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A B S T R A C T

Hexafluoropropylene oxide (HFPO) oligomers are toxic, bioaccumulative, and persistent organic

pollutants (POPs). Consuming the harmful chemicals to prevent them from releasing to nature is of

serious significance as far as both natural environments and human health are concerned. In this study,

investigation on degradation of HFPO oligomers to pentafluoropropionyl fluoride (PPF), a valuable

industrial chemical, is reported. Different combinations of alkali metal fluoride in either diglyme or

tetraglyme under both flask and batch autoclave conditions were examined. Under the optimal reaction

conditions, HFPO oligomers (n = 2–10) were completely degraded to PPF in over 90% yield. Reactions on

200 g scale were tested and no deduction of efficiency was observed, which indicates the potential for

practical industrial application of this chemistry.

� 2016 Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.

Published by Elsevier B.V. All rights reserved.
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1. Introduction

Hexafluoropropylene oxide (HFPO) trimer (1, Fig. 1) is a
byproduct of industrial HFPO polymerization process, which
was used for producing fluoropolymer PFA. At least 100 tons of
HFPO trimer was produced each year worldwide. Environmental
Protection Agency of the United States reported that HFPO trimer is
highly toxic (Table S1 in Supporting formation) [1,2] and even trace
amount cannot be metabolized or destroyed in human or animal
bodies, which ends up accumulating and causes increase of liver
weight [3]. Therefore, HFPO trimer was identified by Öberg and
Iqbal [4,5] as one of 68 persistent organic pollutants (POPs) in 2012
[6], and its parameters exceed the screening criteria of the
Stockholm Convention [7]. Meanwhile, other short chain HFPO
oligomers (2, Fig. 1), which are also byproducts of HFPO
polymerization manufacture, have the same problem of environ-
mental pollution [8]. So it is very critical to consume HFPO
oligomers safely to prevent them from contaminating the natural
environment [9,10].
49
50
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Currently, there are three major ways to consume HFPO trimer
in industry: a) Heating HFPO trimer with K2CO3 in water to trigger
decarboxylation to produce Freon E-2, a very simple and economic
way developed by DuPont [11] (a, Scheme 1). Unfortunately, due to
the restriction of Freon use, this effective method lost its
commercial value and nearly faded away nowadays. b) Producing
Hostinert 216, an industrial solvent, through electrolysis of HFPO
trimer with HF in Germany [12] (b, Scheme 1). However, the
massive use of HF and the low efficiency make the process highly
environmental unfriendly. In addition, the market demands of
Hostinert 216 have been dropping in recent years. Taking together,
the route appears less attractive from both economic and
environmental point of view. (c) Burning HFPO trimers in the
combustion furnace, which is obviously problematic. As far as
HFPO oligomers are concerned, there is no good ways to dispose of
them and they are mainly used as surfactant as PFOA alternatives
[13]. Given that the above situation, it is very urgent to seek new
solutions to consume these harmful chemicals.

To the best of our knowledge, there was no report that HFPO
oligomers were degraded to pentafluoropropionyl fluoride (PPF,
Scheme 2), as the ether bond was difficult to break by nucleophilic
substitution [14–18]. Meanwhile, PPF is an important industrial
irds: Degradation of persistent organic pollutants to a valuable
 HFPO oligomers catalyzed by cesium fluoride in tetraglyme, Chin.
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Fig. 1. Structure of HFPO trimer and HFPO oligomers.

Scheme 2. Current reports on large-scale synthesis of PPF and representative

chemicals manufactured from it.

Scheme 3. Degradation of HFPO oligomers to PPF.
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emical used for the manufacture of Novec 1230 (3, Scheme 2)
9], Heptafluoropropyl trifluorovinyl ether (PPVE) (4, Scheme 2)
0], and HFPO dimer acid ammonium salt, namely GenX (5,
heme 2) [21] etc. Currently, there are two major ways reported
r the large-scale synthesis of PPF itself (Scheme 2): Electrolysis of
opionyl chloride (6, Scheme 2) in HF [22] or rearrangement of
xafluoropropylene oxide (7, Scheme 2) catalyzed by KF
3]. They both have their own drawbacks: the electrolysis
ethod is of low efficiency and uses HF as solvent whose leakage
uld be lethal and disaster to natural environment; while the
arrangement chemistry faces the high cost of starting material.

Herein, we report the degradation of HFPO trimer and
igomers to PPF using CsF/tetraglyme as catalytic system both
der batch and autoclave conditions. These harmful chemicals
n produce PPF under the optimized conditions at 160 8C with
ceptable reaction rate in excellent yield (Scheme 3).

 Experimental

NaF, KF, and CsF were dried at 200 8C under vacuum for 24 h.
traglyme and diglyme were dried at 160 8C with CaH2 under N2

otection for 24 h and vacuum distillated. Gas chromatographic
ta were obtained using Agilent 7820 series gas chromatograph.
e reaction was monitored with an Agilent 7820 GC using a SE-30
pillary column. Temperature program was a hold at 40 8C and
en taken to 300 8C at 10 8C/min. Infrared spectra were obtained

 a Shimadzu FTIR-8400S Spectrometer. NMR spectra were
corded on Bruker AM400 using neat 5 mm samples. CDCl3 is the
ferences for the 1H and 19F NMR, respectively.

1. Degradation reaction performed in flask

A dry 250 mL flask equipped with a magneton, a thermocouple,
eflux condenser into a dry ice trap protected under nitrogen was
t up. The equipment was dried by flame for three times under
trogen protection. Fluoride salt, substrate, and solvent were
ickly transferred into the flask. The mixture was heated to reflux
til no more liquid was collected in the dry ice trap. Methanol was
wly dropped into dry ice trap to derive the product into

rresponding methyl ester. The methyl ester derivative was
ashed three times with distilled water and then analyzed with
s chromatography.

2. Degradation reaction preformed in batch autoclave

A 1 L batch autoclave equipped with a mechanical agitator, a
ermocouple, a heat booster was set up. It was dried by heating
Scheme 1. Current commercial ro
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under vacuum. Fluoride salt, substrate, and solvent were quickly
transferred into the autoclave. The mixture was heated until the
pressure of the autoclave did not increase. The autoclave was
cooled to r.t. Product was collected in a dry ice trap. Analysis of the
product was performed in the same way as that in 2.1.

The detailed procedures are deposited in Supporting informa-
tion.

3. Results and discussion

3.1. Degraduation of HFPO trimer to HFPO dimer and PPF in flask

First of all, we examined the degradation of HFPO trimer with
different alkali metal fluoride in either diglyme or tetraglyme
considering the host/guest effect of the solvents with alkali metal
ion enhancing the nucleophilicity of the fluoride ion (Table 1).
When NaF or KF was used as catalyst and diglyme as solvent, even
at reflux temperature of 113 8C for 12 h, nothing was collected in
the dry ice trap (entries 1,2). When the catalyst switched to CsF,
under otherwise same as above conditions, small amount of liquid
was collected in the dry ice trap, but the product distribution was
complex and no major product could be identified (entry 3).
However, while the solvent switched from diglyme to tetraglyme
and the reaction was performed at reflux temperature of 121 8C for
8 h, large amount of liquid product was collected in the dry ice trap.
After the liquid was transferred to methyl ester and analyzed using
GC SE-30 column, 65% PPF methyl ester, and 32% HFPO dimer
methyl ester were identified (Fig. S1 in Supporting information),
whose combined weight equaled to 97% weight of HFPO trimer.

3.2. Complete degradation of HFPO oligomers to PPF in batch

autoclave

In order to degrade HFPO trimer to PPF completely without
staying at the HFPO dimer stage, we examined the conditions to
utes to consume HFPO trimer.

birds: Degradation of persistent organic pollutants to a valuable
 HFPO oligomers catalyzed by cesium fluoride in tetraglyme, Chin.
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Table 1
Degradation of HFPO trimer in the presence of different alkali metal fluoride and solvent combinationsa.

.

Entry Catalyst Solvent Temp (8C) Time (h) Product b Yield of PPF

1 NaF diglyme 113 12 – –

2 KF diglyme 113 12 – –

3 CsF diglyme 113 12 complex –

4 CsF tetraglyme 121 8 65% PPF + 32% HFPO dimer 65%

a Reaction condition: 40 g HFPO trimer, 4 g CsF, diglyme or tetraglyme 100 mL.
b The product was transferred to methyl ester for easy analysis.
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Scheme 5. Proposed mechanism for degradation of HFPO trimer to PPF.
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degrade HFPO dimer to PPF (Scheme 4). It turned out that when the
reaction was performed in a batch autoclave at 160 8C under
CsF/tetraglyme conditions, 92% yield PPF was collected (Fig. S2 in
Supporting information)! Encouraged by this exciting result, we
examined the reaction condition with HFPO trimer and HFPO
oligomers. Satisfyingly, both HFPO trimer and HFPO oligomers (up
to n = 10) were degraded completely under the reaction conditions
although slightly higher temperature was needed for oligomers to
reach optimal yield of 92% (Fig. S3 in Supporting informaiton).

3.3. Degradation of HFPO trimer or oligomers on 200 g scale

In order to test the robustness of the new chemistry, we also
performed the reactions on 200 g scale. Both HFPO trimer and
oligomers were degraded completely to PPF in reasonable time
frame remaining the high-yielding performance (Table 2). We are
confident that this process has the potential to be applied in real
industrial practice.

3.4. Proposed reaction mechanism

Inspired by the earlier report [24,25], we have proposed a
mechanism for the transformation (Scheme 5). It is reasoned that
after the fluoride ion turns into a more aggressive nucleophile
owing to the host/guest effect of Cs+ and tetraglyme, it attacks the
rather electrophilic carbonyl group to make an intermediate
8. Intermediate 8 then could undergo an intramolecular fluoride
migration to break the ether linkage to release first PPF molecule
and intermediate 9; Intermediate 9 repeats the above process to
release another molecule of PPF and intermediate 10, which
further produces the third molecule of PPF and gives away a
fluoride ion to close the catalytic cycle. Alternatively, intermediate
9 can collapse to produce HFPO dimer, which explains the
formation of this side product.
166
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Scheme 4. Complete degradation of HFPO dimer to PPF in batch autoclave.

Table 2
Degradation of HFPO trimer or oligomers on 200 g scalea.

Starting material Temp (8C) Time (h) Productb Yield (%)

HFPO trimer 160 15 PPF 93

HFPO oligomers 165 17 PPF 93

a Reaction condition: 200 g starting material, 4 g CsF, 100 mL tetraglyme.
b The product was transferred to methyl ester for easy analysis.
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4. Conclusion

The method of degrading HFPO oligomers to PPF was firstly
reported in this work. A combination of CsF and tetraglyme and
using a batch autoclove are the key factors for this degradation
process to go to completion. Under the optimal conditions, large-
scale reaction on 200 g was tested and no deduction of efficiency
was observed. Industrial application of this process on producing
PPF while consuming the harmful HFPO oligomers is currently
under further investigation in our laboratories.
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