BPFP with dimethoxydimethylsilane.
The polyaddition of BFP with diethoxydimethylsilane was successful,
affording fluorinated hybrid polymers possessing fluoroalkyl and alkyl-
silyl groups in the polymer main chain with a maximum molecular
weight of 1.4x10% The reaction takes place as depicted in Equation
(11). The 1,7-radical shift mechanism, which has rarely been observed
in organic reactions, would take place in the addition reaction of BPFP
with diethoxydimethylsilane to produce the 2:1 addition product. The
1,7-radical shift mechanism should also take place in the polyaddition
of BFP with diethoxydimethylsilane as shown in Scheme 5.1

CH3
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Scheme 5 Polyaddition mechanism of bis(1-trifluoromethyl-2,2-difluorovinyl) terephthalate (BFP) with diethoxydimethylsilane.
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Figure 7 Reaction-time dependence of the molecular weight and molecular
weight distribution, and polymer yield of the reaction of bis(1-trifluoromethyl-
2,2-difluorovinyl) terephthalate (BFP) (5.0 mmol) with diethoxydimethyl-
silane (40mmol) initiated with benzoyl peroxide (1.0 mmol) at 80°C:
(a) 2h, 46%; (b) 4h, 68%; (c) 6h, 78%; (d) 12h, 89%; (e) 22h, ~100%;
and (f) 40h, 100%.

The dependence of reaction time on the molecular weight and the
molecular weight distribution was examined for the polyaddition
of BFP with diethoxydimethylsilane. The results are summarized
in Figure 7,!° which shows that molecular weights and molecular
weight distributions increase with reaction time. The molecular
weight also increases and the molecular weight distribution becomes
broader after the conversion of BFP reaches 100%. These phenomena
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are often found in step-growth polymerization reactions such as
condensation polymerization. Therefore, a longer reaction time may
be preferable to obtain higher-molecular weight polymers based on
the kinetics of condensation polymerization, and a lower reaction
temperature is also desirable to ensure that the radical initiator is
active longer.

Soluble fluorinated hybrid polymer was obtained from BFP
with tetrafunctional tetraethoxysilane (Si(C,Hs0),) initiated by
di-tert-butyl peroxide and proceeded at 120 °C for 72h, as shown
in Equation (12). The highest molecular weight obtained was
8.2x 10 and the yield was fairly high. The 1,7-radical shift mecha-
nism might also take place in the polyaddition of BFP with tetra-
ethoxysilane.

CF2=chF3 Fsc‘.c=CF2 OCHs  prgp
o-¢ c-0 + CoH50-Si-0CoHs — 3
o) 0 OC,Hs
CF3 FaC, CHs OC2Hs CHs
CF,-CH CH-CF7CH-0-Si—0—CH (12)
o—g ¢-0 OC,Hs n

Another soluble fluorinated hybrid polymer bearing alkylsilyl
groups in polymer main chains was synthesized from BFP with
multifunctional silsesquioxane such as 1,3,5,7,9,11,13,15-octakis(di-
methylsilyloxy)pentacyclo[9.5.1.13°.1%15.1713] octasiloxane (TsS). The
highest molecular weight obtained was 1.4x10* by the initiation
with benzoyl peroxide and the reaction at 80 °C. The reaction takes
place as shown in Equation (13). The 1,9-radical shift mechanism
would take place in the reaction of BFP with TgS as depicted in
Scheme 6.1° The reaction mechanism proves that the polyaddition
reaction takes place through the silyl radical as a reactive intermediate.
The 1,9-radical shift mechanism has rarely been reported in organic
reactions.
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Scheme 6 Polyaddition mechanism of bis(1-trifluoromethyl-2,2-difluorovinyl)
terephthalate (BFP) with TgS.

The novel radical polyaddition reaction mentioned above took place
intermolecularly between perfluoroisopropenyl compounds and organic
compounds possessing carbon-hydrogen bonds under a stoichiometric
imbalance in the feed. The next step should be to develop a self-
polyaddition reaction in which an intramolecular polyaddition takes
place on a molecule possessing both a perfluoroisopropenyl group and
an alkylsilyl group bearing many carbon-hydrogen bonds. To attempt
this reaction, triethylsilyl perfluoroisopropenyl ether (CF,=C(CF;)O-
Si(C,Hs)3) was synthesized by the reaction of lithium enolate obtained
from 1,1,1,3,3,3-hexafluoroisopropanol with two equivalents of butyl-
lithium, followed by adding one equivalent of triethylsilyl chloride. The
polymer was obtained with a molecular weight up to 1.9x10* by
initiation with benzoyl peroxide allowing to proceed at 80 °C for 40 h as
shown in Equation (14), and this may occur by the intramolecular 1,5-
radical shift. The detailed reaction profile was studied by the dependence
of reaction time on the molecular weight and molecular weight
distribution, as shown in Figure 8.1° Polymers with molecular weights
of 9.8x10% are obtained with unimodal molecular weight distributions
(M, /My 1.55) at the early stage of polymerization up to 36% conver-
sions. The portion of the reaction seems to resemble a traditional radical
chain reaction profile for typical vinyl polymerizations. After this point,

Mn=9800 (DP=37)

107 108 10° 104 10°
Mn [PSt]

Figure 8 Reaction-time dependence of the molecular weight and molecular
weight distribution of triethylsilyl perfluoroisopropenyl ether.

the molecular weights and molecular weight distributions increase with
reaction time. This shows that the coupling reaction of the radicals at
the ends of the propagating polymers takes place in addition to the
propagation reaction with triethylsilyl perfluoroisopropenyl ether.

CF3 BPO GFs  GaMs
CFy=C. E— CF,-CH-0-Si=CHy-CH, (14)
0-Si(C2Hs)3 (|:2H5 n

The preparation of a polymer from 1-trifluoromethyl-2,2-difluoro-
vinyl cyclohexanecarboxylate (CF,=C(CF;)OCO-C4H;;) was unsuc-
cessful, probably because of the low feed ratio of the group bearing
carbon-hydrogen bonds to the perfluoroisopropenyl group in combi-
nation with the restricted structure of cyclohexane.

Another potential route for self-polyaddition is the cyclopolymeriza-
tion of a compound with a perfluoroisopropenyl group and a vinyl
group retaining no homopolymerization ability. Perfluoroisopropenyl
vinylacetate (CH,=CHCH,COOC(CF;)=CF,) was synthesized because
the allyl group was known to possess a poor radical polymerization
ability due to degradable chain transfer under radical reaction conditions.

Polymer Journal
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The radical cyclopolymerization of the compound resulted in a bimodal
molecular weight distribution with peaks of high-molecular-weight
polymers at about 1x10°> and of low-molecular-weight oligomers of
7x10°. The yields of oligomers were higher than those of polymers. The
reaction products were soluble in acetone, tetrahydrofuran and ethyl
acetate and insoluble in methanol, ethanol, hexane, benzene and chloro-
form. The structure of the polymer was similar to that of the oligomer,
which consisted of about 70% of a five-membered ring structure. The
reaction may take place through an intramolecular 1,5-radical addition
reaction as shown in Equation (15), although it remains unclear why the
reaction products exhibited a bimodal molecular weight distribution.
The hydrolysis of the cyclopolymerization product yielded polymers
possessing a hydrophobic pentafluoroisopropyl group and hydrophilic
hydroxyl and carboxyl groups in each monomer unit, also as depicted in
Equation (15). The hydrolyzed product was soluble in methanol, ethanol,
acetone, tetrahydrofuran and ethyl acetate, and insoluble in hexane,
benzene, chloroform and water.

CFz:C CH CHZ BPO 9F3
o-C- CH, —0 CF5-C—CH-CH,
0~C¢CH2 n
[]]
o)
L —(CFZ C—CH CHZ)— (15)
OHCH, /n
COOH

Furthermore, a synthesis of a polymer with a six-membered ring
structure in the main chain was investigated by the radical cyclo-
polymerization of 4-pentenoyloxypentafluoropropene (CH,=CHCH,
CH,COOC(CF;3)=CEF,), containing one additional methylene group
compared with perfluoroisopropenyl vinylacetate. Contrary to expec-
tations, vinyl polymerization was found to take place instead of
cyclopolymerization when the reaction was initiated with benzoyl
peroxide or di-tert-butyl peroxide, as shown in Equation (16). The
highest molecular weight polymer obtained was 1.8x10* when the
reaction was initiated with di-tert-butyl peroxide and proceeded at
100 °C for 72 h. The polymerization could be initiated by the addition
of phenyl or benzoxy radicals as a phenyl group was detected by 'H
and 1°C NMR when the reaction was initiated with benzoyl peroxide.
The initiation reactions are described later in more detail. The degree
of polymerization was 23 as calculated from the integrated ratio of
phenyl protons to methylene protons determined by 'H NMR, which
was in agreement with the degree of polymerization of 38 calculated
from the measurement of the same polymer by size-exclusion chro-
matography. The results suggested that the termination took place by a
radical recombination reaction. The polymer would retain functional
groups as an anchor that can react with a wide variety of organic
compounds because each monomer unit possesses a perfluoroisopro-
penyl group in the polymer side chain. The addition polymerization of
the allyl group to yield a high-molecular-weight polymer may have
serendipitously produced a polymer possessing functional groups.

R R—QCHZ-?H); oF,

1
\“\ CHz'CHz'ﬁ'O'C =CF,

CF3
CF2=C,
‘o- c (CH2)-CH=CH,

CF;3 o

CFy-C-CH-CH, (16)
o CH2
S-CHy /n
o
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The radical polyaddition of BFP produces soluble polymers with
multifunctional compounds such as 18-crown-6, triethylamine and
tetraethoxysilane because of a precise radical shift mechanism as
mentioned above. It should be beneficial to know how a multi-
functional perfluoroisopropenyl compound would behave in a similar
reaction. Tris(1-trifluoromethyl-2,2-difluorovinyl) 1,3,5-benzenetri-
carboxylate (CgH3(COOC(CF;)=CF,);) was synthesized, and the
radical polyaddition was examined with diethoxydimethylsilane. The
soluble polymer was obtained with 1.1x10* as the highest molecular
weight in low yields when the reaction was initiated with di-tert-butyl
peroxide and allowed to proceed at 120°C for 72h, although the
conversion of the perfluoroisopropenyl compound was almost quan-
titative. The reaction takes place as shown in Equation (17) according
to the measurements of the polymer by NMR. The polymer possesses
a perfluoroisopropenyl group in each monomer unit as an anchor that
can react with a wide variety of functional organic compounds. The
polyaddition of tris(1-trifluoromethyl-2,2-difluorovinyl) 1,3,5-benze-
netricarboxylate produced a soluble oligomer with a molecular weight
of 2x10° with 18-crown-6.

°~‘c‘°*c|:=cu=2

GFs
CFy=C CFs §Ha
o. .0 % CH5"0-Si-0-CHs ——
o c=
1 (IJ CH3
O crpec
CF3 o.
SC”TNC=CF,
CF
o 3 CH; CH; CHs
PN .O\ 1 I 1 17
CF-CHA € G" " CH-CF»"CH-0-Si-0-CH (17)
CF; O O CFs3 CHg A

To clarify the initiation reaction of the radical polyaddition intro-
duced here, the reactions of BPFP and dimethylphenylsilyl perfluoro-
isopropenyl ether (C¢HsSi(CH3),0OC(CF;)=CF,) were monitored as
a model of triethylsilyl perfluoroisopropenyl ether in the presence of
benzoyl peroxide by gas chromatography and '°F NMR. The results
are shown in Figure 9.1° The concentration of dimethylphenylsilyl
perfluoroisopropenyl ether decreases with reaction time. The addition
reaction of phenyl or benzoxy radicals from benzoyl peroxide takes
place, probably because the reactivity of the perfluoroisopropenyl
group is enhanced by the electron-donating effect of a siloxy group
in connection with the electron-withdrawing effect of the fluoroalkyl
group. No addition reaction takes place in the case of BPFP. The
hydrogen abstraction reaction is therefore proven to be the initiation
reaction of the polyaddition of BFP with organic compounds such as
1,4-dioxane, 18-crown-6, hexane, glutaraldehyde, triethylamine,
diethoxydimethylsilane and tetraethoxysilane. The results also support
the mechanisms shown in Schemes 3 and 4. The initiation by the
radical addition may take place in the reaction systems of triethylsilyl
perfluoroisopropenyl ether, perfluoroisopropenyl vinylacetate and
4-pentenoyloxypentafluoropropene.

The initiator efficiency was determined by measuring the induction
period of the reaction of triethylsilyl perfluoroisopropenyl ether in the
presence of 1,1-diphenyl-2-picrylhydrazyl. The initiator efficiency was
determined as 0.30 £ 0.02, which is an extremely low value considering
the fact that the initiator efficiency is 0.8—-1.0 in the standard vinyl
polymerization initiated by benzoyl peroxide, probably because of
the cage effect of an initiation system surrounded by fluorinated
molecules.
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Figure 9 Time dependence of (a) dimethylphenylsilyl perfluoroisopropenyl
ether, and (b) 2-benzoxypentafluoropropene (BPFP) on conversion with benzoyl
peroxide (12 mol%) at 80 °C.

In conclusion, several fluorinated polymers were synthesized by the
novel radical polyaddition method, and rare reaction mechanisms
such as 1,7- and 1,9-radical shifts were demonstrated. Some of these
reaction mechanisms have been summarized in previous review
articles.>!® The synthesis of fluorinated functional polymers and
fluorinated hybrid polymers may be enabled by performing these
reactions with a wide variety of organic compounds possessing
carbon-hydrogen bonds as functional groups. One of the reviewers
commented on the manuscript concerning the radical polyaddition of
BFP with 1,4-dioxane that ‘it describes unusual chemistry—it looks
like a first step into a new field’ The reviewer must have been a
sophisticated chemist with a philosophical mind.

FACILE CARBON-CARBON BOND FORMATION AIDED
BY FLUORINE SUBSTITUENTS
One of the most important organic reactions would be a carbon—
carbon bond formation reaction. The successful achievement of a
carbon—carbon bond formation reaction would be transformative for
the field of organic chemistry. This would represent a key strategy for
organic syntheses, allowing the molding of a carbon framework
according to the desired specifications. Fluoroalkylation is one of
the carbon—carbon bond formation reactions and has been achieved
by reacting polyfluorinated vinyl compounds such as tetrafluoroethy-
lene, chlorotrifluoroethylene and perfluorocyclobutene with ethers,
alcohols and amines under radical conditions, although low-
molecular-weight oligomers are yielded simultaneously in the case
of tetrafluoroethylene and chlorotrifluoroethylene.* The high radical
addition reactivity of the perfluoroisopropenyl group would also
enable a novel fluoroalkylation to form carbon—carbon bonds accom-
panied by the introduction of fluoroalkyl groups into organic com-
pounds. The reaction could be developed to enable the preparation of
polymers.>10

BPFP is a good candidate to participate in radical addition reactions
with alcohols and ethers to form carbon—carbon bonds, as it is a good
radical acceptor. The radical addition of BPFP with ethanol and
1-methylethanol yielded the corresponding fluorinated alcohols in
high vyields, as shown in Equation (18). 2-Trifluoromethylacrylates
possessing these fluorinated alcohols as ester groups were synthesized
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by the reaction of 2-trifluoromethylacryloyl chloride with these
alcohols, as also depicted in Equation (18). 2-Trifluoromethylacryloyl
chloride was obtained by the reaction of 2-trifluoromethylacrylic acid
with phthaloyl dichloride, and standard chlorination reagents did not
work well to produce 2-trifluoromethylacrylic acid anhydride instead
of acid chloride.

_CF3 R R CF3
CFZ‘C\O_E + CHyCH-OH —= CHy-C-CF,-CH-0-G D)
o R=H, CH3 OH
CF3
CH,=C-C-Cl
o CF3 CHz CF3

=C : @ 18
—_—— =C=-C=0-C~- - =-0=
CH2=C CII 0-C-CF2-CH-0O ﬁ (18)
(o} R o

The radical addition of BPFP was also performed with tetra-
hydrofuran, 1,3-dioxolane and tetrahydropyran. The product of BPFP
with tetrahydrofuran was a fluoroalkyl benzoate possessing the tetra-
hydrofuran moiety in the ester alkyl group ((C,H;O)CF,CH(CF;)
OCOCgH3), which yielded the fluorinated alcohol ((C4H,0)CF,CH
(CF3)OH) by hydrolysis with sodium hydroxide. 2-Trifluoromethyl-
acrylate was synthesized by the reaction of 2-trifluoromethylacryloyl
chloride with the alcohol. The polymer of the 2-trifluoromethylacryl-
ate derivative was obtained in low yield with 1.1x10* as the maxi-
mum molecular weight when the polymerization was initiated with
benzoyl peroxide and allowed to proceed at 60°C for 72h. Ethyl
2-trifluoromethylacrylate yielded no polymer under similar conditions
but did produce the polymer under anionic conditions, as mentioned
above (Table 2). The reaction profile is presented in Scheme 7.°
Similar results were obtained by syntheses and polymerizations of
2-trifluoromethylacrylates possessing 1,3-dioxolane or tetrahydro-
pyran moieties.

Acrylates and methacrylates possessing cyclic ether moieties in
fluoroalkyl groups in ester moieties were also synthesized by reaction
profiles similar to Scheme 7, and the corresponding homopolymers
were successfully obtained in high yields under radical conditions.
Polymers of 2-trifluoromethylacrylates, acrylates and methacrylates
possessing fluoroalkyl groups bearing cyclic structures might be
applicable to photoresist lithography.

The addition of fluorinated vinyl compounds to organic com-
pounds possessing carbonyl groups besides carbon-hydrogen bonds
has not been previously reported. The addition reactions of BPFP were
examined with diethyl carbonate, dipropyl carbonate, ethyl methyl
carbonate, dibenzyl carbonate and ethylene carbonate. The reactivity
of BPFP with diethyl carbonate was found to be lower than that of
tetrahydrofuran and 1,4-dioxane, as the yield was 53% when the
reaction was initiated with benzoyl peroxide. The reaction was found
to take place as shown in Equation (19) by NMR and gas chromato-
graphy—mass spectrometry measurements of the product. The reac-
tion takes place predominantly at the methylene group. Diethyl
carbonate is then monofunctional, similar to tetrahydrofuran. This
might be the first example of the addition of an organic compound
bearing a carbonyl group onto a polyfluorinated vinyl compound,
although the isolated yield was relatively low. The reaction is unlikely
to be successful in preparing a polymer because carbonates basically
perform as monofunctional compounds.

CF3

’

H3C,
CFy=C, FsC,  CH-O,_O-CH,CHj

HsC O 0 .CH3 .

- + t g 2 SRS, CHCF.

0-¢O) *ons ¢ oy Byeo™
(o] (o]

1
o

0:=0

511

Polymer Journal



@ Synthesis of novel fluorinated polymers

T Narita
512
CF3 HsC CF3 CF; CH; CF;
CHp=C-COH| CHCF2CH CH,=C-C-0-CH-CFyCH-0-C
11 o.c n o
o 5 o
CH; CF; CF3 CH; CF3
HO-C-CF,CH CHp=C-C-0-C-CF5-CH-0'C
o CH; ©O¢ O CHs o
@cm CFs CF;  CF3 o
cl CF,CH CH,=C-C-0-CH-CF, Re
.9 U OH 0 -(_7 e '(CHZ
o CF3 C-0-R
[ »CF,CH CF3 CFs3 :
CF,OH CH,=C-C-0-CH-CF,< ] o
Y | (OycF.cH o
OH CF; CF;
CF3 CH,=C- c 0-CH-CF,
CHa:C-C-Cl >
o

Scheme 7 Reaction profile of the synthesis and polymerization of novel 2-trifluoromethylacrylates.

The radical addition of heptafluoropropyl trifluorovinyl ether shown in Equation (24), although the product yields were rather low.
(CF,=CF-0-C;F;) with tetrahydrofuran, tetrahydropyran, 1,4-diox- However, these products might be difficult to synthesize by standard
ane and 1,3-dioxolane was investigated to produce the corresponding  organic synthetic methods.

1:1 addition compounds in fairly high yields. The reactions were

found to take place as shown in Equations (20-23). The reaction may _ CFs FsC Q-CaMs
be applicable to the preparation of polymers by the polyaddition of CFZ_C\O_ c c- OC_CF2 * CaHsO- (s)' (?HCZH"’
a,-bis(perfluorovinyl) compounds. o o Bpol 2
o
Q‘CFZ'CHF'O'CFz'CFz'CFs (20) CF3 FsC, CH3  OCzH5CH3
’ 1
CF2-CH CH CF2:CH-0O- SI (o0 CH (24)
o O-g E:CI)'O OC2H5 n
. o @-CFZ-CHF-O—CFZ-CFz-CFg (21) AN
(35 ¢
/ )
%
CF=CF-0-CF,-CF,-CF3 \ (;;F3 : CF3 CH3 0C2H5CH3 CI:F3
E ) [ Y CFamCHF-0-CFy-CFpCFs  (22) HO-CH-CFp-CH-OH  HO-CH~-CF,-CH-0- §| 0-CH-CF,-CH-OH
o OC2Hs

In the case of the hydrolysis of the polymer obtained from BFP
with 18-crown-6, several products were detected but could not allow
the structural analyses of a di-addition product of 18-crown-6 to
be determined, as depicted in Equation (25). The 1,5-radical shift

It is important to investigate how many fluorines in a vinyl group mechanism .could be proven i.f the structur.e of the di—additior} product
are needed for a radical addition reaction because hydrocarbon W3S determm?d' Novel fluorinated organic compounds, which .Co‘ﬂd
analogs such as acrylates, methacrylates and vinyl esters generally 1Ot be synthesized by standard organic synthetic methods, were yielded
produce polymers instead of addition products under radical condi- by the d.ec.omposition of the polymers, thus demonstrating that radical
tions. The addition reaction of 2-trifluoromethylacrylate could indi- polyaddition can be used to form new carbon—carbon bonds.
cate how many fluorines are needed for radical addition reactions

0
[)—CF;-CHF-O-CFZ-CFZ-CFg (23)
o)

to form carbon—carbon bonds instead of polymers. The reaction of /CF3 F3C\ 0/’ 0’\0
tert-butyl 2-trifluoromethylacrylate was examined with tetrahydro- ~ CF2=C_ ,LC=CF2 + [ ]
furan, tetrahydropyran, 1,4-dioxane, 1,3-dioxolane, ethanol and 1- 0'&'@‘9'0 o\o ./0
methylethanol. The reactions were found to yield 1:1 addition o o +
products in high yields, as summarized in Scheme 8.% The results of 0N

. . . . s . . CF3 F3C (o] (o)
the investigation are described for the polyaddition of bis(2-trifluoro- CF.~Ch T >
methylacrylate? in the next sectior.L . 2 ‘o-c c- O/ 2 9\'0/0 (25)

The synthesis of a novel organic compound could be achieved by 1 n n
" . .. (o] (¢]

the decomposition of a polymer formed by the radical polyaddition of
bifunctional fluorinated vinyl monomers with several organic com- Hydrolysis
pounds because the polyaddition takes place through the precise CF3 AON CFs

radical shift mechanism to form novel carbon—carbon bonds as _a —CF,° o, 1

. . . . . HO—CH=CF> ——CF,—CH—OH
previously mentioned. The potential of the idea was examined by O O
hydrolyzing the polymer obtained from BFP with tetraethoxysilane as ~0~/
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Scheme 8 Radical addition of 2-trifluoromethylacrylate.

Facile carbon—carbon bond formation can be accomplished by
using polyfluorinated vinyl compounds. such as BPFP, BFP, hepta-
fluoropropyl trifluorovinyl ether and 2-trifluoromethylacrylates,
which are all easily available. The fluoroalkylation described here
would enable the synthesis of a wide variety of novel fluorinated
polymers with aliphatic organic compounds bearing carbon—hydrogen
bonds as functional groups. Organic syntheses through polymeriza-
tion might also be successful because the controlled carbon—carbon
bond formation was achieved by radical polyaddition reactions
accompanied by the introduction of fluoroalkyl groups.

SERENDIPITY

The reactivity of fluorinated vinyl compounds often surprises organic
chemists, particularly the variety of unexpected results demonstrated
based on their reactivity. Serendipity has, generally, a role in the
progress of science, and it has had an important one in fluorine
chemistry in particular. For example, the radical addition polymeriza-
tion of 2-trifluoromethylacrylates possessing long alkyl groups bearing
cyclic ether moieties and the allyl polymerization of 4-pentenoylox-
ypentafluoropropene to produce high-molecular-weight polymers
instead of cyclopolymerization, both arose in unexpected ways as
mentioned above. Some of the other unexpected results are intro-
duced in this section.

The radical polyaddition of bis(2-trifluoromethylacrylate) was
investigated to develop a radical addition reaction with 2-trifluoro-
methylacrylates because they are good radical acceptors for the
formation of addition products of alcohols and cyclic ethers as
shown in Scheme 8. The radical addition of ethylene bis(2-trifluoro-
methylacrylate)  (CH,=C(CF;)COO-CH,CH,~OCOC(CF;)=CH,)
with tetrahydrofuran initiated by benzoyl peroxide produced the di-
addition compound of ethylene bis(2-trifluoromethylacrylate) bearing
two tetrahydrofuran moieties in 47% vyield, and in contrast to the
anticipation the oligomer of 2-trifluoromethylacrylate was produced
with a molecular weight of 2x10% in 11% yield. No polyaddition
reaction took place in the presence of an excess of 1,4-dioxane, as
shown in Scheme 9. Instead, the homopolymer of 2-trifluoromethy-
lacrylate was produced in 17% yield by the vinyl polymerization. The
main product of the addition polymerization was a homopolymer
of 2-trifluoromethylacrylate possessing 1,4-dioxane moieties linked
to the other ends of 2-trifluoromethylacrylate moieties in 50% yield.
This may have arisen from the presence of a large substituent at the
propagating chain end in the addition polymerization reaction,
resulting in the stabilization of propagating radicals.

Yield: 22.6%; Purity: 98.3%

Yield: 46.8%; Purity: 100%

The homopolymerization of heptafluoropropyl trifluorovinyl ether
has not been previously reported, whereas many articles have been
published on alternating copolymers with hydrocarbon analogs under
radical conditions. In the course of the investigation on the radical
addition of heptafluoropropyl trifluorovinyl ether with alcohols and
cyclic ethers as mentioned above, the study started on alternating
copolymer syntheses under radical conditions with hexafluoroacetone
instead of ordinary hydrocarbon analogs.” None of the attempts were
successful in producing an alternating copolymer. Furthermore, the
reaction was carried out under y-rays irradiation, demonstrating that
the concentration of heptafluoropropyl trifluorovinyl ether decreased
to yield a highly viscous oil-like pine resin. The irradiation of
heptafluoropropyl trifluorovinyl ether was examined without hexa-
fluoroacetone under y-rays, thus demonstrating that the conversion of
heptafluoropropyl trifluorovinyl ether and the product yields both
increased with an increase in the irradiation dose. The product was
partly soluble in hexafluorobenzene and insoluble in standard organic
solvents. Therefore, the ability to analyze the product was restricted.
The 5% weight-loss temperature (Tys) was 144 °C for the polymer
produced at 250 kGy, 169 °C at 500 kGy and 165 °C at 1000 kGy. The
results suggested that the molecular weight would presumably increase
with respect to irradiation dose, as the Ty4s values should be roughly
proportional to the molecular weights of polymers. Higher doses of
irradiation over 1000 kGy resulted in a decrease in Tgs, with 156 °C at
2000 kGy, 144 °C at 3000kGy and 130 °C at 7400 kGy. These results
suggest the formation of lower-molecular-weight products at higher
doses or the degradation of synthesized polymers. The measurement
of the viscosity of the hexafluorobenzene-soluble part obtained at
2000kGy was as high as [5]=0.47. Thus y-rays irradiation was
concluded to produce the homopolymer of heptafluoropropyl tri-
fluorovinyl ether, as proven by '*C NMR measurements and diffusion
reflection infrared spectra of the hexafluorobenzene-soluble portion of
the product.

To incorporate fluorinated vinyl monomers into polymer main
chains, radical copolymerizations are a common method with vinyl
ethers, which generally yield homopolymers under a cationic poly-
merization condition. Another investigation on the synthesis of
alternating copolymers of BPFP was attempted under radical reaction
conditions with vinyl ethers. The radical copolymerization of BPFP
with butyl vinyl ether was initiated with benzoyl peroxide. Polymers
were produced in benzene as the polymerization solvent in low yields
at 80 °C, although no polymer was obtained in the absence of solvent
added. The 'H NMR of the product showed no absorptions of the
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Scheme 9 Radical reaction profile of ethylene bis(2-trifluoromethylacrylate).

phenyl protons of BPFP moieties, and the spectrum was in accordance
with that of the homopolymer of butyl vinyl ether produced under
traditional cationic conditions. The polymerization was investigated at
a low temperature because the homopolymerization of butyl vinyl
ether is known to take place through a cationic mechanism at a lower
temperature. High yields of poly(butyl vinyl ether) were obtained at
both 0 and —78°C. The polymerization was then examined in the
absence of benzoyl peroxide. Poly(butyl vinyl ether) was obtained in
high yields with 1.6x10° as the highest molecular weight. A trace
amount of the polymer was obtained without the addition of BPFP.
This clearly suggested that BPFP performed as an initiator of the
cationic polymerization. Similar results were obtained by the addition
of BFP. Another example is the polymerization of N-vinylcarbazole, a
compound known to produce a homopolymer only under cationic
conditions. The polymer yields increased with an increase in the
amount of BPFP added to the reaction system at 0 and —78 °C, and
poly(N-vinylcarbazole) was yielded with 5.2x10* as the highest
molecular weight. The polymer was produced with a small amount
of BPFP added (even at 1mol%). These results confirm that the
addition of BPFP does yield some cationic species. No evidence
was found on the initiation by hydrogen fluoride,” and no other
information has since been obtained on the mechanism of the cationic
polymerization in the presence of BPFP.

The polymerization of 1,1,2-trifluoro-1,3-butadiene (CF,=CF-
CH=CH;) was more peculiar than that of butyl vinyl ether. The
compound was difficult to store at —20 °C because a white powdery
substance formed within a few hours. The observation suggested that
a reaction would take place in the presence of a trace amount of water.
The polymer was actually obtained at 60 °C for 96h in 60% yield by
the initiation of water, which is the least active initiator of anionic
polymerization. The polymer showed a unimodal molecular weight
distribution with a molecular weight of about 10°. 'H NMR spectra of
the polymer revealed that a head-to-head (or tail-to-tail) addition
reaction took place along with a large amount of 1,4-addition polymer
as shown in Equation (26). The copolymerization of 1,1,2-trifluoro-1,
3-butadiene was found to produce copolymers with styrene initiated
with water. Styrene was incorporated into a copolymer main chain
initiated by water. The monomer reactivity ratios of 1,1,2-trifluoro-
1,3-butadiene (M;) and styrene (M,) were as follows: r;=0.76 and
r,=0.45 when initiated by water, r;=0.63 and r,=0.39 by sec-C4HqLi
and r=0.53 and r,=0.15 by 2,2’-azobisisobutyronitrile. The Q and e
values were calculated to be 1.86 and 0.79, respectively. The monomer
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might, therefore, be a conjugated compound. These results suggested
that the polymerization mechanism initiated with water should
be different from that initiated with sec-C4HgLi and 2,2’-azobisiso-
butyronitrile, meaning that the polymerization reaction mechanism
would be different from typical anionic and radical mechanisms. The
results were also supported by the fact that the poly(1,1,2-trifluoro-1,
3-butadiene) was obtained in the presence of tert-butylcatechol.
The polymerization of 1,1,2-trifluoro-1,3-butadiene was unhappily
declined for publication, probably because the results seemed to be an
unusual chemistry beyond serendipity.

CFp=CF-CH=CHy —J —{CF,=CF=CH—CHp}—{CH,~CH=CF—CF,}-  (26)

A great deal of serendipity has been involved in the development of
organofluorine chemistry, more so than that involved in usual organic
syntheses and macromolecular chemistry, probably because the broad
field seems to remain open.

CONCLUSION

The high addition reactivity of fluorinated vinyl compounds toward
anionic and radical species was demonstrated to afford facile methods
for the preparation of carbon-carbon bonds and novel fluorinated
polymers. The anionic addition polymerization of a wide range of
fluorinated vinyl monomers was investigated to provide clear evidence
that fluorine substituents have an important role in elevating the
reactivity toward anionic species. The reactivity of an acrylate or a
methacrylate possessing a fluoroalkyl group in an ester moiety was
markedly enhanced, allowing polymer synthesis by initiators of
relatively low reactivity such as organoaluminums. The anionic
addition polymerization reactivity of alkyl 2-trifluoromethylacrylate
was greatly enhanced and that of fluoroalkyl 2-trifluoromethylacryl-
ates was decreased. Poly(hexafluoro-1,3-butadiene) was obtained by
the initiation of cesium derivatives to afford a polymer with a higher
thermostability compared with poly(tetrafluoroethylene). A quantita-
tive study was conducted on the initiation reactivity of 18 fluorinated
acrylates and methacrylates by the measurements of pseudo first-order
rate constants with diethyl(ethyl cyanoacetato)aluminum to deter-
mine the order of reactivity to anionic species. These findings
represent fundamental information that allows a theoretical analysis
of the observed reactivities. The new field, anionic polyaddition, was
proposed by the reaction of 2-trifluoromethylacrylates with active



methylene compounds. Good acceptors of radical species were devel-
oped to achieve radical polyaddition of fluorinated vinyl monomers with
organic compounds possessing carbon—hydrogen bonds. These reactions
also enabled facile carbon—carbon bond formation aided by fluorine
substituents accompanied by the introduction of fluoroalkyl groups into
organic compounds. A carbon-hydrogen bond as a functional group
represents enormous potential for carbon—carbon bond formation in
aliphatic compounds. It is important to knock on the door of the house
of each fluorinated vinyl compound in order to ask how the resident
wants to act and accumulate the statements from the academic point
of view.? The incorporation of these fluorinated vinyl monomers into
polymer main chains presents real enthusiasm for the development of
novel long-lived propagating chain ends. Chemistry starts from syntheses.
Run a risk, and you can be the one and only.

The review on the work of one fluorine chemist to leave it on the
sands of time is meant to invite newcomers to this field of research as
the author challenged to do about 30 years ago. As a macromolecular
synthetic chemist, it provides me great pleasure to be able to describe
so many chemical equations. The door is still wide open in the area
of research, as many proposals presented here have not yet been
completed. The subject is in excellent young hands and is worthy of

a life’s work. Fluorine is a ‘small atom with a big ego’!!
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