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ABSTRACT: Perfluoroketene dithioacetals are sim-
ple and versatile compounds that can be transformed
into a large variety of trifluoromethyl derivatives, in
particular aza- and thiaheterocycles, perhalodithiocro-
tonic esters, and fluorinated dithiol thiones. These
unsaturated perfluorodithioesters and analogs give in-
teresting polar cycloaddition reactions whose mech-
anism is strongly influenced by the fluorine substi-
tution. This substitution plays an important role in
the reactivity of saturated perfluorodithiocarboxylic
acids as well. Except for the carbophilic addition of
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allyl Grignard reagents to perfluorocarboxamides, a
domino thiophilic addition-fluoride elimination was
the main reaction process. Interestingly, a three-step
domino reaction occurs when pentafluorodithioesters
are treated with allyl Grignard reagents, the third
step being an effective σ[3,3] rearrangement, so that
the overall reaction is a formal substitution of an
allyl group for the α-fluorine atom. 2,2-Bis(allyl)-
3,3,3-trifluorodithiopropanoates were prepared by per-
forming this domino reaction twice, in a possi-
ble one-pot procedure. C© 2007 Wiley Periodicals, Inc.
Heteroatom Chem 18:500–508, 2007; Published online
in Wiley InterScience (www.interscience.wiley.com). DOI
10.1002/hc.20346

INTRODUCTION

Heteroelements play an important role in the field
of organic chemistry. They can be used either to
bring specific properties to a target molecule or
as tools to perform reactions leading to the target
molecule. While the chemistry and reactivity of each
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heteroelement is usually considered as a subdisci-
pline, combining the specific properties of different
heteroelements can open a different field of inves-
tigation. This article presents a mixed organosulfur
and organofluorine chemistry.

The specific properties of the fluorine atom ex-
plain the tremendous development of organofluo-
rine compounds in various important fields such
as polymers and materials, refrigerants, surfactants
and liquid crystals, anesthetics, fluorous chemistry,
agrochemicals, and pharmaceuticals [1]. Owing to
its small size, its high electronegativity, and its ability
to strongly bond with carbon, the introduction of flu-
orine atoms does not significantly affects the steric
environment, but can highly modify the physico-
chemical and biological properties of the fluorinated
molecules. The growing application of fluorinated
bioactive compounds has favored the progress of
organofluorine chemistry, but there is still a need for
both increased knowledge in reaction mechanism
and innovative methodologies for the synthesis of
elaborated building blocks.

Several synthetically useful tools have been de-
veloped on the basis of organosulfur intermediates
[2]. Indeed, sulfur can exist in various oxidation
states, and its high polarizability induces unique fea-
tures such as the stabilization of both positive and
negative charges and polarity inversion (umpolung)
reactivity [3].

THE CHEMISTRY OF PERFLUOROKETENE
DITHIOACETALS

Perfluoroketene dithioacetals are highly versatile
synthetic tools because they have both the interest-
ing properties of their non-fluorinated analogs and
others brought by the fluorine atoms. The potential
reactivity of these building blocks is summarized in
Scheme 1. Very few articles have been devoted to
these types of compounds. Only the first member
of the series have been reported [4], and we do not
consider these difluoromethylene two-carbon com-
pounds in this article. Only one attempt was made

SCHEME 1

SCHEME 2

to prepare the higher three-carbon homolog, but no
derived chemistry was reported, probably due to
the low preparative value of the reaction (perfluo-
roalkene as the starting material and a poor (40%)
yield) [5].

Preparation

The main route for synthons 2 consists of the thioac-
etalization of perfluoroaldehydes followed by HF
elimination (Scheme 2). Both the hydrated and the
hemiketal forms of the aldehyde may be used. Ini-
tially described for higher homologs (RF = H(CF2)4),
using concentrated sulfuric acid and potassium hy-
droxide, respectively, for the two steps [6], we ob-
served that titanium tetrachloride was the reagent
of choice for performing the thioacetalization. In-
deed, its reaction with the water or alcohol content
releases hydrogen chloride, which itself is a good
catalyst. The second step is performed under mild
conditions using phase-transfer catalysts [7]. This
methodology is well adapted for the first members of
the series owing to the commercial availability of the
perfluoroaldehydes, and remains a general and con-
venient method since the aldehydes can be prepared
by lithium aluminum hydride reduction of perfluo-
rocarboxylic esters [8].

In a different approach, perfluorodithiocar-
boxylic esters were converted into the corresponding
ketene dithioacetals 2 by the thiophilic addition of an
organometallic reagent, followed by the elimination
of fluoride [9] (Scheme 3). Both lithium and mag-
nesium reagents can be used. With an organomag-
nesium reagent, the distillation must be carried out
after careful elimination of magnesium salts to avoid

SCHEME 3
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SCHEME 4

further reaction (vide infra). The chemoselectivity of
this nucleophilic attack is obviously favored by the
electron-withdrawing effect of fluorine and the sub-
sequent β-fluoride elimination. The prior prepara-
tion of the perfluorodithioesters is needed in this
approach [10].

Synthetic Applications

Perfluoroketene dithioacetals 2 behave as masked
carboxylic acid derivatives. Indeed, acid hydrolysis
leads to the corresponding 2-hydrothiol ester, which
can be transesterified into an ester [7] (Scheme 4).
α-Hydroperfluoroacid derivatives have previously
been prepared by reactions of base with perfluo-
roalkenes [11].

2-Hydroperfluorobutanoates derived from 2b
are synthetic equivalents of both perfluorocrotonic
acid derivatives and 2-hydro-3-oxo-perfluoroesters
[12]. These compounds are valuable precursors
for the corresponding enamino- or imino esters
[13], as well as for polyfluorinated heterocycles
such as pyrazole [14], oxazo- or imidazolidines,
and diazepinones [15] (Scheme 5). The electron-
withdrawing effect of the trifluoromethyl group fa-
vors an intramolecular Michael attack. It stabilizes
the hydrated form of the pyrazolidinones as well.

The umpolung character of synthons 2 is an im-
portant feature that diversifies their reactivity. This
is particularly interesting here due to the presence of
a vinyl fluorine atom. Indeed, prior to any hydrolysis

SCHEME 5

SCHEME 6

(normal reactivity, vide supra), it is easy to convert 2
into a masked α-perfluoroalkyl acid derivative by a
nucleophilic addition-elimination process. This fluo-
ride substitution may be carried out with simple het-
eroatoms or carbon-centered nucleophiles [16], but
is much more interesting with functionalized ones
such as ketone enolates. In this way, a variety of γ-
keto derivatives 3 were prepared, thus opening the
field of trifluoromethyl heterocycles (Scheme 6). Ex-
cept γ-lactones [17], which result from a carbonyl
reduction or an alkylation-hydrolysis sequence, hy-
drolysis of 3 to give the corresponding γ-keto-α-
perfluoroalkyl thiol esters 4 is generally the first step
toward nitrogen heterocycles [18–20] (Scheme 6).

Similarly, 2b reacts with enolates to give 3b,
which is converted into 4b by acid hydrolysis. When
reacted with amines, this thiolester easily loses HF
to give a new highly functionalized intermediate 5,
which, in turn, can react with amines via a basic
or a nucleophilic pathway as depicted in Scheme 7.

SCHEME 7
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SCHEME 8

The subsequent cyclocondensation leads to a
2-trifluoromethyl pyrrole or 2-trifluoromethyl furan
[21–23].

The reaction of 2 with an ester enolate is
more problematic because the potassium or lithium
enolate of ethyl acetate is either unreactive or
decomposes to give a product where the vinylic flu-
orine is displaced by the ethoxide anion. Two dif-
ferent routes have been found to give access to
α-perfluoroalkyl-1,4-dicarboxylic acid derivatives or
synthetic equivalents. The first one consists of a
chain reaction using ethyl(2-trimethylsilyl)acetate as
a stabilized acetate enolate source. The reaction is
initiated by a small quantity (5%) of tetramethyl am-
monium fluoride. The driving chain-transfer step of
this high yielding reaction results in the formation
of the strong Si F bond [24] (Scheme 8). The ketene
dithioacetal moiety of the ester 5 is hydrolyzed under
standard acidic conditions to give the diester 6. The
ester function of 5 may be selectively hydrolyzed,
and the resulting acid 7 is transformed into the mo-
noesterified succinic acid derivative 8 (Scheme 9).

While the lithium enolate function of ethyl ac-
etate failed to react with 2, a direct access to acid
7 and 3-substituted 2-trifluoromethyl succinic acid
derivatives 9 was achieved using lithium enediolates
as nucleophiles [24,25] (Scheme 10). Although sim-
ple work-up procedures using pH-controlled extrac-
tions were generally used [26], specific conditions
had to be maintained to overcome the solubility
problem inherent with these fluorinated species [25].

Compound 6b (RF = C2F5) is easily dehydrofluo-
rinated to give a Michael acceptor, which can react in
situ. This intermediate possesses four electrophilic
centers. It is noteworthy that only three of these
centers are reactive toward substituted hydrazines

SCHEME 9

SCHEME 10

SCHEME 11

and amidines, allowing them to be converted into
the corresponding 2-trifluoromethylated heterocy-
cles (C. Brulé, J.-P. Bouillon, C. Portella, 2004 un-
published results) (Scheme 11). Compound 8 reacts
with primary amines to give 2-trifluoromethyl suc-
cinimides [24] (Scheme 12).

SCHEME 12
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SCHEME 13

THE CHEMISTRY OF α,β-UNSATURATED
PERFLUORODITHIOESTERS AND THEIR
ANALOGS

Perhalodithiocrotonic Esters

As previously mentioned, the thiophilic alkylation
of perfluorodithiocarboxylic esters provided the op-
portunity for a subsequent transformation of 2b
while heating in the presence of magnesium salts
[27]. This reaction was optimized to eventually pro-
vide the new perhalo unsaturated dithioester 10 [28]
(Scheme 13). Compound 10 results from the nucle-
ophilic attack of a bromide on the ethyl group, giv-
ing a magnesium perfluorodithioester enolate that
easily loses the β-fluorine. A subsequent addition-
elimination sequence results in the substitution of
the vinyl fluorine by bromine [28]. This unsaturated
dithioester has proven to be an interesting building
block for the synthesis of trifluoromethyl thiahete-
rocycles.

5-Trifluoromethyl-1,2-dithiole-3-thione. A small
quantity of 4-fluoro-5-trifluoromethyl-1,2-dithiol-3-
thione 11 was produced under excessive heat-
ing, and it was assumed that molecular sulfur re-
sulting from thermal decomposition could favor
this reaction. This dithiolethione is indeed pro-
duced quantitatively when the dithiocrotonic es-
ter is heated at 210◦C with molecular sulfur. The
conditions were optimized to achieve a high yield-
ing synthesis of the 4-fluoro-5-trifluoromethyl-1,2-
dithiole-3-thione 11 in a one-pot process from the
corresponding perfluoroketene dithioacetal 2b [29]
(Scheme 14). Compound 11 behaves as an effective
dienophile due to the presence of a C S bond, as
reported earlier for perfluorodithioesters [29].

1,3-Dipolar Cycloaddition of Dithiocarboxylic
Derivatives With Dimethylacetylene Dicarboxylate.
As in the non-fluorinated series, 1,2-dithiol-3-thione
11 reacts with dimethylacetylene dicarboxylate

SCHEME 14

(DMAD) in a 1,3-dipolar addition to give the 1:1
adduct 12, which, in turn, reacts as an heterodiene
with DMAD to give the 1:2 adduct 13 (Scheme 15).
In contrast to the non-fluorinated series, where this
transformation occurs via a thermal process, the sec-
ond [4 + 2] cycloaddition occurred only in the pres-
ence of light and oxygen. A chain process initiated by
a photoinduced single electron transfer to molecular
oxygen was proposed to explain these observations
[30] (Scheme 16). Such a mechanism seems rele-
vant since the reaction can be induced by electro-
chemical oxidation in a dark and inert atmosphere
(M. Medebielle, V. M. Timoshenko, J.-P. Bouillon, C.
Portella, 2005 unpublished results). The 1:2 adduct
reacts with water by simple filtration over silica gel,
leading to the trithianaphtalene-type compound 14
via two successive addition-elimination sequences

SCHEME 15
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SCHEME 16

(Scheme 15). The detailed study of the reaction con-
ditions gave access to an effective direct synthesis of
either 12 or 13 from the dithiolethione 11.

Similarly, the perhalodithiocrotonate 10 reacts
with DMAD in a 1,3-dipolar cycloaddition, but the
perhalo character of the substrate induces an unex-
pected pathway leading to the interesting vinyl ana-
log of tetrathiafulvalene (TTF) 15 (Scheme 17). This
compound results from a multi-step process involv-
ing the condensation of a primary adduct with the

SCHEME 17

SCHEME 18

substrate 10 and a subsequent cycloaddition with
DMAD [31] (Scheme 18). The TTF derivative 15
is quantitatively converted into the bis(spiro) com-
pound 16, which under stronger heating may be
transformed into the benzodithiine 17 (Scheme 18).
The latter may be directly prepared from the crotonic
acid derivative 10.

CHEMISTRY OF SATURATED
PERFLUORODITHIOCARBOXYLIC ACID
DERIVATIVES

The reactivity of dithiocarboxylic acid derivatives
with nucleophiles is dominated by the duality of
the thiophilic versus carbophilic attack on the thio-
carbonyl group. Non-fluorinated thioamides react
with organometallic reagents exclusively at carbon
[32], except for the possible deprotonation of eno-
lizable substrates [32d,33]. In the non-fluorinated
series, the reaction of dithioesters with various nu-
cleophiles has been extensively studied [2,34]. Be-
cause of the peculiar properties of the thiocarbonyl
function, aliphatic Grignard reagents add selectively
at sulfur [35], while allylic and vinylic Grignard
reagents react exclusively at carbon [36]. In contrast,
allylsilane adds to sulfur [37]. This apparent discrep-
ancy in nucleophilic allylation can be explained by
a metalloene-type mechanism in the case of allyl-
magnesium addition. We were interested in studying
the reactivity of fluorinated analogs, and expected
that the fluorine substitution would have a strong

Heteroatom Chemistry DOI 10.1002/hc
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SCHEME 19

influence on the chemoselectivity of their reactions
with nucleophiles. In addition, we anticipated that a
thiophilic allylation combined with fluoride elimina-
tion would give a potential substrate for sigmatropic
rearrangement.

N,N-Dialkyl Perfluorocarboxylic Thioamides

The reaction of alkyllithium reagents with N,N-
dialkyl perfluorocarboxylic thioamides 18 proceeds
exclusively at sulfur, followed by the β-elimination
of a fluoride to give the corresponding N,S-ketene
acetals 19, which are isolated in high yields [38]
(Scheme 19).

Surprisingly, 18 proved to be inert when
subjected to saturated organomagnesium reagents
but reacted quantitatively with allyl Grignard
reagents. As in the non-fluorinated series, due to
both sulfur magnesium coordination and a six-
membered cyclic transition state, the reaction pro-
ceeds via a carbophilic attack. However, due to the
presence of an electron-withdrawing perfluoroalkyl
group, which stabilized the tetrahedral adduct, the
corresponding N,S-acetals of type 20 were easily
trapped with methyl iodide [38] (Scheme 20). The
latter is converted into the corresponding dienamine
via oxidation to sulfoxide, with subsequent elimina-
tion of sulfenic acid. In the absence of any trapping
agent, the tetrahedral intermediate is formed via dif-
ferent pathways, which are under investigation.

SCHEME 20

SCHEME 21

Pentafluorodithioesters: A New 3-Step Domino
Reaction

As observed previously in the fluorinated series, al-
lyl magnesium bromide reacts with sulfur to give the
corresponding ketene dithioacetals 2 [9] (vide supra)
owing to the presence of an electron-withdrawing
group adjacent to the thiocarbonyl function. The
same reactivity was observed for unsaturated phenyl
and vinyl Grignard reagents [39]. Interestingly, while
the allylic Grignard reagent reacted with the fluori-
nated dithioester 21 via a thiophilic addition, the ex-
pected ketene dithioacetal could not be isolated and
underwent an in situ [3,3]-sigmatropic rearrange-
ment [40] (Scheme 21). The absence of any inter-
mediate ketene dithioacetal in the crude mixture
is a significant proof of a non-reversible rearrange-
ment, in comparison with what was observed in the
non-fluorinated series [41]. As illustrated in Scheme
21, the mono(unsaturated) fluorinated dithioester
22 could also be reached by the reaction of alkyl
magnesium halides with the S-allylic fluorinated
dithioester 23 via the same three-step domino pro-
cess: that is, thiophilic addition of the organomag-
nesium reagent, β-elimination of fluoride, followed
by a [3,3]-sigmatropic rearrangement.

The last step of the domino reaction releases a
dithioester moiety, thus a second domino reaction
could also be performed. Despite the rapid formation
of the intermediate S-allyl ketene dithioacetal, the re-
arrangement was found to be slower due to the bulky
trifluoromethyl and allyl groups on the vinylic car-
bon and was accelerated by heating the reaction mix-
ture [40]. Both symmetrical (All′ All) and unsym-
metrical bis(unsaturated) compounds 24 were pre-
pared via this approach. Furthermore, dithioesters

Heteroatom Chemistry DOI 10.1002/hc
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SCHEME 22

24 could be prepared in similar yields following
a “one-pot” procedure starting directly from the
pentafluorodithoesters such as 21 or 23 by the se-
quential addition of a suitable Grignard reagent [40]
(Scheme 22).

CONCLUSION

The association of two very different heteroatoms,
hard fluorine and soft sulfur, has led to a highly di-
versified mixed chemistry based on ketene dithioac-
etals and dithiocarboxylic intermediates. The pres-
ence of fluorine atoms confers interesting properties
that lead to peculiar reactions and mechanisms, and
eventually to the preparation of a wide variety of
multifunctionalized organofluorine compounds.
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