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Abstract

In the past years there has been a growing interest in fluorinated persistent organic pollutants such as perfluorooc-
tanesulfonic acid, perfluorooctanesulfonamides, perfluorinated carboxylic acids and fluorotelomer alcohols. Although
these compounds have probably been present in the environment for many decades, we are only now beginning to real-
ize that these environmental contaminants may have serious environmental and health effects. This article gives a state-
of-the-art review of synthetic approaches that have been employed for the synthesis of these environmentally relevant
fluorinated compounds. Perfluorooctanesulfonic acid derivatives, in particular, pose a problem because only a few per-
fluorooctanesulfonic acid derivatives are available from commercial sources—a fact that limits the ability of researchers
worldwide to further study these compounds. Because of the limited literature available, this article also describes syn-
thetic approaches for shorter chain homologues or perfluoroether analogues that can potentially be applied for the syn-
thesis of perfluorooctanesulfonic acid derivatives. The preparation of typical starting materials for the synthesis of
perfluorooctanesulfonic acid derivatives such as the perfluoroalkanesulfonyl fluorides and chlorides will be discussed.
Subsequently, their conversion into relevant perfluoroalkane sulfonate salts (RESO3;M), sulfonamides (RgSO,NH,), N-
alkyl sulfonamides (RFSO,NHR, R = alkyl), N,N-dialkyl sulfonamides (RgSO,NR,, R = alkyl), sulfonamidoethanol
(RESO,NRCH,CH,OH, R =-H, -CH3 or —-C,Hs) and sulfonamidoacetates (RgSO,NRCH,CO,H, R =-H, —CHj3
or —-C,Hs) will be described. Many perfluorinated carboxylic acids and fluorotelomer alcohols are available from com-
mercial sources. The review of the synthesis of these two classes of fluorinated compounds includes a review of their
industrial synthesis and the synthesis of relevant degradation products.
© 2004 Elsevier Ltd. All rights reserved.

Keywords: Perfluorinated compounds; Perfluorooctanesulfonate; Perfluorooctanoate; Fluorotelomer alcohols; Properties; Synthesis

Contents
Lo INtrodUCtion . . . . o o e 1472
1.1.  Occurrence and toxicity of perfluorooctanesulfonic acid salts (PFOS) and related compounds. . . . 1473

" Tel.: +1 319 335 4414; fax: +1 319 335 4290.
E-mail address: hans-joachim-lehmler@uiowa.edu

0045-6535/$ - see front matter © 2004 Elsevier Ltd. All rights reserved.
doi:10.1016/j.chemosphere.2004.11.078


mailto:hans-joachim-lehmler@uiowa.edu

1472 H.-J. Lehmler | Chemosphere 58 (2005) 1471-1496

1.2. Occurrence and toxicity of perfluorooctanoic acid (PFOA) and related perfluorinated carboxylic

acids (PFCAS) . . . . . . e 1475
1.3.  Environmental relevance of fluorotelomer alcohols (FTOHs) . . ......................... 1477
1.4.  The nomenclature of fluorinated surfactants. . ... ........ .. ... ... . . . . . ... ..., 1477
2. Properties of fluorinated surfactants . . . ... ... ... .. .. 1479
3. Synthesis of PFOS and its amides. . . . ... ... ... ... 1479
3.1.  Preparation of PFOS precursors . . .. ... .. e e e 1479
3.1.1.  Synthesis of perfluoroalkanesulfonyl fluorides by electrochemical fluorination .. ....... 1479
3.1.2. Synthesis of perfluoroalkanesulfonyl chlorides . . ... ....... ... ... ... ......... 1480
3.1.3. Synthesis of perfluoroalkanesulfonyl fluorides using metal fluorides. . . . ... .......... 1481
3.2.  Perfluorooctanesulfonic acid and its metal salts. . . . .......... . ... .. . ... .. ... .. .. .. 1482
3.3.  Synthesis of perfluoroalkanesulfonamides. . .. ......... ... ... .. .. .. . ... .. . ... ... 1483
3.3.1. Reaction of perfluoroalkanesulfonyl halides with ammonia. ...................... 1483

3.3.2.  Synthesis of perfluoroalkanesulfonamides from the corresponding sulfonyl fluoride via the
AZIAe . . 1484
3.4. Alkylated perfluoroalkanesulfonamides. . .. ... ...... ... . .. .. . e 1484
3.4.1. N-substituted perfluoroalkanesulfonamides. . ........... ... ... . ... .. ....... 1484
3.4.2. N-Alkylation of N-substituted perfluoroalkanesulfonamides. .. ................... 1485
3.4.3. Synthesis of N,N-dialkyl perfluoroalkanesulfonamides . ......................... 1487
3.5. Purification of perfluoroalkanesulfonic acid salts and perfluoroalkanesulfonamides ... ... ... .. 1487
4. Synthesis of perfluorinated carboxylic acids and their metal salts. . ... ........................ 1488
4.1. Synthesis of perfluorinated carboxylic acids by electrochemical fluorination. . ... ............ 1488
4.2. Miscellaneous syntheses of perfluorinated carboxylicacids. ... ......... ... ... ......... 1488
5. Synthesis of fluorotelomers. . . . . .. .. ... . 1488
5.1. Telomerization of tetrafluoroethylene. . . ... ... ... .. ... .. .. . . .. . . ... 1488
5.2.  Laboratory synthesis of environmentally relevant FTOHs and related compounds. . .......... 1489
6. CONCIUSIONS. . . . . ottt e e e e e 1490
Acknowledgement . . . ... ... 1490
References . . . . .. o 1490

1. Introduction

Fluorinated materials and surfactants have unique
properties that make them highly suitable for many
industrial processes and consumer applications (Kissa,
2001). Their chemical structures are as diverse as their
applications. Several fluorinated surfactants have been
detected in the environment and are of great environmen-
tal concern because of their persistence, their potential to
bioaccumulate, and the possibility of biomagnification.
Current concern focuses on perfluoroalkanesulfonic acid
derivatives, perfluorinated carboxylic acids and fluorotel-
omer alcohols; however, other types of fluorinated com-
pounds may enter the environment as well and pose a
currently unrecognized environmental problem. This re-
view gives a short introduction for each class of com-

pounds followed by an overview of the laboratory
synthesis of these compounds for analytical, environ-
mental and toxicological studies. One major aim of this
review is to provide a state-of-the-art review of the syn-
thesis of perfluoroalkanesulfonic acids, N-alkylated per-
fluoroalkanesulfonamides, perfluorinated carboxylic
acids and fluorotelomer alcohols. Because of the limited
literature available, this article includes synthetic ap-
proaches that can potentially be applied for the synthesis
of these fluorinated compounds.

Most environmentally relevant perfluorinated car-
boxylic acids and fluorotelomer alcohols are available
from commercial sources in high purity. Thus, for these
two classes of fluorinated surfactants, there is only a
need to synthesize selected (bio-)degradation products
or isotopically labeled compounds; however, there are
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no commercial sources for large quantities of most per-
fluoroalkanesulfonic acid derivatives, especially perfluo-
rooctanesulfonamides. It is, therefore, not surprising
that most of the published environmental and toxicolo-
gical studies with perfluoroalkanesulfonic acid deriva-
tives, especially perfluorooctanesulfonic acid, rely on
industrial sources to provide test compounds or analyt-
ical standards. This limits the ability of researchers
worldwide to independently study these compounds. It
is therefore necessary to develop methodologies to pre-
pare perfluoroalkanesulfonic acid derivatives of analyti-
cal or environmental interest in the laboratory; however,
there is a lack of detailed procedures for the synthesis
of these compounds in the peer-reviewed literature.
Another important aspect frequently overlooked in the
synthetic literature is the fact that perfluoroalkanesulfo-
nyl fluorides, the starting material for the synthesis of
most perfluoroalkanesulfonic acid derivatives, are highly
impure materials. This makes it challenging to obtain
products free of linear or branched homologues or prod-
ucts reflecting the composition of the industrial product.

1.1. Occurrence and toxicity of perfluorooctanesulfonic
acid salts (PFOS) and related compounds

PFOS, its short-chain homologues and related sul-
fonamides are a class of environmentally persistent
chemicals with a wide range of industrial applications
such as fire fighting foams, pesticides, and consumer
applications including surface coatings for carpets, fur-
niture and paper products (Kissa, 2001; Mabury et al.,
2002). PFOS and its derivatives, such as N-methyl and
N-ethyl perfluorooctanesulfonamidoethanol, have been
in commercial use for approximately 50 years. Because
of some of the concerns discussed below, the primary
manufacturer—the 3M Corporation—ceased produc-
tion of perfluorooctanesulfonyl fluoride in the year
2000 (Renner, 2001). All industrial PFOS derivatives
are prepared from this fluoride, which, in turn, is ob-
tained by electrochemical fluorination of octanesulfonyl
fluoride (Kissa, 2001). Base-catalyzed hydrolysis of the
perfluorooctanesulfonyl fluoride resulted in perfluorooc-
tanesulfonic acid or the respective salts. Sulfonamide
derivatives were also obtained from the fluoride. The
chemical structures and names of relevant PFOS deriva-
tives are shown in Table 1.

PFOS has been detected in surface water (Hansen
et al.,, 2002; Moody et al., 2003; Boulanger et al.,
2004) and wildlife (Giesy and Kannan, 2001; Kannan
et al., 2001a,b; Kannan et al., 2002c,d; Martin et al.,
2004) at numerous locations in North America ranging
from the Gulf of Mexico to the Arctic. It has also been
detected in vacuum cleaner dust (Moriwaki et al., 2003),
tap water, surface water, and groundwater (Saito et al.,
2003; Harada et al., 2003; Taniyasu et al., 2003; Jin
et al., 2004; So et al., 2004) and wildlife (Kannan

et al., 2002a; Taniyasu et al., 2003) from East Asia
(i.e. Japan). There are also reports of PFOS in industrial
effluents in Austria (Hohenblum et al., 2003), in fish and
wildlife in Europe, the Baltic Sea, the North Sea and the
Mediterranean Sea (Kannan et al., 2002b; Hoff et al.,
2003; Van de Vijver et al., 2003a,b; Hoff et al., 2004;
Van de Vijver et al., 2004), and in wildlife in the Pacific
Ocean (Giesy and Kannan, 2001; Kannan et al., 2001a).
Only a few investigations have analyzed for the presence
of related sulfonamides in environmental samples. Per-
fluorooctane sulfonamide has been found in wildlife
worldwide (Kannan et al., 2002a,b,d) and volatile per-
fluorooctane sulfonamides have been detected in air
samples from Canada (Martin et al., 2002).

Laboratory investigations of the effect of PFOS on
aquatic microcosms show toxicity at high PFOS concen-
trations, but no effect was observed at environmentally
relevant concentrations (Sanderson et al., 2002; Boud-
reau et al., 2003a,b; Sanderson et al., 2004). The mam-
malian toxicity of PFOS, typically in the form of the
potassium salt, and a related compound, N-ethyl perfluo-
rooctanesulfonamidoethanol, has been studied in several
toxicity studies. For a comprehensive summary of toxic-
ity studies of PFOS see the Draft Report from the Orga-
nization for Economic Co-operation and Development,
2002. Nonselective toxicity has been observed in rats,
rabbits, rhesus and cynomolgus monkeys. PFOS and
N-ethyl perfluorooctanesulfonamidoethanol are also
known peroxisome proliferators in rodents (Sohlenius
et al., 1993; Berthiaume and Wallace, 2002); however,
no hepatocellular peroxisomal or cellular prolifera-
tion was observed during sub-chronic dietary exposure
over an extended period of time, i.e. 4 and 14 weeks
(Seacat et al., 2003). PFOS also inhibits gap junctional
intercellular communication (Hu et al., 2002), induces
carboxylesterases in rat liver (Hosokawa and Satoh,
1993; Derbel et al., 1996), activates both mouse and
human peroxisome proliferator-activated receptor o
(PPAR) (Shipley et al., 2004), and affects the neuroen-
docrine system in vivo (Austin et al., 2003). In particu-
lar, developmental toxicity has been a major focus of
recent research (York et al., 2000; Case et al., 2001;
Lau et al.,, 2001; Grasty et al., 2003; Lau et al., 2003;
Thibodeaux et al., 2003; Lau et al., 2004). A major con-
cern in this regard is the compromised postnatal survival
of neonate rodents as a result of in utero exposure to
PFOS.

Limited investigations have been done regarding the
mechanisms of the toxicity of PFOS and its amide deriv-
atives. PFOS binds to serum proteins such as albumin
and can replace a variety of steroid hormones from spe-
cific binding proteins in the serum of birds and fish
(Jones et al., 2003). Available human data suggest that
PFOS can also bind to human serum proteins. PFOS,
N-ethyl perfluorooctanesulfonamide and N-ethyl perflu-
orooctanesulfonamidoethanol bind to rat liver fatty
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Comparison of the [IUPAC names and typical names used in the literature

Chemical structure

TUPAC name

Typical literature name (abbreviation)

(e} 1,1,2,2,3,3,4,4,5,5,6,6,7,7,8,8,8-heptadecafluorooctane-
1-sulfonyl fluoride
F17C8—ﬁ—F
(6]
(0]
I
F,,Cqg S—OK* 1,1,2,2,3,3,4,4,5,5,6,6,7,7,8,8,8-heptadecafluorooctane-
| 1-sulfonic acid potassium salt
(0]
[V
F;Cs—S—N 1,1,2,2,3,3,4,4,5,5,6,6,7,7,8,8,8-heptadecafluorooctane-
\{ 1-sulfonamide
(0]
[V
F,Cg—S—N 1,1,2,2,3,3,4,4,5,5,6,6,7,7,8,8,8-heptadecafluoro-
\ N-methyloctane-1-sulfonamide
(0] CH,
(0]
I/ \
F;,Cq—S—N OH 1,1,2,2,3,3,4,4,5,5,6,6,7,7,8,8,8-heptadecafluoro-
\ N-(2-hydroxyethyl)octane-1-sulfonamide
H
o CO,H
N/ ? .
F17C8—|Si N\ N-[(heptadecafluorooctyl)sulfonyl]glycine
H
(0]
I/
F,Ce—S—N 1,1,2,2,3,3,4,4,5,5,6,6,7,7,8,8,8-heptadecafluoro-
\ N,N-dimethyloctane-1-sulfonamide
(0]
N/ \
F;,Cs—S—N OH 1,1,2,2,3,3,4,4,5,5,6,6,7,7,8,8,8-heptadecafluoro-
\CH N-(2-hydroxyethyl)- N-methyloctanesulfonamide
(6] 3
0 CO,H
N/ ? .
F;,Cq—S—N N-[(heptadecafluorooctyl)sulfonyl]-N-methylglycine
\
(@) CH;

Perfluorooctanesulfonyl fluoride

Potassium perfluorooctanesulfonate (PFOS)

Perfluorooctanesulfonamide (FOSA)

N-methyl perfluorooctane sulfonamide
(N-MeFOSA)

Perfluorooctanesulfonamidoethanol (FOSE)

Perfluorooctanesulfonamidoacetate (FOSAA)

N,N-dimethyl perfluorooctanesulfonamide
N,N-diMeFOSA

N-methyl perfluorooctanesulfonamidoethanol
(N-MeFOSE)

N-methyl perfluorooctanesulfonamidoacetate
(N-EtFOSAA)

acid-binding protein (L-FABP), thus replacing endoge-
nous ligands from L-FABP (Luebker et al., 2002). This
may, in part, explain the toxicity observed in rodents.
PFOS and perfluorooctanesulfonamide activate PPARa
which results in the activation of a unique set of down-
stream target genes and may explain some of the biolo-
gical effects of these compounds in mice and humans
(Shipley et al., 2004). Finally, there is evidence that
PFOS and its derivatives cause mitochondrial dysfunc-

tion by altering the fluidity of the mitochondrial mem-
brane (Starkov and Wallace, 2002; Hu et al., 2003).
This observation is surprising because fluorinated surfac-
tants are, in general, thought to be immiscible with hydro-
carbon surfactants such as the phospholipid components
of a biological membrane (Mukerjee and Yang, 1976).
Recent investigations from this laboratory, however,
demonstrate that (partially) fluorinated carboxylic acids
and alcohols are partly miscible with phospholipids
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(Lehmler et al., 2000; Arora et al., 2003; Lehmler and
Bummer, 2004), probably due to hydrogen bonding be-
tween the carboxylic acid headgroup and the headgroup
of the phospholipid.

Data on human exposure to PFOS and its sulfon-
amide derivatives is currently limited. Occupational
exposure assessments of 3M perfluorooctanesulfonyl
fluoride manufacturing sites in Antwerp, Belgium; and
Decatur, Alabama determined mean serum levels rang-
ing from 0.94 to 2.19 parts per million (Olsen et al.,
1999; Olsen et al., 2003a,d). Concentrations of the corre-
sponding sulfonamides were significantly lower (Olsen
et al., 2003d). Several biological parameters consistent
with the known toxicological effects of PFOS were as-
sessed during these exposure studies, but no substantial
changes correlating with PFOS concentration were ob-
served. A recent study investigating the mortality of
employees of a perfluorooctanesulfonyl fluoride manu-
facturing site revealed an increased number of deaths
from bladder cancer in workers employed in high expo-
sure jobs (Alexander et al., 2003). Serum concentrations
of PFOS and, in several cases, selected sulfonamides
have also been studied in blood samples from all over
the world (Olsen et al., 2003b,d, 2004; Taniyasu et al.,
2003; Harada et al., 2004; Inoue et al., 2004; Kannan
et al., 2004; Kubwabo et al., 2004; Kuklenyik et al.,
2004). These studies indicate that non-occupationally
exposed populations have measurable serum concentra-
tions of PFOS and related sulfonamides. The concentra-
tions of the sulfonamides are an order of magnitude
lower compared to concentrations of PFOS (Olsen
et al., 2003b). Another study compared PFOS concen-
trations in the liver and serum of a limited number of
donors (n=23). The mean liver-to-serum ratio was
approximately 1.3-1 (Olsen et al., 2003c), which is com-
parable to a toxicological study in cynomolgus monkeys
(Seacat et al., 2002).

The source of PFOS in biota and in human serum is
currently unknown. PFOS, e.g. the potassium salt, is
poorly water soluble (the free acid is readily soluble in
water) and sparingly volatile and should, therefore, not
be distributed widely in the environment. However, it
appears that particle-bound PFOS may be an important
source for PFOS in the environment (Sasaki et al.,
2003). Furthermore, more volatile precursors such as
N-methyl perfluorooctanesulfonamidoethanol and N-
ethyl perfluorooctane-sulfonamidoethanol may also
contribute to the widespread distribution of PFOS
(Martin et al., 2002). Human exposure may also be the
result of exposure via inhalation to indoor air (Shoeib
et al., 2004) or house dust (Moriwaki et al., 2003) con-
taining PFOS precursors. Other routes of exposure, such
as the diet or drinking water, are probably important as
well, but have not been reported in the literature thus far.
It is thought that PFOS precursors, e.g. its sulfonamides,
ultimately degrade to PFOS under either environmental

and/or biological conditions. This theory is supported
by the reported biotransformation pathway of N-ethyl
perfluorooctanesulfonamidoethanol in rats and humans
(Xuetal., 2004). This recent study demonstrated the deal-
kylation of N-alkyl perfluorooctanesulfonamides with
perfluorooctanesulfonamide as the ultimate dealkylated
product. The perfluorooctanesulfonamide is further
hydrolyzed by an unknown mechanism to PFOS. In addi-
tion, the pesticide N-ethyl perfluorooctanesulfonamide
is converted into PFOS by Rainbow Trout (Onchorhyn-
chus mykiss) liver microsomes (Tomy et al., 2004). It is
also well established that N-ethyl perfluorooctanesulf-
onamide is readily metabolized to perfluorooctanesulf-
onamide in rats (Manning et al., 1991; Grossman et al.,
1992).

1.2. Occurrence and toxicity of perfluorooctanoic acid
(PFOA) and related perfluorinated carboxylic acids
(PFCAs)

PFOA, sometimes referred to as C8, and homolo-
gous perfluorinated carboxylic acids (PFCAs) are a
class of persistent environmental chemicals that are
structurally related to PFOS. The ammonium salt of
PFOA is an essential aid in the manufacturing of flu-
oropolymers, such as polytetrafluoroethylene (PTFE)
and polyvinylidine fluoride, where it is used as an emul-
sifier for the emulsion polymerization of fluoropoly-
mers. The emulsion polymerization process utilizes the
generally high surface activity of fluorinated surfactants
relative to hydrocarbon surfactants to reduce the total
amount of surfactant used in the manufacturing pro-
cess. The fluoropolymers produced using PFOA and re-
lated compounds typically do not contain PFOA.
PFOA and its homologues are also used in breathable,
waterproof fabrics, biomaterials, insulators for electric
wires, planar etching of fused silica, foam fire extin-
guishers, floating agents and other applications (Kissa,
2001). The chemical structure of PFOA is shown in
Fig. 1.

PFOA has been detected together with PFOS, which
is typically the major perfluorinated contaminant, and
other perfluorinated surfactants in many environmental
samples ranging from surface waters to marine mam-
mals (Kannan et al., 2002a,b,d; Hansen et al., 2002;
Martin et al.,, 2004; So et al., 2004; Van de Vijver

F
OH

F vt F FF FF F

Fig. 1. Structure of perfluorooctanoic acid.
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et al., 2004) indicating a global contamination with these
chemicals. Interestingly, PFOA is not the only perflu-
oroalkanoic acid found in environmental samples. A
series of PFCAs ranging in chain length from 9 to 15
carbon atoms has been detected in several species col-
lected at various locations in the circumpolar region
(Martin et al., 2004) and in harbour porpoises (Phoco-
ena phocoena) from Northern Europe (Van de Vijver
et al., 2004). It is not surprising that only perfluorinated
acids with a longer carbon chain are found in marine
animals because their bioaccumulation has been shown
to increase with the chain length of the acid (Martin
et al., 2003a,b). For example, perfluorinated acids with
a perfluoroalkyl chain length of <6-7 carbons could
not be detected on rainbow trout after exposure in a
flow-through system and probably have a small or insig-
nificant bioconcentration factor (Martin et al., 2003a).
Perfluorononanoic acid (PFNA), and not PFOS, was
the major pollutant detected in mink (Martin et al.,
2004) suggesting that PFCAs are important environ-
mental contaminants and should be taken into consider-
ation in future risk assessments. It is also interesting to
note that the odd numbered, and not the even numbered
PFCAs, were the predominant pollutants.

PFOA has been detected in serum of workers at
plants that produce or use perfluorinated compounds
(Olsen et al., 2000; Sottani and Minoia, 2002; Olsen
et al., 2003a,d) as well as in the general population (Ol-
sen et al., 2003b,c, 2004; Harada et al., 2004; Kubwabo
et al., 2004). These limited investigations suggest that
the levels of PFOA in the general population are much
lower than in the workers, and that PFOA levels are typ-
ically closely related to PFOS levels. Several occupa-
tional biomonitoring studies have been performed by
the 3M Corporation at its plants in Cottage Grove,
MN; Decatur, AL; and Antwerp, Belgium between
1993 and 2000. These studies found mean serum levels
ranging from 0.84 to 6.8 parts per million, with workers
from the plant in Antwerp having the lowest PFOS lev-
els (1995: 1.13 ppm; 2000: 0.84 ppm). Workers from the
plant at Cottage Grove, MN, had the highest reported
PFOA levels with mean serum levels ranging from 5.0
(1993) to 6.8 (1995) parts per million. Several clinical
parameters were measured as part of these biomonitor-
ing studies and some correlation with levels of perfluori-
nated compounds was observed (review by Kudo and
Kawashima, 2003). In summary, a significant positive
correlation between PFOA and cholesterol, PFOA and
triglycerides, as well as PFOA and triiodothyronine
was observed. A significant negative correlation between
PFOA and HDL as well as PFOA and cholecystokinin-
33 was also noted. No correlation was observed for
PFOA levels and eleven reproductive hormones in men
(Olsen et al., 1998; Kudo and Kawashima, 2003). A ret-
rospective mortality study was performed on 3537
employees of the 3M ammonium perfluorooctanoate

manufacturing site in Cottage Grove, MN. The results
of this mortality study indicate an increased prostate
cancer risk that is significantly associated with the length
of employment, i.e. of exposure to PFOA. Overall, these
studies are very limited and further long-term monitor-
ing is warranted.

Various aspects of the PFOA toxicity, especially as-
pects relating to its peroxisome proliferating activity,
have been investigated (reviewed by Kudo and Kawa-
shima, 2003) and typically no remarkable toxicity was
observed in various animal studies. However, similar
to PFOS, the developmental toxicity is currently a major
human health concern (reviewed by Lau et al., 2004). In
contrast to PFOS, the toxicokinetics of PFOA in labora-
tory animals and humans has been investigated in some
detail. PFOA is readily absorbed following oral and
inhalation exposure. High levels of PFOA are found in
the liver and plasma, where it binds to proteins such
as serum albumin, while levels in adipose tissue are
low due to its lipophobic character. PFOA is excreted
in both urine and feces. The mean human half-life,
determined in a limited study of workers (n = 9) exposed
to PFOA, is 4.37 years. The biological half-life differs
significantly between species and sexes. The differences
between sexes are mainly due to differences in the renal
clearance and may possibly involve an organic anion
transporter.

The source of PFOA and related PFCAs in biota and
in humans is currently unknown. PFCAs are man-made
compounds and do not occur in nature. Local contami-
nation can arise at manufacturing sites from the use of
PFCAs in the production or processing of fluoropoly-
mers, and from the use of PFCA-containing fire extin-
guishing media. PFOA is also formed in trace amounts
during the manufacturing of some telomere-based prod-
ucts, a potential source of PFOA that warrants further
investigation; however such local sources cannot explain
the global distribution of PFCAs. All PFCAs are strong
acids and are expected to be present in the environment
in their anionic state and, thus, a non-volatile form. The
global distribution of PFCAs is, therefore, not the result
of their volatilization and transport to remote regions as
is the case with other semi-volatile environmental con-
taminants, such as polychlorinated biphenyls (PCBs).
It has been suggested that, similar to PFOS, the global
distribution of PFOA can be explained by the transport
and environmental degradation of a neutral, volatile,
atmospheric precursor such as fluorotelomer alcohols
(Dinglasan et al., 2004; Ellis et al., 2004). Perfluorocar-
bon chemicals such as PFOS derivatives, PFCAs and
fluorocarbon telomers typically have an even number
of fluorinated carbon atoms (Kissa, 2001). The presence
of odd-numbered PFCAs in environmental samples is,
therefore, another puzzling observation (Martin et al.,
2004; Van de Vijver et al., 2004) that can be explained
be the atmospheric degradation of volatile precursors
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such as fluorotelomer alcohols (please see Section 1.3 be-
low). In summary, many questions remain unanswered
regarding the origin of PFCAs found in environmental
and human samples.

1.3. Environmental relevance of fluorotelomer alcohols
(FTOHs)

A variety of fluorotelomers, including FTOHs, are
used in a wide range of commercial products (Kissa,
2001). In some applications, such as fire fighting foams,
as well as soil, stain, and grease-resistant coatings on
carpets, textiles, paper, and leather, the FTOHs are di-
rectly released into the environment. The structure of
typical FTOHs is F(CF,CF,),CH,CH,OH, with n rang-
ing from 2 to 5. Due to the manufacturing process, the
fluorocarbon chains tend to be even numbered. In con-
trast to contaminants such as PFOS and PFOA, FTOHs
such as 1H,1H,2H,2H-perfluorodecanol (or 3,3,4,4,5,5,
6,6,7,7,8,8,9,9,10,10,10-heptadecafluoro-1-decanol, see
Fig. 2) have received little attention until recently and
minimal literature about their environmental occurrence
or toxicity is currently available.

FTOHs are volatile compounds and have been found
in the atmosphere with concentrations of up to
135 pg m ™~ (Martin et al., 2002; Stock et al., 2004). Their
estimated half-life in the atmosphere is 20 days which is
sufficient to allow for a widespread distribution in the
environment (Ellis et al., 2003). Recent investigations
show that FTOHs can be degraded in the atmosphere
to PFCAs (Ellis et al., 2004), which may explain the
occurrence of even- and odd-numbered long-chain
PFCAs in animals from the Arctic and Northern Europe
(Martin et al., 2004; Van de Vijver et al., 2004). The aer-
obic biodegradation of 1H,1H,2H, 2H-perfluorodecanol
using a mixed microbial system also results in the forma-
tion of PFOA (Dinglasan et al., 2004). As shown in Fig.
2, the proposed microbial metabolism pathway of
1H,1H,2H,2H-perfluorodecanol occurs via the aldehyde
to the carboxylic acid. This major metabolite is con-
verted via a B-oxidation mechanism to PFOA. Similar
to the microbial system, 1H,1H,2H,2H-perfluorodecanol
is metabolized in adult male rats to PFOA (Hagen et al.,
1981). The observation that inorganic fluoride was de-
tected in plasma as well as urine supports the hypothesis
that 1H,1H,2H,2H-perfluorodecanol is metabolized to
PFOA by defluorination of the CF, group adjacent to
the B-CH, group.

It is not surprising that the origin of FTOHs in the
atmosphere is currently unknown. As discussed above,
during some applications FTOHs may be released di-
rectly into the environment. Residual amounts of un-
bound FTOHs from fluoropolymers or biotic and/or
non-biotic degradation of FTOH-based products are
other likely sources of FTOHs in the atmosphere. In
summary, it is currently unclear if FTOHs are, indeed,

compounds of environmental concern and/or are major
sources of other fluorinated compounds of environmen-
tal concern.

1.4. The nomenclature of fluorinated surfactants

Several aspects regarding the terminology and
nomenclature should be taken into consideration when
dealing with fluorinated surfactants. It is important to
realize that fluorinated surfactants can be divided into
perfluorinated and partially fluorinated surfactants
(Kissa, 2001). The entire hydrophobic tail is fluorinated
in a perfluorinated surfactant, whereas the fluorinated
tail of a partially fluorinated surfactant still contains
some hydrogen atoms (typically methylene groups near
the headgroup). Thus, perfluoroalkanesulfonic acid
and perfluoroalkanoic acids are truly perfluorinated sur-
factants. Fluorotelomer derived surfactants such as
FTOHs, however, contain several methylene groups as
shown in Figs. 2 and 3 and, therefore, are partially fluo-
rinated surfactants. This distinction is important be-
cause, as discussed in Section 1.3, methylene groups in
the tail can be subject to degradation processes in the
environment. In contrast, the tail of a perfluorinated
surfactant is stable to degradation and only its headgoup
can be degraded as discussed in Section 1.1.

Table 1 shows the IUPAC names of representative
examples for the different types of environmentally rele-
vant PFOS derivatives. The [UPAC names are long and
impractical to use. Most authors in the field have, there-
fore, adopted a simplified nomenclature and extensively
use abbreviations for these compounds. The most com-
monly used nomenclature is given in Table 1 for compar-
ison with the [UPAC names. Typically PFOS derivatives
are divided into perfluorooctanesulfonamides (FOSAs),
perfluorooctanesulfonamidoethanol (FOSEs), and per-
fluorooctanesulfonamidoacetate (FOSAAs). Short chain
homologues of PFOS are named in an analogous man-
ner. In addition, this simplified nomenclature uses the
following shortcuts.

(1) The ITUPAC name of a fluorinated chain typically
includes the position and number of fluorine atoms.
For example, the position and number of the fluo-
rine substituents of a —(CF,);CF; chain is referred to
as “1,1,2,2,3,3,4,4,5,5,6,6,7,7,8,8,8-heptadecafluoro” or,
depending on the compound, as ‘“heptadecafluoro”.
To simplify the nomenclature of fluorinated compounds,
highly fluorinated alkyl chains are frequently referred to
as “perfluoro” chain, e.g. ’perfluorooctyl” or “perfluo-
rooctane”. Another system for the nomenclature of
highly fluorinated compounds uses the symbol “F” to
convey the perfluorinated character of a molecule
(Young, 1974). In this review the term ‘““perfluoro” will
be used to refer to a perfluorinated alkyl chain because
this nomenclature is apparently more frequently used
in the literature. In the reaction schemes a small
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Fig. 2. Proposed aerobic microbial degradation of 1H,1H,2H,2H-perfluorodecanol using a mixed microbial system. Structures in
brackets indicate putative intermediates. The names in parentheses are the [UPAC names. Adopted from (Dinglasan et al., 2004).

subscript F will be used in conjunction with the conven-
tional symbol R to represent such a perfluorinated alkyl
chain (Rg).

(2) With highly fluorinated compounds it is fre-
quently easier to indicate the position and location of

hydrogen atoms in the alkyl chain by providing their
position followed by “H”. For example 1H,1H,2H,2H-
perfluorooctyl iodide has the molecular formula
F(CF,CF,);CH,CH,I. The IUPAC name of this iodide
is 8-iodo-1,1,1,2,2,3,3,4,4,5,5,6,6-tridecafluorodecane.
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Fig. 3. Industrial synthesis of fluorotelomer alcohols and
related compounds using the telomerization of tetrafluoroeth-
ylene with perfluoroethyl iodide.

(3) All environmentally relevant fluorinated surfac-
tants have a single hydrophobic chain and a headgroup,
e.g. -OH, -SO;, SO,NRR’ and COO", in position 1 of
the alkyl chain. The position of the headgroup is there-
fore normally omitted in the name of the respective
surfactant.

This simplified terminology for fluorinated com-
pounds will be used in this review for ease of reading.
For a more detailed overview of the nomenclature of
highly fluorinated compounds please see Banks (1970).

2. Properties of fluorinated surfactants

Fluorinated compounds have unique properties
which make them highly suitable for the large number
of technical and consumer applications discussed in Sec-
tion 1 (Kissa, 2001). These properties—such as high sur-
face activity, solubility behavior, density and weak
intermolecular interactions—not only are responsible
for their industrial usefulness and the behavior of these
compounds in the environment or a biological system,
but also should be taken into consideration during their
synthesis in the laboratory. This section is intended to
give the reader some insights into the problems typically
encountered during the synthesis of perfluorinated sur-
face active materials.

Fluorinated surfactants are highly surface active
compared to their hydrocarbon analogs (Kissa, 2001).

As with the synthesis of surface active materials in gen-
eral, an aqueous workup of reaction mixtures is often
not advised. For example, several perfluorooctyl sulfon-
amide derivatives apparently form microemulsions with
solvents such as n-hexane and chloroform, thus making
it difficult if not impossible to recover the surfactant.
Also, the evaporation of some solvents under reduced
pressure can result in excessive foaming, thus making
it difficult to remove the solvent with typical laboratory
procedures (i.e., using a rotary evaporator).

Fluorinated materials as well as fluorinated surfac-
tants are, in general, hydrophobic and lipophobic at
the same time (Patrick, 1971; Mukerjee and Yang,
1976). For example, most fluorinated solvents are
immiscible with water and hydrocarbon solvents, thus
resulting in a system with three separate phases. Typi-
cally the fluorocarbon phase will be the lower phase be-
cause of the high density of fluorocarbon materials. This
phase behavior has been extensively used in “fluorous
synthesis™ to separate a fluorinated catalyst or product
from the reaction mixture (Endres and Maas, 2000; Cur-
ran, 2003). Similarly, PFOS forms a third phase with
octanol and water. Thus, it is impossible to determine
the octanol-water partition coefficient of PFOS. From
a synthesis point of view, the solubility of perfluorinated
compounds is different from typical hydrocarbon com-
pounds and difficult to predict. From our experience
two solvents, methanol and/or acetone, are typically
good solvents for perfluorinated compounds such as
PFOS; however, this statement represents the author’s
own laboratory experience and should not be gene-
ralized.

Also, the van der Waals interactions of perflu-
oroalkyl groups are weak, although the melting points
of fluorocarbon materials, in general, are higher com-
pared to the hydrocarbon analogs. The weak van der
Waals interactions can impact the handling of fluori-
nated compounds in two ways. First, fluorinated com-
pounds, especially ones with a perfluorocarbon tail,
are often difficult to crystallize (Lehmler et al., 2004).
Second, fluorinated compounds can be very volatile
and should not be stored under vacuum for an extended
period of time.

3. Synthesis of PFOS and its amides
3.1. Preparation of PFOS precursors

3.1.1. Synthesis of perfluoroalkanesulfonyl fluorides by
electrochemical fluorination

Perfluorooctanesulfonyl fluoride is the precursor for
most, if not all, industrial perfluorooctanesulfonyl deriv-
atives (Kissa, 2001). Its structure is shown in Table 1.
The fluoride, which is available from commercial
sources, is therefore a logical starting material for the
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laboratory scale synthesis of any PFOS derivative. The
fluoride and its homologues (e.g., perfluorohexane-
and perfluorobutanesulfonyl fluoride) are typically man-
ufactured by the Simons Electrochemical Fluorination
or ECF. During this process, the corresponding hydro-
carbon compound, typically the fluoride, is fluorinated
in anhydrous HF following the general formula (Burdon
et al., 1957; Gramstad and Haszeldine, 1957b; Niederp-
ruem et al., 1973; Hollitzer and Sartori, 1987; Ignat’ev
et al., 1999):

C,Hy,:1SO,F + (20 + 1)F~ 25 C,F,.SO,F
+(2n+ H" (4n + 2)e”

Short-chain sulfonyl fluorides can be obtained in
excellent yields; however, the yield of this fluorination
decreases steadily with increasing chain-length (87%
for perfluoromethane-, 79% for perfluoroethane-, 25%
for perfluorooctane-, and 12% for perfluorodecanesulfo-
nyl fluoride). Electrochemical fluorination can also be
used to synthesize perfluoro-o,m-alkanedisulfonic acid
derivatives (Herkelmann and Sartori, 1989; Jiischke
et al., 1997).

The electrochemical fluorination of octanesulfonyl
chloride results in a number of breakdown products
such as short-chain perfluoroalkanesulfonyl fluorides
containing 1-7 carbon atoms, perfluorooctane and other
short-chain perfluoroalkanes, SO,F,, SF¢s, PFCAs con-
taining 1-7 carbon atoms, as well as longer chain prod-
ucts (Gramstad and Haszeldine, 1957b). Typically these
byproducts (for example perfluorooctane—which is a
major product of the reaction) are formed by cleavage
of the carbon—sulfur bond and then by cleavage of car-
bon-carbon bonds; however, the cleavage of the car-
bon-sulfur bond is not required for the breakdown of
the carbon chain. The formation of PFCAs suggests
the electrochemical oxidation of the perfluorocarbon
chain to perfluoroalkanoic acid fluorides, which are
subsequently hydrolyzed by moist air after removal
from the electrolysis cell (Gramstad and Haszeldine,
1957b). As a result of the side reactions, commercially
available perfluoroalkanesulfonyl fluorides such as per-
fluorooctanesulfonyl fluoride are complex mixtures con-
taining only ~70% of the n-perfluorooctanesulfonyl
compound. Consequently, all products obtained from
this fluoride are also complex mixtures (see Table 2).

Compared to alkanesulfonyl fluorides and chlorides,
alkanesulfonic acids are the least suitable starting mate-
rials for electrochemical fluorination. The yields of per-
fluoroalkanesulfonic acids obtained from the free acids
are much lower compared to the alkanesulfonyl fluorides
and chlorides (Gramstad and Haszeldine, 1957a,b). An-
other major disadvantage of this approach is the forma-
tion of water which may form explosive oxygen
difluoride.

Table 2
Impurities in a commercial sample of potassium perfluorooc-
tanesulfonate or FC-95 (Seacat et al., 2003)

Identified impurity Content in
sample [%]
Lesser homologs (C2-C7, predominantly C6) 9.38
Metals (calcium, magnesium, sodium, 1.45
nickel, iron)
Inorganic fluoride 0.59
Perfluorinated S(VI) containing compounds 0.68
Perfluorinated acids (C2, C4, C5 and C8) 0.73
Hydrocarbon sulfonate salts 0.15

Terminal cyclopentyl perfluorooctane sulfonate 0.11

The yield of the electrochemical fluorination can
reportedly be improved by the addition of butadiene
sulfones (Niederpruem et al., 1973). This additive is
highly soluble in anhydrous HF and increases the con-
ductivity of the electrolyte solution. Butadiene sulfone
itself is fluorinated to perfluorobutanesulfonyl fluoride
and, therefore, needs to be added continuously to the
reaction. The use of this additive increases the yield of
perfluorooctanesulfonyl fluoride by approximately 70%
(Niederpruem et al., 1973). It may act by trapping radi-
cals formed at the anode, but the mechanism by which it
increases the yield of the electrochemical fluorination of
long-chain sulfonic acid derivatives is still unknown.

Electrochemical fluorination of alkanesulfonamides
also results in the corresponding perfluoroalkanesulfo-
nyl fluorides (Satori and Jiinger, 1996). The S-N bond
undergoes quantitative fission resulting in the formation
of the corresponding alkanesulfonyl fluorides which are
subsequently perfluorinated. As with using the sulfonyl
fluorides as starting materials, the yield of this fluorina-
tion reaction decreases with increasing chain length of
the sulfonamide. Yields range from 96% for perfluoro-
methane sulfonamide to 40% for perfluoropropane
sulfonamide.

3.1.2. Synthesis of perfluoroalkanesulfonyl chlorides
Perfluoromethanesulfonyl chloride is a common
starting material for many organic reactions (Hendrick-
son et al., 1977). Its higher homologues, in addition to
perfluotoalkanesulfonyl fluorides, are good starting
materials for the synthesis of a broad variety of PFOS
derivatives. Unfortunately, the long-chain (i.e. with
more than 1 carbon atom) chlorides are not available
from commercial sources. They can be prepared from
the corresponding acid by chlorination with PCls (Coff-
man et al., 1949; Krespan, 1979; Kamigata et al., 1984;
Conte et al., 1991); however, the yield of this reaction
can range from low to good (Krespan, 1979; Conte
et al., 1991). SOCI, (Conte et al., 1991), POCI; (Conte
et al., 1991) as well as a number of Lewis acids (Behr
and Cheburkov, 2001) generally give low yields of the
desired sulfonyl chloride. Instead, SOCl, can be used
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Scheme 1. Synthesis of dipotassium perfluoroalkane-disulfonic acids from the corresponding dimethylthioperfluoroalkane.

to convert the hydrates of perfluoroalkanesulfonic acids
into the anhydrous acid as described for 1,1,2,2-tetrafluo-
roethanesulfonic acid monohydrate (Coffman et al.,
1949). Metal (e.g. potassium) perfluoroalkanesulfonates
can be directly converted into the corresponding sulfo-
nyl chloride using PCls-2ZnCl, in an excess of ZnCl,
(van Dyke Tiers, 1963; Ward, 1965; Hendrickson
et al., 1977). This reaction proceeds in yields from 54—
94%, and only small amounts of the perfluoroalkane-
sulfonic anhydride are formed. An example for the
application of this chlorination reaction is shown in
Scheme 1.

Another route to perfluoroalkanesulfonyl chlorides
uses the corresponding sulfinyl derivatives as starting
materials, which can be readily obtained by the reaction
of perfluoroalkyl iodide (Qui and Burton, 1993), bro-
mide (Tordeux et al., 1989) or chloride (Long and Chen,
1999) with sodium dithionite in the presence of sodium
bicarbonate. Depending on the starting material, differ-
ent reaction conditions and solvent systems such as ace-
tonitrile-water (Qui and Burton, 1993), DMF-water
(Tordeux et al., 1989) or DMSO (Long and Chen,
1999) have been employed for this reaction. Sodium
dithionite can be replaced by hydroxymethanesulfinates
such as Rongalite (sodium salt) or Decrolin (zinc salt)
(Tordeux et al., 1989).

The sulfonyl chloride is prepared by passing chlorine
gas through an aqueous solution of the sodium sulfi-
nates or the corresponding acids (Harzdorf et al.,
1973; Tordeux et al., 1989; Qui and Burton, 1993; Long

Na,S,0,,

FE FF F NaHCO,

E F EFE F

and Chen, 1999). For example, n-perfluorobutanesulfo-
nyl chloride can be synthesized from n-perfluorobutyl
chloride in a total yield of 40% as shown in Scheme 2
(Long and Chen, 1999). Higher yields (95%) of perflu-
orobutanesulfonyl chloride apparently can be obtained
by chlorination of the sulfinic acid itself (Harzdorf
et al., 1973); however, the differences in the yields may
also be due to differences in the reaction conditions. This
approach is of particular interest for the synthesis of
pure n-perfluoroalkyl sulfonyl derivatives for analytical
and toxicological studies.

A third approach employs methyl- and ben-
zylthioperfluoroalkanes which can be converted directly
to the sulfinyl chlorides by reaction with chlorine at ele-
vated temperatures (Nguyen and Wakselman, 1991; Fei-
ring et al., 1999). The sulfinyl chlorides are subsequently
converted into the sulfonyl chloride by treatment with
chlorine in perfluoroacetic acid and water (Nguyen
and Wakselman, 1991; Feiring et al., 1999) or with aque-
ous sodium hypochlorite (Feiring et al., 1999). An exam-
ple of such a reaction sequence is shown in Scheme 3.

3.1.3. Synthesis of perfluoroalkanesulfonyl fluorides
using metal fluorides

Perfluoroalkanesulfonyl chlorides are good starting
materials for the synthesis of the respective fluorides.
CsF (Radchenko et al., 1978) and, more commonly, KF
(Benefice-Malouet et al., 1986; Qui and Burton, 1993) have
been employed for this conversion. In a similar reaction,
NaF has been used to convert the perfluoroalkanesulfonic

E F E F

Cl,, H,0
o —BMSO SO,Na —2—2—» SO,CI
F F 40% yield F

F F F F

F F F F (total)

F F F F

Scheme 2. Synthesis of perfluorobutanesulfonyl chloride from perfluorobutyl chloride by chlorination of the intermediate sulfinic acid.
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Scheme 3. Conversion of methylthioperfluoroalkanes into the sulfonyl chloride via the sulfinyl chloride.

acid anhydride to the corresponding fluoride (van Dyke
Tiers, 1963). The conversion of perfluoroalkanesulfonyl
chlorides to fluorides is important because perfluoroal-
kanesulfonamides are normally obtained from the corre-
sponding fluoride (see Section 3.3) and not from the
chloride. However, homogenous perfluoroalkanesulfo-
nyl chlorides can be more readily obtained by the dithio-
nite route which avoids the electrochemical fluorination
step. Thus, the conversion of the chloride to the fluoride
may be a key step in any synthesis of pure, i.e. single
chain, perfluoroalkyl sulfonamides.

3.2. Perfluorooctanesulfonic acid and its metal salts

PFOS salts (for example the potassium, lithium or
ammonium salts) are useful surfactants and are pre-
pared industrially as well as in the laboratory by hydro-
lysis of the fluoride. Although the free acid is
commercially available as a 40% aqueous solution, the
pure acid is not only difficult to obtain but also corro-
sive. Free perfluorooctanesulfonic acid is, therefore, of
little interest as an analytical standard or test compound

FE F F
F
F F
F F F
F F F
F F KOH F
_
F F F
F F F
F F F
F -0 F
P =S
o/s\F 07

O =TT =T

for toxicological studies. Instead, a metal salt is com-
monly employed in the laboratory.

Perfluoroalkanesulfonyl fluorides are only slowly
hydrolyzed by water. For example, perfluorooctanesulfo-
nyl fluoride is minimally hydrolyzed by water at 180 °C,
even after several days (Gramstad and Haszeldine,
1957b). Only partial hydrolysis of difluoromethanesulfo-
nyl fluoride was observed after 4-5 h at 25 °C (Chen and
Wu, 1990); whereas complete conversion of the same
fluoride was achieved in water at room temperature over
several days (Sokol’skii and Knunyants, 1961). The fact
that short-chain sulfonyl fluorides are more readily
hydrolyzed may be due to their higher solubility in water.
In the case of difluoromethanesulfonyl fluoride, the con-
version to the acid increased with increasing temperature
in acetonitrile-water mixtures and complete conversion
could be achieved at 80-100 °C (Chen and Wu, 1990).
The presence of salts such as sodium sulfate and sodium
chloride had little effect on its hydrolysis.

Because of the slow hydrolysis of the fluorides of
long-chain perfluoroalkanesulfonic acids especially, the
approach outlined in Scheme 4 is more suitable for the

F F

F
F
F F
F F
H,SO, F F
—_— - 4H,0
F F
70%

F F
F F
F /S/O

07\
OH

Scheme 4. Preparation of potassium perfluorooctanesulfonic acid and perfluorooctanesulfonic acid tetrahydrate.
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Scheme 5. Hydrolysis of perfluoroalkanesulfonyl fluorides using potassium fluoride in aqueous acetonitrile.

synthesis of free sulfonic acids. Potassium perfluorooc-
tanesulfonate can be synthesized by hydrolysis of the
fluoride with aqueous potassium hydroxide (Gramstad
and Haszeldine, 1957b; Hebert et al., 2002). The potas-
sium salt is only slightly water soluble (2% at 25 °C)
and precipitates from the aqueous solution. Other bases,
such as sodium hydroxide (Zhang et al., 2002), calcium
hydroxide (van Dyke Tiers, 1963) and barium hydroxide
(Burdon et al., 1957; Gramstad and Haszeldine, 1957b;
Ignat’ev et al., 1999) in water, have also been employed
to synthesize salts of perfluoroalkanesulfonic acids.
NaHCOs; in water/acetone is not suitable for the hydro-
lysis of perfluoroalkanesulfonyl fluorides (Shafer et al.,
2000). Similarly, sulfonyl chlorides can be hydrolyzed
in good yields to the corresponding potassium salt using
KOH in ethanol-water at 50 °C (Feiring et al., 1999). In
the second step shown in Scheme 4, the free acid (for
example perfluorooctanesulfonic acid) can be released
from the salt by treatment with concentrated sulfuric
acid (Gramstad and Haszeldine, 1957b; Ignat’ev et al.,
1999). The free acid can then be separated from the sul-
furic acid by careful fractional distillation (Gramstad
and Haszeldine, 1957b). This process is also used indus-
trially to synthesize commercial perfluorinated sulfonic
acid ionomers such as Nafion® (Shafer et al., 2000).
The free acid can also be obtained using hydrochloric
acid; however, in this case it is necessary to favor the
perfluoroalkanesulfonic acid formation by displacing
the equilibrium by NaCl removal from the reaction mix-
ture. This can be achieved by using methanol in which
NaCl is insoluble (Conte et al., 1991).
Perfluoroalkanesulfonates can also be synthesized in
a KF-assisted hydrolysis reaction in acetonitrile as
shown in Scheme 5 (Shafer et al., 2000). Although this
reaction is slow and only two equivalents of water are
used, the potassium sulfonate can be obtained in an
essentially quantitative yield after filtration of unreacted
KF and presumed KHF,. The combination of KF,
water and acetonitrile is necessary for the reaction to
proceed. The sulfonyl fluoride shows no hydrolysis reac-
tion in wet acetonitrile, water, or KF in dry acetonitrile.

RF\ //O

RF\ 7 O NH,
0//S \N H

_—
O//S \X

* NH,"*NH,X —=»>

The KF is thought to activate the sulfonyl fluoride
group to nucleophilic attack while the acetonitrile is nec-
essary to solubilize the fluoride.

Another interesting route to perfluoroalkane-o,w-
disulfonates uses the corresponding o,®-bis(methyl-
thio)perfluoroalkanes as starting materials (Ward,
1965). As shown in Scheme 1 for the perfluorodecane
derivative, the bismethylthio derivatives can be oxidized
in good yields to the corresponding disulfones using 30%
hydrogen peroxide in glacial acetic acid (Ward, 1965).
The disulfones can also be obtained with chromic acid
at 100 °C or by refluxing with fuming (90%) nitric acid.
In a more recent publication, the oxidation of methyl- or
other alkyl thioperfluoroalkanes with HOF in acetoni-
trile was reported (Feiring et al., 1999). Subsequent
treatment of the disulfones with aqueous potassium per-
manganate gives the potassium salts of the correspond-
ing perfluoroalkanedisulfonic acid. The salts can be
converted into the sulfonyl chlorides by treatment with
PCls - 2ZnCl, as described in Section 3.1.2 (van Dyke
Tiers, 1963; Ward, 1965).

3.3. Synthesis of perfluoroalkanesulfonamides

3.3.1. Reaction of perfluoroalkanesulfonyl halides with
ammonia

Perfluorooctanesulfonamide (Table 1) has been de-
tected in the environment (Kannan et al., 2002a,b,d)
and, most recently, in humans (Olsen et al., 2003b,d,
2004). This compound is a potent uncoupler of oxidative
phosphorylation with an ICsy of approximately 1 uM
(Starkov and Wallace, 2002) and inhibits gap junctional
intercellular communication (Hu et al., 2002). Its origin
in the environment is currently unknown, but very likely
it is a dealkylation product of N-alkylated and N,N-dial-
kylated perfluoroalkane sulfonamides (Manning et al.,
1991; Grossman et al., 1992; Tomy et al., 2004).

Perfluoroalkanesulfonamide is typically synthesized
by a reaction of the corresponding perfluoroalkanesulfo-
nyl fluoride or chloride with liquid ammonia. As illus-
trated in Scheme 6, initially a complex ammonium salt

RF\ //O

X=F,(Cl
O//S\N

H,

Scheme 6. Reaction of perfluoroalkane sulfonyl halides with ammonia: Preparation of perfluoroalkane sulfonamides.
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is formed (Roesky et al., 1970; MeuBdoerffer and Nied-
erpriim, 1972; Bussas and Kresze, 1982; Podol’skii et al.,
1990). The desired amide can be isolated by dissolving
this salt in dioxane and exchanging RgSO,NH™ with
Cl™ by passing anhydrous HCI through the solution.
Subsequently, ammonium chloride and fluoride are fil-
tered off to give the sulfonamide in >90% yield
(MeuBdoerffer and Niederpriim, 1972). A more straight-
forward approach utilizes the fact that the respective
fluoride salts are thermally unstable. As a result, the sul-
fonamides can be extracted with (boiling) diethyl ether
(Roesky et al., 1970; Bussas and Kresze, 1982; Podol’skii
et al., 1990). When the counter ion X~ is chloride, how-
ever, the initially-formed complex salt is thermally stable
(Podol’skii et al., 1990) and the isolation of the amide
from the chloride salt is not possible. This fact is note-
worthy because pure perfluoroalkanesulfonamides, i.e.
sulfonamides containing no impurities of lesser homo-
logues, could be synthesized via the sulfinic acid-sulfo-
nyl chloride route outlined in Section 3.1.2. For such a
synthesis it might be advantageous to convert the chlo-
ride into the fluoride before preparing a sulfonamide
derivative (see Section 3.1.3).

3.3.2. Synthesis of perfluoroalkanesulfonamides from
the corresponding sulfonyl fluoride via the azide
Another synthesis of perfluoroalkanesulfonamides
employs the corresponding azides as an intermediate.
This approach may be useful for the synthesis of "N la-
beled sulfonamides. Perfluoroalkanesulfonyl azide can
be conveniently prepared in good yields by the reaction
of the corresponding fluoride or chloride with sodium
azide in methanol or acetonitrile at 0 °C or ambient tem-
perature (Beyer and Thieme, 1966; Volkov et al., 1979;
Kamigata et al., 1985; Zhu, 1992; Xu and Zhu, 1999).
The azides are colorless liquids with a characteristic pun-
gent odor (Zhu, 1992). They are stable at room temper-
ature but decompose at 120 °C. A variety of reactions of
perfluoroalkanesulfonyl azide, e.g. with pyridine and
other unsaturated compounds (Zhu, 1992; Xu and
Zhu, 1999, 2001) or during irradiation (Zhu, 1994), some-
times results in the formation of considerable amounts
of the respective sulfonamide as a byproduct (Zhu,
1992; Xu and Zhu, 1999, 2001), thus suggesting the
use of perfluoroalkanesulfonyl azides as starting materi-
als for sulfonamides. Indeed, in the presence of hydro-
gen donors such as 2- and 4-picoline, the thermal
decomposition of the azide results in the formation of

the respective perfluoroalkanesulfonamide in good yield
as shown in Scheme 7 (Xu and Zhu, 1999). Alterna-
tively, the azides can be converted into the correspond-
ing perfluoroalkanesulfonamides by reduction with
hydrogen sulfide (Volkov et al., 1979) or zinc/ethanol
(Zhu et al., 2001).

3.4. Alkylated perfluoroalkanesulfonamides

Alkylated perfluoroalkanesulfonamides such as N-
alkyl perfluorooctanesulfonamide and N-alkyl perflu-
orooctanesulfonamidoethanol are industrial chemicals
used as active ingredients in pesticides and for the sur-
face treatment of a variety of consumer products (Table
1). They have been found in air samples in Canada
(Martin et al., 2002) and in human serum (Olsen et al.,
2003b,d, 2004). This class of compounds is generally
considered to be one possible precursor for PFOS in
the environment. Synthetic routes to these compounds
are, therefore, of considerable interest.

3.4.1. N-substituted perfluoroalkanesulfonamides

Similar to the sulfonamides, N-functionalized per-
fluoroalkanesulfonamides are typically synthesized by
the reaction of the sulfonyl fluoride or chloride with
the corresponding primary amine in the presence of a
base. This can be accomplished using a broad range of
solvents and reaction conditions—for example in water
or aqueous DMF in the presence of equimolar amounts
of sodium or potassium hydroxide (DeChristopher
et al., 1974; Benefice-Malouet et al., 1986), in an organic
solvent such as THF (Takeuchi et al., 1997), diethyl
ether (Trepka et al.,, 1974; Kas’yan et al., 1997) or
dichloromethane (Cho and Chun, 1999) with an organic
base, or by direct reaction of excess amine with the neat
sulfonyl fluoride (Roesky et al., 1970; Zhu et al., 1994).
Yields are generally good to excellent (70-90%). Similar
to the synthesis of sulfonamides (Section 3.3.1), an
ammonium salt is formed initially during this reaction.
The N-alkyl perfluoroalkane sulfonamide can be sepa-
rated from the salt after acidification with concentrated
hydrochloric or sulfuric acid in good yield (DeChristo-
pher et al., 1974; Zhu et al., 1994). This approach has
also been employed to synthesize sulfonamidoacetates
from the corresponding sulfonyl chloride as shown in
Scheme 8 (Supuran and Scozzafava, 2000). Aqueous
acetone is used as a solvent while a variety of bases such
as NaHCO;, KHCO3;, NaOH or Et3N can be employed

NaNj;, 0°C o
RF\ 7 MeOH or MeCN RF\ // 2- or 4-picoline RF\S//
S > > ~
0// F // N; >21% O// NH,
Rp =-CF;, -CeF3

Scheme 7. Preparation of perfluoroalkane sulfonamides via the azide.
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K,CO;, RF\ //O
ag. acetone //S\
(80-95%) 0 N
Ry = -CF; or -C,Fy H COOH

Scheme 8. Synthesis of perfluoroalkane sulfonamidoacetates from the corresponding sulfonyl chloride and glycine.

F,/C o} H,N OMe
178 7 2 \(
20N +
o a OMe
F,CCOOH, - o
CHCI, 17 8}9//
- V2N
90% o /N—//

H

F,.Cs O

pyridine //\s/< OMe
80% o N
¢ H/ OMe
NaBH,,
EtOH F”Cg\ //O OH

84% O//S\NJ
if

Scheme 9. Synthesis of perfluorooctanesulfonamidoethanol from perfluorooctanesulfonyl fluoride and aminoacetaldehyde dimethyl-

acetal.

as a base. In spite of the fact that this is a heterogeneous
reaction, the yields are >80%.

The reaction of perfluorooctanesulfonyl fluoride with a
primary amine has been employed in the synthesis of per-
fluorooctanesulfonamidoethanol as outlined in Scheme 9
(Xu et al., 2004). Reaction of perfluorooctanesulfonyl
fluoride with aminoacetaldehyde dimethylacetal in anhy-
drous pyridine yields the N-(2,2-dimethoxyethyl)-perfluo-
rooctanesulfonamide. The dimethylacetal is converted
into the respective aldehyde with perfluoroacetic acid in
chloroform. Subsequent reduction with sodium borohy-
dride in ethanol yields the desired perfluorooctanesulfo-
namidoethanol. All three reaction steps yield the desired
product in good-to-excellent yields (80-90%). However,
each product was purified by column chromatography
on silica gel using an ethyl acetate-hexane based mobile
phase, which is tedious and time consuming.

Interestingly, there are discrepancies in the literature
with regard to the reaction of ethanol amine and related
derivatives with perfluoroalkyl sulfonyl fluorides. This
reaction is reported to directly result in the corresponding
perfluorooctanesulfonamidoethanol derivatives (Ohto-
shi, 1989). However, according to Niederprum and
co-workers (Niederpruem et al., 1973), the reaction of
ethanol amine with perfluoroalkanesulfonyl fluorides re-
sults in the formation of several products that cannot be
separated. One possible side reaction is the intermediate
formation of sulfonyl esters (Gramstad and Haszeldine,
1957a). This previous report is in agreement with our
own futile attempts to synthesize sulfonamidoethanols

directly from ethanol amine and perfluorooctanesulfonyl
fluoride.

Only one monoalkylation of unsubstituted perfluoro-
alkane sulfonamides has been reported in the literature
(Niederpruem et al., 1973). The desired sulfonamidoeth-
anol can be obtained by the reaction of a sulfonamide
with one equivalent of ethylene carbonate at elevated
temperatures in the presence of a base, e.g. potassium
hydroxide, pyridine, triethylamine or potassium carbon-
ate. As shown in Scheme 10, the bisalkylation product is
obtained under the same reaction conditions if an excess
of ethylene carbonate is employed. The yield of this
reaction is generally >60%. This reaction is highly suit-
able for the synthesis of environmentally relevant sulfo-
namidoethanols; however, in our laboratory this
reaction did not result in the desired products (Nauduri
and Lehmler, unpublished results).

3.4.2. N-Alkylation of N-substituted
perfluoroalkanesulfonamides

N-Substituted perfluoroalkanesulfonamides can be
further modified by alkylating the N-H group using a
variety of reagents as shown in Scheme 11. This method-
ology has been most frequently employed for the synthe-
sis of perfluoromethanesulfonamides, but can also be
adapted for the synthesis of compounds with a longer
perfluorinated tail.

The N-alkylation of N-substituted perfluoroalkane-
sulfonamide with alkylhalogenides (or benzyl haloge-
nides) can readily be achieved with K,COj; in acetone



1486 H.-J. Lehmler | Chemosphere 58 (2005) 1471-1496

o)
RF\S//O
Ve N 0
0" 'NH, o

R = -CF;, -C4Fy, -CF 3, -CgF

R 0
A, Base F\S//
O// \N
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71-85%
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Scheme 10. Alkylation of perfluoroalkane sulfonamides with (i) one equivalent or (i) excess ethylene carbonate.

O H O R'
R S N/ R'-X, base R g N/
DT I S
T T
(@) (0]

Scheme 11. N-alkylation of N-substituted perfluoroalkane
sulfonamides.

at ambient temperature (Hendrickson et al., 1975; Har-
ris et al., 1993; Ostwald et al., 1994; Dohle et al., 2001).
Reported yields are generally >95%. Alternatively, the
alkylation reaction can be performed in acetonitrile with
triethylamine as a base (Supuran and Scozzafava, 2000).
This approach can be adopted for the synthesis of
hydroxyalkyl and carboxylic acid derivatives of environ-
mental interest. For example, N-benzyl-perfluorome-
thanesulfonamide can be alkylated by chloroalkanols
such as 3-chloropropanol using K,CO; and Nal in
DMF (50 °C, 18 h, 71% yield) (Lutz et al., 1998). Alter-

natively, NaOMe may be useful as a base for this reac-
tion (Lu et al., 1985). This reaction has also been
employed by 3M to manufacture sulfonamidoethanols.

Unsymmetrical disubstituted sulfonamides with a
carboxylic acid function can also be synthesized by
alkylation of N-alkyl perfluoroalkanesulfonamides.
The N-benzyl sulfonamide is converted into the sodium
salt with a strong base such as NaH (Kawase et al.,
1997) or NaOEt (Lyapkalo et al., 2002), respectively.
Alkylation of the sodium salt with ethyl bromoacetate
in DMF proceeds rapidly with yields between 85 and
97%. The carboxylic acid is obtained by saponification
with NaOH in dioxane (e.g., Scheme 12).

Finally, the Mitsunobu reaction is another approach
that has been employed to synthesize unsymmetrical
N,N-dialkylated perfluoroalkanesulfonamides. The Mits-
unobu reaction has the advantage that alcohols instead
of alkyl halogenides can be used as starting materi-
als. For example methyl- (Edwards et al., 1990) and

(0]
I I
F,C—S—N —— FC S—N\
g \-I Na (85-95%)
i /R 8; E’é(l)H, 0°C, 1,4-dioxane ; /R
F,C—8—N F;C—S—N,

MeO

(91-93%)

¥c02H

Scheme 12. Synthesis of N-substituted perfluoroalkane sulfonamideacetates.
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F3C\S P
\
o// NH

EtO,CN=NCO,Et (DEAD), N
Ph;P, THF, ambient temperature

O//S\N/\/\OH

K 29%

\

Scheme 13. Preparation of N-alkyl perfluoroalkane sulfonamidoalkanols using the Mitsunobu reaction.

2-methylpropyl-groups (Bell et al., 1995) have been
introduced in good yields using the Mitsunobu reaction.
Another example for the potential usefulness of the
Mitsunobu reaction is the synthesis of N-Ethyl perflu-
oromethanesulfonamidopropanol outlined in Scheme
13. In this reaction the sulfonamide is obtained in 29%
yield by reacting N-ethyl-perfluoromethanesulfonamide
with a twofold excess of the corresponding diol using
DEAD (diethyl azodicarboxylate) and triphenylphos-
phine in THF (Edwards et al., 1990). The yield of this
reaction may be increased by further optimizing the
reaction conditions or by using different, more reactive
reagents such as N,N,N’,N’-tetramethyl azidodicarb-
oxamide (TMAD) and tributylphoshpine (Bell et al.,
1995). Until now this reaction has only been employed
to synthesize N,N-dialkylated perfluoromethanesulf-
onamides, but it can probably be extended to the synthe-
sis of long-chain N,N-dialkylated sulfonamides and
it may be useful for the synthesis of radiolabeled
sulfonamidoethanols.

3.4.3. Synthesis of N,N-dialkyl
perfluoroalkanesulfonamides

N,N-dialkyl perfluoroalkanesulfonamides (Table 1) can
also be obtained in a single step by reacting a secondary
amine with the respective perfluoroalkanesulfonyl fluoride
(Chen and Qiu, 1986; Huang et al., 1987b; Katritzky et al.,
1988; Lyapkalo et al., 2002; Roesky et al., 1970). Excess
amine usually functions as a base in these reactions; but
in some cases, the amine has been converted into the lith-
ium salt by treatment with BuLi before the reaction with
the fluoride (Lyapkalo et al., 2002). The yields of these
reactions are typically acceptable to excellent.

There are only two direct bisalkylations of perfluoro-
alkanesulfonamides reported in the literature. Perfluoro-
alkanesulfonamides react with excess ethylene carbonate
in the presence of a base to yield the bis(hydroxy-
ethyl)sulfonamides (>61% yield) as shown in Scheme
10 (Niederpruem et al., 1973). The bismethylated sulfon-
amides were also obtained by alkylation of a sulfon-
amide with methyl iodide in DMF in the presence of
KOH and CS, (Li et al., 1994). Instead of the desired
carbodithioimidates, the N,N-dimethylamide was iso-
lated in 76% yield. This is a interesting reaction because
of earlier reports that the monoalkylation of perflu-
oroalkyl sulfonamides does not proceed cleanly (Hend-
rickson et al., 1975).

3.5. Purification of perfluoroalkanesulfonic acid salts
and perfluoroalkanesulfonamides

As discussed in Section 3.1.1, technical perflu-
orooctanesulfonyl fluoride can be considered as a com-
plex mixture of different sulfonyl fluorides. This is the
result of its production, the electrochemical fluorination
process. Products derived from perfluorooctanesulfonyl
fluoride are therefore also complex mixtures as shown
in Table 2. This applies to industrial products as well
as to compounds synthesized in the laboratory; how-
ever, for toxicological and analytical studies, it is impor-
tant to have access to pure (i.e., free of linear and
branched homologues) samples of perfluorooctanesulf-
onic acid and its derivatives. It is, therefore, surprising
that only a few attempts have been made to purify prod-
ucts obtained from technical grade perfluorooctane-
sulfonyl fluoride.

We have recently synthesized potassium perfluorooc-
tane sulfonate and explored several methods to purify
this salt. Column chromatography on silica gel did not
improve the purity, whereas, treatment with charcoal
or heating under vacuum significantly improved the pur-
ity of the product (Nauduri and Lehmler, unpublished
results). Alternatively, the potassium salt can be purified
by several recrystallizations from hot water (Hebert
et al., 2002). This will remove most sulfonic acid salts
with a shorter chain length due to their higher water sol-
ubility. Overall, recrystallization appears to be a highly
suitable and straightforward approach to purify PFOS
derivatives.

Another approach has been reported for a pipera-
zine derivative of perfluorooctanesulfonic acid which
was purified by chromatography at high loading on
basic alumina followed by recrystallization from hex-
ane (Katritzky et al., 1988). Although this clean-up
resulted in a material that was homogenous in terms
of its physical properties (i.e., melting point and
chromatographic behavior), still 10% of branched
homologues were present. Column chromatography
on silica gel has also been successfully employed to
purify perfluorooctanesulfonamidoethanol and its pre-
cursors (Xu et al., 2004). Columns of PFOS derivatives
can be conveniently monitored either by gas chroma-
tography or thin layer chromatography using chloro-
platinic acid as a chromatographic spray reagent
(Wong, 1971).
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Rongalite,
NaHCO;4
-90°C H,SO,
F;C(CF,)),X — > F;C(CF,), ,CO,Na — > F;C(CF,), ,COH
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X=Br1

Scheme 14. Synthesis of perfluoroalkanoic acids from perfluoroalkyl iodides using Rongalite-NaHCOj; as an oxidizing agent.

1) MeLi
2) 14co,
3) H,S0,

aq. KOH

FiC(CFy)l —————> F,C(CE,)("CO,H ———— F;C(CF,)s'*COK

26%

Scheme 15. Synthesis of perfluorooctanoic-1-"*C acid from perfluoroheptyl iodide and *CO.,.

4. Synthesis of perfluorinated carboxylic acids and
their metal salts

4.1. Synthesis of perfluorinated carboxylic acids by
electrochemical fluorination

Perfluorooctanoic acid (Fig. 1) and related carboxylic
acids can be synthesized by electrochemical fluorination
of the corresponding carboxylic acid (Kissa, 2001); how-
ever, the yield of this reaction is only 10-20%. Slightly
higher yields can be obtained by fluorination of the cor-
responding anhydrides. For example, acetic acid and
acetic acid anhydride form perfluoroacetyl fluoride in a
17% and 32% yield, respectively. One major disadvan-
tage of this approach is the formation of water which
may form explosive oxygen difluoride. In addition, the
electrochemical fluorination of acids with >6 carbon
atoms results in the formation of cyclic perfluoroethers
and other byproducts. This process was, therefore, not
useful for the industrial synthesis of PFCAs.

Better yields can be obtained when carboxylic acid
chlorides or fluorides are fluorinated instead of the free
acid (Kissa, 2001). For example, the fluorination of ace-
tyl fluoride yields 76% of perfluoroacetyl fluoride follow-
ing the general reaction scheme:

C,H,,;,COF + (2n + 1)F~ £ C,F,,,,COF
+(@2n+1H" + (4n+2)e”

The yield of the fluorination decreases with increas-
ing chain length of the starting material. The yield is also
lower when the readily-available acid chlorides, and not
the fluorides, are employed as starting materials. The
perfluoroalkanoic acid fluorides are useful starting mate-
rials for the synthesis of esters, amides, or other interme-
diates for surfactants. Hydrolysis of the acid fluorides
results in either the free carboxylic acids or the respective
metal, e.g. potassium and ammonium, salts. Due to the
environmental concerns outlined in Section 1.2 the 3M

Corporation discontinued manufacturing of PFOA
using electrochemical fluorination between the years of
2000 and 2002.

4.2. Miscellaneous syntheses of perfluorinated
carboxylic acids

Several laboratory syntheses of perfluoroalkanoic
acids have been reported. These include photooxidation
of the corresponding sulfinyl derivatives (Hu et al.,
1989) and reaction of perfluoroalkyl iodides with alkynes
in the presence of urease or catalase (Kitazume and
Ikeya, 1988). Perfluoroalkanoic acids can also be synthe-
sized from perfluoroalkyl iodides using strong oxidizing
agents such as chlorosulfonic acid (Hauptschein and
Braid, 1961a), fluorosulfonic acid (Hauptschein and
Braid, 1961b) or a halogen fluorosulfate (Shack and Chr-
iste, 1980). Good-to-excellent yields of perfluoroalkanoic
acids with 3-12 carbon atoms can be obtained by the oxi-
dation of primary perfluoroalkyl bromides or iodides
with a Rongalite (HO-CH,-SO,Na)-NaHCO; reagent
in aqueous dipolar aprotic solvents such as DMSO and
DMF (Huang et al., 1987a). The general reaction scheme
for this synthesis is shown in Scheme 14. Perfluoroalka-
noic acids can also be synthesized by extension of perflu-
oroalkyl iodides by one carbon atom. As shown in
Scheme 15, perfluorooctanoic-1-1*C acid was synthesized
by lithiation of perfluoroheptyl iodide at —100 °C fol-
lowed by carbonation with '*CO, (Reich et al., 1987).
The resulting acid was converted into the corresponding
potassium salt by heating under reflux in aqueous KOH.

5. Synthesis of fluorotelomers
5.1. Telomerization of tetrafluoroethylene

Typical precursors of perfluorinated materials can
not only be synthesized by electrochemical fluorination
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(see Sections 3.1.1 and 4.1), but also by radical telo-
merization of fluoroalkenes such as vinylidene fluoride,
tetrafluoroethylene, chlorotrifluoroethylene, trifluoro-
ethylene and hexafluoropropene (Ameduri and Boute-
vin, 1997; Kissa, 2001). Telomerization is defined as a
radical process by which a telogen such as perfluoroethyl
iodide reacts with one or more unsaturated molecules
called taxogens, for example tetrafluoroethylene. A sim-
plified commercial telomerization process is outlined in
Fig. 3. The first step is the synthesis of the telogen, per-
fluoroethyl iodide, by reacting tetrafluoroethylene with
IFs and I, (Kissa, 2001). Telomerization of tetrafluoro-
ethylene with perfluoroethyl iodide results in a mix-
ture of even-carbon-numbered telomers of the general
structure F(CF,CF,),+11. The chemistry of the resulting
perfluoroalkyl iodides is limited and further functional-
ization to intermediates useful for the synthesis of sur-
factants (for example alcohols or amines) is not
possible. The perfluoroalkyl iodides are, therefore, re-
acted in a radical coupling with ethylene resulting in
1H,1H,2H,2H-perfluoroalkyl iodides of the general
formula F(CF,CF,),.+;CH,CH,I. These iodides are con-
verted into olefins, fluorinated carboxylic acids, fluoro-
telomer alcohols (FTOHs), and other fluorinated
intermediates.

It is important to note that industrial telomerization
typically results in intermediates with an even number of
carbon atoms. For example, odd-numbered perflu-
oroalkyl iodides are not readily available from commer-
cial sources. It is possible to prepare odd-numbered
perfluoroalkyl iodides using the photochemical reaction
of perfluoromethyl iodide with tetrafluoroethylene (Has-
zeldine, 1953). Overall, these telomerization reactions
cannot easily be performed in the laboratory because
of the volatility of the starting materials/products and
because the resulting mixture of perfluoroalkyl iodides
is difficult to separate.

5.2. Laboratory synthesis of environmentally relevant
FTOHs and related compounds

As summarized in Fig. 2, fluorotelomer alcohols such
as 1H,1H,2H,2H-perfluorodecanol are biodegraded via
a 1H,2H,2H-perfluoroalkanal to the corresponding
2H,2H-perfluoroalkanoic acid. Another metabolite is a
o,B-unsaturated carboxylic acid of the general structure
RECF=CHCOOH. This section gives a short overview
of the laboratory synthesis of these metabolites and their
homologues.

All FOTHs are available in good purity from com-
mercial sources and only a few synthetic routes to these
alcohols have been reported in the literature. Typically
an intermediate of the production scheme shown in
Fig. 3 is used as starting material for the laboratory syn-
thesis of FTOHs. For example, 1H,1H,2H,2H-perflu-
oroalkyl iodides can be converted into the alcohols

CrO,/H,S0, 0
Et,0, Me,CO

RCF, RyCF \/U\
V\OH - S Rglh ol

95-98%

R)\/U\OH

85-98% F

NaOH (aq.), THF

Rp = -C,Fy,,; with n=3,5,7,9

Scheme 16. Synthesis of 2H,2H-perfluoroalkyl carboxylic acids
via oxidation of a FTOH using Jones’ reagent.

using metallic zinc—copper couple in butyl phosphate
followed by oxidation of the resulting organo-zinc com-
pound (Blancou et al., 1983). Other approaches utilize
the hydroboration of 1H,1H,2H-perfluoro-1-alkenes
(Brown et al., 1999; Ramachandran et al., 1999; Rama-
chandran and Jennings, 2002).

1H,2H,2H-Perfluoroalkanals, initially formed during
the biodegradation of FTOHs, can be synthesized by
oxidation of commercially available alcohols using the
Dess-Martin periodinane (Leveque et al., 1998; Rocaboy
et al., 2000). Oxidation of fluorinated alcohols using
pyridinium chlorochromate and DMSO/(COCI), is less
straightforward because of the formation of an o,f-
unsaturated aldehyde as a byproduct (Leveque et al.,
1998). The corresponding 2H,2H-perfluoroalkyl carbox-
ylic acids can be synthesized from the corresponding
alcohols using Jones’ reagent as shown in Scheme 16
(Achilefu et al., 1995). The acid can be readily converted
into the o,B-unsaturated acid, e.g. 2H-perfluoro-2-dece-
noic acid (see Fig. 2 for the structure), with aqueous
NaOH in THF (Dinglasan et al., 2004).

1H,2H,2H-perfluoroalkanals and 2H,2H-perfluoro-
alkanoic acids can be synthesized using perfluoroalkyl
iodides as starting materials (Huang et al., 1990; Laurent
et al., 1992; Napoli et al., 1994). This approach employs
the well-established radical addition of the perflu-
oroalkyl iodides to an appropriately functionalized vinyl
compound (Brace, 1962, 1972, 1982). In the example
shown in Scheme 17 perfluorohexyl iodide is added to
vinyl acetate. The resulting adduct is hydrolyzed to the
aldehyde and oxidized with KMnOj, to the desired acid.

Depending on the reaction conditions, 2H,2H-perfluo-
roalkyl carboxylic acids and their o,B-unsaturated ana-
logues can be synthesized from perfluoroalkylated
B-bromoacetates (Jedidi Yaich et al., 2002). Conversion
of the respective B-bromoacetates into the bromozinc
derivatives followed by hydrolysis yields 2H,2H-perflu-
oroalkanoic acids in 68-78%. The a,B-unsaturated acids
are obtained in a 68-72% yield by the heating of the
bromozinc derivatives at 110 °C.
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Scheme 17. Synthesis of 2H,2H-perfluoroalkyl carboxylic acids from perfluoroalkyl iodides.

6. Conclusions

The chemistry of industrial-grade PFOS derivatives,
PFCAs and FTOHs can be considered to be well devel-
oped. This may seem to be a surprising statement but it
applies only to the manufacturing of these compounds
on an industrial scale. As a result of their industrial
importance, their synthesis is proprietary information
and has never been published. The literature describing
their synthesis on a laboratory scale, however, is very
limited, and in some cases, the synthetic procedures re-
ported in the literature appear to be conflicting. The syn-
thesis of PFOS derivatives, in particular, is a challenge
for the synthetic chemist. Since they are highly impure
materials of industrial origin, perfluoroalkanesulfonyl
fluorides are only of limited usefulness as starting mate-
rials for the PFOS derivatives needed as test compounds
and analytical standards. One possible approach out-
lined in Section 3.1.2 is the synthesis of perflu-
oroalkanesulfonyl fluorides from the corresponding
perfluoroalkyl iodides via the sulfinic acids and the chlo-
ride. Although this approach has not been employed for
the synthesis of PFOS and its derivatives, it has been uti-
lized for the synthesis of related compounds. In addi-
tion, the starting materials are highly pure (i.e. do not
contain (branched) impurities). The synthesis of short
chain analogs (i.e., perfluoromethane) of perfluoroal-
kanesulfonamides is well established in the literature
and could be utilized to synthesize a variety of sulfona-
mides of interest such as radiolabeled compounds for
metabolism and other studies (Sections 3.3 and 3.5);
however, the properties of perfluorinated compounds
change drastically with increasing length of the perflu-
oroalkyl chain and generalizations of the synthetic ap-
proaches outlined in this article should be avoided.
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