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Chemical Strategies for the Cleavage of the C(sp3)� F Bonds
in Perfluoroalkyl Groups
Ryohei Doi*[a] and Sensuke Ogoshi*[a]

Perfluoroalkyl substances (PFAS) have been recognized as
environmental pollutants. Hence, their efficient and mild
destruction is a significant research interest. While many
research articles and review papers have reported the cleavage
of the C(sp2)� F bonds, single C(sp3)� F bond, and CF3 groups in
PFAS, in this study, limited and emerging examples of a
longer perfluoroalkyl group containing at least one repeating

unit of 1,1,2,2-tetrafluoroethylene was focused. In this Concept,
we summarized recent progress on the chemical defluorination
of PFAS via the cleavage of unactivated C(sp3)� F bonds in
longer perfluoroalkyl groups under mild conditions (~150 °C). In
addition to classical reductive defluorination, strategies featur-
ing Lewis acid activation and the transient generation of an
unsaturated bond were described.

1. Introduction

Although the widespread use of per- and polyfluoroalkyl
substances (PFAS) significantly contributes to establishing our
affluent society, these chemicals are currently identified as
environmental pollutants.[1,2] In fact, chemical companies pro-
duce various PFAS for numerous applications, some of which
are released into the environment.[3] The high strength of the
multiple C(sp3)� F bonds in PFAS is attributed to their out-
standing thermal and chemical stabilities, thereby making them
resistant to environmental degradation.[4] Therefore, the re-
leased PFAS and their partial degradation products can lead to
long-term environmental pollution.[5] The strict regulations,[2]

appropriate use and recovery, and advanced adsorption
technologies[6] of PFAS would lead to the storage of this class of
chemical wastes. As a responsibility for the future generation,
chemists should pursue mild and environmentally friendly
methods to destroy PFAS.

Several technologies have been developed for the remedia-
tion of PFAS. Incineration of PFAS has been applied to the
treatment of wastewater (Figure 1A).[7] However, incineration
exhibits significant concerns, such as the requirement of high
temperatures (>1000 °C) and formation of products of incom-
plete combustion, including small perfluoroalkanes (e.g., CF4)
exhibiting extremely high stability and the greenhouse effect.
Recently, hydrothermal methods have emerged as an efficient
technique for destroying PFAS. For example, Hori and co-
workers reported a pioneering study in which hot water was
used to decompose PFAS with the aid of iron powder.[8] Instead

of a detailed discussion of this technology, which can be found
in recent comprehensive review papers,[9] the intrinsic problem
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Figure 1. Degradation methods for PFAS.
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of this method is briefly described as follows: The reaction
operating at an extremely high pressure (~200 bar) necessitates
high energy and instrumental costs, as well as the risk of
explosive incidents. In addition, the reaction mixture contains
notorious hydrogen fluoride, which is derived from PFAS to be
decomposed. Although NaOH is hazardous upon spillover, its
addition to neutralize hydrogen fluoride is examined.[10–13]

Therefore, even though the technology can be state-of-the-art
for practical applications, developing a PFAS destruction
method under relatively low pressures (1–2 bar) and temper-
atures (~150 °C) is still imperative.

Herein, the recent progress of chemical defluorination
methods under mild conditions is discussed, as shown in
Figure 1. The cleavage of the C(sp3)� F bonds at activated
positions, such as the benzylic, allylic, and propargylic ones, is
well investigated.[14] Notably, research in this area have been
described in the context of chemical synthesis rather than the
destruction of pollutants.[15,16] Although CF2- or CF3-containing
molecules are also categorized as PFAS according to the
Organization for Economic Co-operation and Development, the
notorious, problematic class of PFAS contains longer perfluor-
oalkyl chains, such as perfluorooctanoic acid (PFOA), perfluor-
ooctanesulfonic acid, and polymers such as
poly(tetrafluoroethylene) (PTFE). Therefore, herein, the chemical
defluorination of PFAS via multiple cleavage reactions of the
unactivated C(sp3)� F bonds in longer perfluoroalkyl groups
(typically containing CF2CF2 units) at relatively low temperatures
(~150 °C) is focused. Photochemical and electrochemical meth-
ods have been investigated for the degradation of longer PFAS;
recent review papers have been referred to instead of
discussing them as main topics.[17,18] Typically, a longer perfluor-
oalkyl group contains CF2 units, which are not activated by
adjacent C� C or carbon–heteroatom multiple bonds. Therefore,
some tricks are requested to achieve the cleavage of the
C(sp3)� F bonds. These strategies are divided into three broad
categories (Figure 1C): use of strong reductants, Lewis acid
activation, and the transient generation of fluoroalkene, of
which the cleavage of C� F bonds is more facile than that of an
unactivated C(sp3)� F bond. Organizing these chemistries into
one Concept paper is thought to help steer the future direction
of this research area.

2. Electron Transfer

The reduction of longer perfluoroalkyl groups is a major
defluorination strategy of these molecules. Although the
perfluoroalkyl group is chemically inert, the low-lying LUMO
derived from the electron-withdrawing effect of F atoms could
be susceptible to reduction at low temperatures.[19] MacNicol
and Robertson reported one of the remarkable experimental
examples of the complete defluorination of perfluorodecalin (1,
a mixture of cis and trans isomers) with sodium thiophenoxide
(Scheme 1A, DMEU=1,3-dimethyl-2-imidazolidinone).[20] The re-
action, affording octakis(phenylthiol)naphthalene (2), was be-
lieved to involve the transfer of electrons from thiophenoxide
to 1. The other typical example involving the defluorination of
perfluoroalkanes with sodium reductants below room temper-
ature was reported by Pez and coworkers.[21] When 1 was
treated with sodium/benzophenone, perfluoronaphthalene (3)
was obtained in a good yield (Scheme 1A). The peak reduction
potentials of cyclic perfluoroalkanes and arenes in THF were
measured. The reduction potential was approximately corre-
lated to the reaction outcome: Perfluorcyclohexane (5) was
resistant to reduction by sodium/benzophenone, while 1
smoothly afforded a defluorinated product. The perfluoroal-
kanes comprising a tertiary fluoride moiety were concluded to
be more reactive. According to theoretical calculations, which
predicted larger adiabatic electron affinity values for branched
perfluoroalkanes than for liner ones, the negative hyperconju-
gation from σ* orbitals of the C� F bonds trans to the tertiary
fluoride moiety would stabilize the resulting anions.[22,23] Highly
reductive metallocene complexes also promoted the defluorina-
tion of 1 to afford 3.[24,25] Sung and Lagow reported a unique
outcome for the reduction of perfluoroether 6 (Scheme 1C).[26]

The reaction afforded perfluorodibenzofuran (7) instead of
perfluorobiphenyl. As the reduction of perfluorobiphenyl did
not produce 7, the cyclization of a partially reduced intermedi-
ate would be involved.

The reduction of fluoropolymers, e.g., PTFE, also has been
investigated in the context of surface modification to improve
the physical properties of the polymer or prepare carbonaceous
materials.[27] Here, several typical reactions, which proceed at
low temperatures, are introduced with a focus on the degree of
defluorination. An early example, reported in 1958, involved the
surface modification of PTFE with sodium naphthalenide
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(Scheme 2A).[28] Recently, detailed experimental and theoretical
studies on the surface modification of PTFE with sodium
naphthalenide in glyme were reported by Herlem and co-
workers.[29] The combined Raman spectroscopy, X-ray photo-
electron spectroscopy (XPS), and infrared (IR) spectroscopy
revealed C� C double-bond formation. The related observation
was previously reported by Badyal and coworkers, who
investigated the XPS of PTFE after the vapor deposition of
sodium.[30] Interestingly, the formation of CF3 groups, which
would be initiated by the nucleophilic attack of fluoride, was
also revealed. The other well-studied reductants included
sodium or lithium amalgam, which, in some cases, defluori-
nated PTFE completely (Scheme 2B).[27] Reduction started at the
contacting plane of amalgam and PTFE. Interestingly, the
reaction further proceeded into the inner side of the PTFE foil
via the formation of a short-circuited galvanic cell; in the cell, a
carbon layer was generated by the reduction of PTFE, which
acted as a solid electrolyte, an electron conductor, and an
electrode.[31–33] The importance of the amalgam for the
complete defluorination of PTFE was implied by the experimen-
tal results reported by Hlavatý and Kavan.[34] The reduction of
PTFE powder with the alkali metal suspension (Li, Na, and K) in
organic solvents such as toluene and n-octane afforded a
carbon material containing residual F atoms. In contrast to

these reduction reactions without an unequivocal proton
source, the treatment of PTFE with lithium ammonia was
reported to generate high-density polyethylene (HDPE) by
complete hydrodefluorination (Scheme 2C).[35] The treatment of
a 2-fold excess of lithium with respect to the number of C� F
bonds with PTFE powder in liquid ammonia afforded white
material, the spectroscopic data of which, including IR, solid-
state 13C NMR, and elemental analysis, were identical to those of
HDPE.

Recently, Crimmin reported the partial reductive defluorina-
tion of PTFE using dimagnesium reagent 8 (Scheme 3).[36] The
treatment of PTFE powder with 8, which was originally
developed by Jones,[37,38] and N,N-dimethylaminopyridine
(DMAP) in benzene afforded magnesium fluoride complex
dimer 9 at room temperature in an isolated yield of 85%. The
comparison of the powder X-ray diffraction spectra of the PTFE
sample and the reduced grayish material (labeled PTFE-R by
the author) revealed that the amorphous region of PTFE was
defluorinated. The IR spectrum of PTFE-R revealed an absorp-
tion assigned to the C� C double-bond vibrations.

3. Silylium Cation

Strong Lewis acids are known to abstract fluorine from
fluoroalkanes. Generally, high Lewis acidity is required to
overcome two possible obstacles: the low Lewis basicity of the
lone pairs on fluorine atoms and the high bond dissociation

Scheme 1. Reduction of perfluoroalkyl compounds with strong reductants.

Scheme 2. Reduction of PTFE.
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energy of a C� F bond. Silylium is one of the most successful
examples of Lewis acids to abstract a fluoride ion from
organofluorine compounds with the concomitant generation of
the carbocation.[39–41] Here, the hydrodefluorination of a longer
perfluoroalkyl compound in the study by Ozerov is introduced,
along with essential related studies. In the 1990s, trials on the
preparation of silylium salt using [Ph3C] [B{3,5-(CF3)2C6H3}4] (10)
were reported to lead to decomposition via Si� F bond
formation (Scheme 4A).[42,43] Later, Ozerov and coworkers re-
ported the hydrodefluorination of aliphatic fluorocarbons using
silylium salt as a catalyst (Scheme 4B).[44] The reaction was
designed as a Si–H/C� F metathesis reaction, which was

thermodynamically favorable due to the remarkable strength of
the Si� F bond. The turnover number (TON) of the [Ph3C][B-
(C6F5)4] catalyst precursor, which would produce an active
silylium or silylium-like species, reached 126 for the reaction of
PhCF3 with Et3SiH. In this study, the countercation [B(C6F5)4]

�

decomposed during hydrodefluorination. Notably, in this reac-
tion system, perfluoromethylcyclohexane was inert. Then,
Ozerov and coworkers discovered that using carborane as a
counteranion enhanced the TON and enabled difficult trans-
formations, including the hydrodefluorination of
1,1,1,2,2,3,3,4,4-nonafluorohexane (11) (Scheme 4C).[45] As the
reaction proceeded via the generation of a carbocation-like
intermediate, skeletal rearrangement occurred, affording some
branched hydrocarbons.

4. Transient fluoroalkene generation

Here, a strategy enabling the degradation of longer perfluor-
oalkyl compounds via the transient generation of a fluoroalkene
is proposed (Scheme 5). The cleavage of the C� F bond in
fluoroalkenes is more susceptible than that in fluoroalkanes in
the presence of metal complexes or nucleophiles due to the
presence of π-systems, which accept electrons to induce the
elimination of F-. Therefore, the transient generation of a
fluoroalkene moiety in a longer perfluoroalkyl group is an
effective strategy for defluorination. The incorporation of the
regeneration step of the fluoroalkene moiety would lead to a
continuous process that ends with complete defluorination.

Dichtel, Houk and coworkers disclosed an operationally
simple method for the decomposition of perfluoroalkyl carbox-
ylic acids by treating them with NaOH in dimethyl sulfoxide
(Scheme 6A).[46] The reaction was conducted at 120 °C to foster
the rate-limiting decarboxylation step. After heating a DMSO/
H2O solution of PFOA (12) for 24 h with 30 equiv. of NaOH
(2 equiv. vs C� F bond), 90% of fluorine was obtained as F-.
Interestingly, trifluoroacetate 13 accounted for only 8% of the

Scheme 3. Partial reduction of PTFE with a dimagnesium reagent.

Scheme 4. Lewis acid strategy and its application to the hydrodefluorination
of a longer perfluoroalkyl group. Scheme 5. The transient generation of C(sp2)� F bond strategy.
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carbon-containing ions, indicating that the single-carbon short-
ening via decarboxylation was not the major path. Thus, the
reaction mechanism was investigated experimentally and
theoretically. First, the decarboxylation of the perfluoroalkyl
carboxylate produced fluoroalkene intermediate b via β-fluorine
elimination. The resulting fluoroalkene was prone to nucleo-
philic attack by hydroxide, affording the corresponding α,β-
unsaturated carboxylic acid fluoride d. Then, two possible
pathways were considered for the reaction between the highly
electrophilic d and OH-. The 1,2-addition route afforded
carboxylate e. Then, e afforded fluoroalkenes via the triple-
carbon shortening or double-carbon shortening, generating
terminal difluoroalkene f or g along with glycolate 17, oxalate
16, and carbonate ions, which were experimentally observed.
The 1,4-addition of hydroxide regenerated shorter perfluoroalk-
yl carboxylate i, which was used in the next decarboxylation

cycle. Fragmentation product fluoroacetate 19 was not de-
tected because it was unstable under strong alkaline conditions
at high temperatures. When the reaction of perfluoro-1H-
heptane, the decarboxylation product of PFOA, was conducted
at 40 °C, 19 was detected, revealing the operation of this path.
Terminal difluoroalkene (e.g., f) was also electrophilic; hence,
OH- attacked the terminal carbon to afford α,β-unsaturated
aldehyde k. Again, k can be attacked by OH- via 1,2- or 1,4-
addition. The 1,2-addition route afforded shorter fluoroalkene l
with the release of formate 14, while the 1,4-addition route
afforded carboxylate. The reaction of f afforded 13, while that
of 1,2,3,3,3-pentafluoropropene (one carbon shorter than in f)
afforded tartronate 18 via defluorination by hydroxide. From
the viewpoint of the transient fluoroalkene strategy, the key
feature of the reaction is that all chain-shortening reactions
afforded fluoroalkenes, realizing continuous degradation.

Scheme 6. Defluorination of PFOA by Dichtel and Houk.
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Doi, Ogoshi, and coworkers developed the exhaustive
hydrodefluorination of perfluoroalkyl arenes with hydrosilane
(Scheme 7).[47] The reaction is the application of the related Ni-
catalyzed hydrodefluorination of benzotrifluoride with hydro-
silane to the longer perfluoroalkyl arenes.[48] In the presence of
Ni(cod)2 and ICy as the catalyst precursors, the reaction of 1-
(pentafluoroethyl)naphthalene (20) with dimethylphenylsilane
proceeded in the presence of K3PO4. In the presence of
10 equiv. of K3PO4, exhaustive hydrodefluorination product 22
was obtained in 86% yield at 60 °C. As the byproduct,
alkylsilane 23 was also formed. When the K3PO4 content was
decreased to 1 equiv., the yield of 22 decreased, while
alkylsilane 24 was observed, which was explained by the
protonation of 24 with residual water in K3PO4. In the absence
of the base, partial hydrodefluorination product 21 was
observed, indicating that the base promoted the conversion of
21 to 22. In fact, monitoring the reaction progress by periodical
sampling supported that the hydrodefluorination of the
benzylic group was the initial step. The deuterium incorporation
trend with deuteriosilane was consistent with the scenario that
the reaction proceeded via HF elimination, the hydrodefluorina-
tion of fluoroalkene o, the hydrosilylation of alkene p, and the
protonation of the benzylsilane q (Scheme 7B). The key step
was the generation of fluoroalkene o as the related reactions of
the following steps (viz. the hydrodefluorination of the C(sp2)� F
bond[49] and hydrosilylation[50]) were not surprising. The reason

for the facile elimination of HF with phosphate, a relatively
weak base, was still unclear. The stoichiometric reaction of 21,
Ni(cod)2, and ICy in the presence of K3PO4 afforded fluoroalkene
complex 25 in 33% yield (Scheme 7C). Its structure was
confirmed by X-ray crystallography. As the control experiment
without a nickel source failed to afford fluoroalkene, the nickel
complex would play a pivotal role in the generation of the
alkene moiety. In this exhaustive hydrodefluorination, the
generation of the fluoroalkene moiety would enable the
subsequent hydrodefluorination of a longer perfluoroalkyl. In
fact, although the yield was relatively low, the hydrodefluorina-
tion of 1-(heptafluoropropyl)naphthalene and 1-
(nonafluorobutyl)naphthalene gave corresponding hydrocar-
bons. In these cases, the alkene moiety would facilitate the
cleavage of the allylic C� F bond, rendering a continuous
process. The lower yield of the hydrocarbon (<10%) than those
of the generated fluorosilanes (62% and 50%, respectively)
would be attributed to the termination of the process by the
hydrogenation or hydrosilylation of the C� C double bond.

5. Summary and Outlook

The methodologies for the defluorination of longer perfluor-
oalkyl groups under mild conditions are briefly summarized,
which are categorized into strong reduction, Lewis acid

Scheme 7. Exhaustive hydrodefluorination of perfluoroalkyl arenes.
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activation, and the transient generation of fluoroalkene. The
reduction chemistry has relatively rich examples. The recent
example by Crimmin indicates that there is still considerable
room for developing novel reduction reagents for perfluoroalkyl
compounds. Lewis acid activation is also an interesting
approach. Despite the intense research and development in this
area, to the best of our knowledge, a successful example of a
longer perfluoroalkyl group has not been reported since
Ozerov’s Science paper. The discovery of an effective Lewis acid
that abstracts fluoride from the longer perfluoroalkyl group is
awaited. The recent two examples of the transient fluoroalkene
generation are described. This strategy could be the key
technology for the mild decomposition of a longer perfluor-
oalkyl group. We hope that these strategies, as well as
upcoming new ones, will contribute to the sustainability in
organofluorine chemistry.
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CONCEPT

Perfluoroalkyl substances (PFAS) are
persistent environmental pollutants.
In this work, we summarized recent
progress on the chemical defluorina-
tion of PFAS via cleavage of unacti-
vated C� F bonds in longer perfluor-
oalkyl groups under mild conditions
(~150 °C). In addition to classic
reductive defluorination, the strat-
egies featuring Lewis acidic activation
and transient generation of an unsa-
turated bond are described.
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