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FOREWORD

When Herbert W. Roesky asked if I might write a foreword for his book, I accepted
instantly, without even glancing at the list of authors or topics! The reason is very
simple and it goes back many years.

Herbert W. Roesky and I have only met in person on a few occasions, yet I feel
I know him well, mainly because I read his early papers in the Chemistry Library at
Stanford where I was a graduate student in the 1960s. In hindsight, I realize we both
like the idea of mixing up simple, readily available chemicals from all around the
periodic table and seeing what happens. There are vast terrae incognitae of descriptive
chemistry throughout “the table” still waiting to be entered that could provide access
to materials and functions not yet imagined.

Berzelius was the first to make the distinction between organic and inorganic
compounds, and to strictly entail their origins as animate and inanimate, respectively.
The first shock for believers in the vis vitalis origin was delivered by Berzelius’s own
student, Friedrich Wöhler, who, in an 1828 issue of Annalen der Physik und Chemie
disclosed the synthesis of “organic” urea by simple union of two “inorganics”: water
and isocyanate. Organic chemists since Wöhler rationally know that natural products
contain no ‘magic’ force or aura. Nevertheless, the synthesis of natural products has
long been and remains a central research endeavor in organic chemistry. In retrospect,
this bias was very likely ordained by the field’s “birth” under vitalism.

Every chemist needs to know physical chemistry, just as every natural scientist
needs to know the basic laws of physics, above all thermodynamics. But, beyond that,
I prefer to just be a chemist. The idea of there being organic and inorganic chemists
is bad enough, but today there are now so many qualifiers before chemist I suggest
we need to start over. The only subtype of chemist I am not ashamed of being is
a “reactivity” chemist or a ‘process’ chemist, which are nearly the same thing and
which I will define as a real chemist for the moment. A real chemist should have a
quick, hence intuitive sense, of the most likely chemical reactions occurring when
any element, or simple compound thereof, is combined with others from around
The Table.

In my view, process/reactivity chemists are a breed apart, and, in fact, are the
only real chemists. Fluorine chemists, for example, are by definition good process
chemists or they could not survive, literally! Many years of experience, together with
deep and catholic knowledge of chemical reactivity principles, is the important coin
in this realm. The specific backgrounds of process chemists matter little, but they are
united by an intense focus on issues affecting chemical reactivity and have a sixth
sense for the critical points in the overall sequence. The best of this breed take great

xi



xii FOREWORD

pride in anticipating serious obstacles and avoiding them altogether. Of course, even
the most carefully considered routes hit unknowable barriers in the real world. For
a gifted process chemist, such unexpected encounters elicit excitement, not anxiety.
I personally like the cases where the fix involves the realization that one or more of
the fundamental reaction parameters is the culprit.

For example, it is not uncommon for the pH to take a damaging excursion when a
process aims for production scales. On a small lab scale, with everything being added
quickly the pH problem is barely noticeable. However at scale, where one of the
crucial reactants must be added slowly for safety reasons, there will be predictable
circumstances in which the pH will transit a wide range over the course of the addition
stage. This problem is easily solved by having the right buffer system present. This
may sound like trivial “reaction doctoring” but, when it works perfectly as planned,
it makes my day. Reactions that proceed smoothly—as if gliding along the desired
path—can leave the chemist in charge with the whimsical sense of wielding power
over the molecules, which of course is just plain absurd!

The contributors to this volume are all “reactivity hounds,” hence real chemists
by definition. The level of experimental detail here is extraordinary and thus fully
enabling for those less experienced in dealing with highly reactive species. Nearly
all the famous names in fluorine chemistry were included by the editor. I imagine he
is hard to turn down in any case, but his plan was also compelling: reach out to all
chemists with favorite recipes and transformations from the best in the field.

When I am with fellow process chemists or following their recipes, I love to
glean the “hints” for success that inevitably pop up. These “hints” are precious gems
that need years in the trenches to reach crystalline perfection. I can see this book
serving researchers and students for years to come in the many fields dependent on
new compounds possessed of new or better properties. Fluorine is already famous
as a giver of unique, even unimagined, properties. The practical value of fluorine
substitution in molecules can only continue to grow. Fluorine is abundant in the
Earth’s crust as gem quality crystalline forms of CaF2, so its uses in the future are
limited only by existing reactivity constraints on crucial reaction paths.

Chemists’ power/value to society derives almost entirely from our ability to ma-
nipulate reactivity. Some reactions are easily manipulated; at the other extreme are
reactions that we may never succeed in manipulating. Fluorine chemistry is an area
rich in reactivity constraints but also in compounds with valuable properties, and is
thus a fertile hunting ground for chemists. As chemists, it falls to us to either lower the
constraining barrier for the desired reaction, or discover workaround routes skirting
the high passes.

In short, I see a very bright future for new fluorine-containing products. If you are
the monovalent element at the end of the electronegativity universe, your presence in
a molecule could prove absolutely crucial for function. A stand-in (e.g., C-Cl) for a
C-F group might suffice in some applications but, wishful thinking aside, an honest
surrogate for a C-F unit does not exist—nothing even comes close.

Karl Barry Sharpless



PREFACE

The idea to publish a book with the title Efficient Preparations of Fluorine Compounds
resulted on behalf of two observations. Firstly, about 20% of pharmaceutical products
as well as 30% of agrochemical compounds contain fluorine, and the proportion is
increasing. This indicates the importance of organofluorine compounds worldwide.
Secondly, the interest in fluorine chemistry at the university level is steadily decreasing
during the last two decades. Therefore authors working in the fluorine field were asked
to write about their discoveries in a way that young scientists may reproduce their
results, and use the fluorine-containing compounds to add new facets to their research.

This book brings together contributions written by leading researchers and cover-
ing a wide scope of fluorine chemistry. Karl O. Christe describes an easy laboratory
method for the preparation of elemental fluorine as the first experiment. This method
guarantees an easy access to fluorine when compared with that of Henri Moissan.
He discovered fluorine in 1886 by electrolysis of potassium fluoride in anhydrous
hydrogen fluoride. Moissan was awarded the Nobel Prize in Chemistry in 1906 for
the discovery of “le fluor.”

Fluorine is a poisonous diatomic gas at room temperature. It is a very versatile
reagent and can form compounds with almost every element. A milestone in fluorine
chemistry was achieved in 1962, when Neil Bartlett obtained the noble gas compound
Xenon fluoride. The general accepted view that noble gases were inert ended with
this experiment. It led to the preparation of a great number of noble gas fluoride and
their derivatives.

Fluorine continues to fascinate chemists who overcome the fear of handling fluo-
rine for the preparation of new compounds and materials. Fluorine compounds play
a key role in electric cars, electronic devices, space technology, pharmaceuticals,
and agrochemicals. However, especially in fluorine chemistry, the words of Winston
Churchill are true: “Success is the ability to go from one failure to another with no
less of enthusiasm.”

Finally and most importantly, I am very thankful to the authors for their excellent
contributions, and I hope that this book will inspire a young generation to do research
in fluorine chemistry.

Herbert W. Roesky
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FIGURE 1.1 The original apparatus used in 1986 by Christe for the first chemical synthesis
of F2.
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FIGURE 1.2 The original apparatus used in 1986 by Christe for the assay of F2. On the
left is the Teflon_FEP U-tube reactor containing the F2 gas. It is connected to a glass bulb
containing the mercury, and the whole system is connected to the Heise gauge for the pressure
measurements.



FIGURE 9.1 Setup for Willard-Winter Distillation Method.

FIGURE 18.1 Stainless steel cylinder (V = 175 mL) with stainless steel valve.



FIGURE 18.2 A stainless steel vacuum line.

FIGURE 18.3 Teflon/FEP U-trap with crystals of ReOF5.

FIGURE 18.4 Monel cylinder (V = 100 mL) with Monel valve.



FIGURE 18.5 Teflon/FEP U-trap with solid ReF6.

FIGURE 49.1 Apparatus for the photocycloaddition.



FIGURE 59.2 Original membranes from copolymers based on VDF and sulfonic acid con-
taining fluorinated comonomers.

FIGURE 59.3 Picture of manifold used to prepare the sealed Carius tubes for the radical
copolymerization of VDF with fluorofunctional comonomers.



FIGURE 59.4 Picture of Carius tubes after the radical copolymerization of VDF with �,�-
difluoroacrylic acid.

FIGURE 64.1 Scheme of a fluorination apparatus using F2-gas.



FIGURE 64.2 Sulfurization apparatus for preparing lanthanum sulfofluoride LaSF.

FIGURE 64.4 Inorganic pigments SmSF and CeSF with yellow and red color, respectively.

FIGURE 66.3 Image of microparticle surface and assumed structure for CF1.33 [7, 8].



CHAPTER 1

Preparation of Elemental Fluorine

KARL O. CHRISTE

Although the syntheses of fluorinated compounds usually do not involve the use of
elemental fluorine (F2), F2 can be considered to be the mother of all fluorine com-
pounds. Because fluorine is the most electronegative element, its synthesis presented
an enormous challenge and had been pursued unsuccessfully for almost a century,
until finally in 1886 Moissan succeeded to prepare it electrochemically [1]. For the
next 100 years, every major chemistry textbook stated that for the above reasons F2

cannot be prepared by purely chemical means. This dogma was shattered in 1986
by Christe who prepared and isolated in a 3-day tour de force [2] F2 in high yield
from potassium hexafluoromanganate (K2MnF6) and antimony pentafluoride (SbF5),
two compounds that had already been known in the days of Moissan. He used a
combination of two very simple and well-known principles for his synthesis: (1) that
stronger acids can displace weaker acids from their salts and (2) that high oxidation
states are stabilized by formal negative charges. Thus, a high oxidation state com-
plex fluoro anion can be prepared with relative ease and when converted by the acid
displacement reaction to its neutral parent molecule, the latter, if thermodynamically
unstable, might spontaneously decompose to a lower oxidation state and thereby
liberate F2.

K2MnF6 + 2 SbF5 → 2 KSbF6 + [MnF4]

2 [MnF4] → 2 MnF3 + F2

In view of the relative ease, simplicity, and historical significance of this synthesis,
it has been included in this book. It might be attractive for demonstration purposes
or when only smaller amounts of fluorine are desired and the costs of either setting
up an electrochemical cell or a compressed F2 gas-handling system are prohibitive.
Since SbF5 is commercially readily available from at least 38 global and 14 U.S.
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2 PREPARATION OF ELEMENTAL FLUORINE

suppliers, its synthesis is not described in this chapter. However, if desired, it can
be prepared in high yield by purely chemical means from SbCl5 and HF [3]. The
other starting material, K2MnF6, is more difficult to buy commercially and, therefore,
its one-step, one-pot synthesis [2,4,5] from KMnO4, KF, H2O2, and aqueous HF is
described here.

2 KMnO4 + KF + 10 HF + 3 H2O2 → 2 K2MnF6 ↓ + 8 H2O + 3 O2

1.1 PREPARATION OF K2MNF6

Apparatus Two 4-L polyethylene beakers, Teflon-coated magnetic stirrer,
polyethylene Buchner funnel with Teflon filter paper, safety glasses, labora-
tory coat, and protective gloves.

Chemicals KMnO4, KF, 48–50% reagent grade aqueous HF (caution: technical
grade HF should be avoided because it contains a significant amount of H2SiF6,
resulting in a product containing significant amounts of K2SiF6 as impurity),
and 30% aqueous H2O2.

Attention! Safety glasses and protective gloves must be used at all times because
HF and H2O2 can cause skin burns.

Experimental Procedure A 4-L polyethylene beaker, equipped with a Teflon-
coated magnetic stirring bar, is charged with 50% aqueous HF (1 L) and cooled
with an ice bath. Then KF (240 g, 4.13 mol) and finely powdered KMnO4

(15 g, 94.9 mmol) are added and the mixture is vigorously stirred for 15 min.
The stirring is stopped and any undissolved material is allowed to settle. The
supernatant solution is decanted into a second beaker to assure the absence
of any undissolved KMnO4, which could make the endpoint recognition in
the subsequent titration step difficult. To the cold dark purple solution, 30%
aqueous H2O2 is slowly added with an eyedropper. After the addition of each
5–10 drops, further additions are halted until O2 evolution has ceased. After the
addition of about 20 mL of H2O2, the endpoint is being approached. A brownish
golden precipitate is formed and the endpoint can be judged by stopping the
stirring and observing the color of the supernatant solution. The reaction is
complete when the color of the solution has changed from purple to medium
reddish brown. The golden yellow K2MnF6 precipitate is collected using a
plastic Buchner funnel with Teflon filter paper. The precipitate is washed twice
with cold acetone (10 mL each) and pumped to dryness to yield 18.44 g (78.6%
based on KMnO4) of yellow K2MnF6.

Characterization Data Yellow, non-hygroscopic, crystalline solid. IR (AgCl,
cm−1): v̄ 620 vs, 340 s. RA (glass melting point (mp) capillary): v̄ 601 vs,

512 m, 307 ms. Crystal data: hexagonal, P63mc, a = 5.719(1) Ǻ, c = 9.330(3)

Ǻ [6].
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Application In addition to serving as convenient starting materials for the chem-
ical synthesis of F2, alkali metal hexafluoromanganates can be used in acidified
HF solutions as fluorinating agents or as starting materials for the synthesis of
(NF4)2MnF6 for solid propellant NF3/F2 gas generators for chemical HF/DF
lasers [7,8].

1.2 PREPARATION OF F2

Apparatus The apparatus used in Christe’s original synthesis of F2 is shown in
Figure 1.1, which shows a typical set up for the transfer of a compound of rela-
tively low volatility, such as SbF5, in a dynamic vacuum from a storage vessel
into a reaction U-tube. The reactor can be a 1/2-in. or 3/4-in. o.d. Teflon-FEP (per-
fluoroethylene/perfluoropropylene copolymer) or metal (Monel, nickel, copper,
or stainless steel) U-tube reactor, closed at both ends with Hoke stainless steel
valves. Since Teflon-FEP starts softening and being attacked by the nascent flu-
orine at about 200 ◦C, the use of a Monel U-tube is preferred, unless the visual
observation of the reaction is desired. The connections can be made with either
Teflon or preferentially metal tubing. The T-piece connector between the SbF5

vessel and the reactor allows evacuation and passivation of the connection. The

FIGURE 1.1 The original apparatus used by Christe in 1986 for the first chemical synthesis
of F2. (For a color version of the figure, please see color plates.)
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exit side of the U-tube reactor is also connected to the vacuum manifold. The
Teflon U-tube can be prepared by tightly packing a desired length of straight
Teflon tubing with crystalline NaCl, closing both ends with rubber stoppers,
heating the central part of the tube with a heat gun to the softening point of
the Teflon, wrapping it 180◦ around an approximately 2-in. o.d. metal cylinder,
allowing it to cool and removing the NaCl by pouring it out, and washing out
any imbedded salt with water. The metal U-tubes are easily prepared with a
tube bender. Safety requirements include face shield, safety glasses, laboratory
coat, and protective gloves.

Chemicals Silicon-free K2[MnF6], distilled SbF5.

Attention! F2 is a highly reactive gas with a very intense halogen odor and is eas-
ily detected already at very low concentrations (0.02 ppb) by its characteristic
smell. Inhalation or contact with the skin must be strictly avoided. Labora-
tory coat, face shield, safety glasses, and protective gloves must be used at
all times.

Experimental Procedure A passivated (with F2 or preferentially ClF3) 3/4-
in. o.d. Teflon-FEP ampoule, equipped with a valve, and a passivated 1/2-
in. o.d. Monel U-tube, closed at each end by a valve, are loaded in the dry
box with distilled SbF5 (∼7 g or 32 mmol) and silicon-free K2MnF6 (1.912 g,
7.744 mmol), respectively, and are then connected to the vacuum manifold
as shown in Figure 1.1. The connections are leak-checked and passivated.
The Monel U-tube is cooled to −196 ◦C, and the SbF5 is transferred in a
dynamic vacuum from the Teflon ampoule to the Monel U-tube. After closing
the valves, the Monel reactor is heated with an oil bath to 180 ◦C for 1 h and
then cooled to −78 ◦C. The only product volatile at this temperature is the
desired F2 (56 mg, 1.47 mmol) in 38% yield, based on the limiting reagent
K2MnF6.

Assay of the F2 The formation, purity, and exact amount of fluorine formed
in the above experiment can be verified easily by reacting the gas with mer-
cury (Hg) and measuring the change in the volume of the gas by standard
pressure–volume–temperature (PVT) techniques and monitoring the weight
uptake of Hg. A typical experimental setup for this step is shown in Figure
1.2. Care must be taken to pump on Hg only at low temperatures (–78 ◦C or
−196 ◦C), because Hg has some volatility at ambient temperature and even
small losses will severely impact this analysis due to the high atomic weight
of Hg.

Characterization Data Faint yellow-green, highly toxic, corrosive gas, mp
−219.62 ◦C, boiling point (bp) −188.12 ◦C, standard atomic weight,
18.9984032 g/mol, first ionization energy, 1681.0 kJ/mol [9].

Waste Disposal The aqueous HF solution from the K2MnF6 preparation can
be disposed of as NaF after neutralization with sodium bicarbonate. The
KSbF6·nSbF5 and Mn-containing by-products from the chemical synthesis
of F2 have to be collected and properly deposited in a labeled container for
toxic metal waste.
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FIGURE 1.2 The original apparatus used by Christe in 1986 for the assay of F2. On the
left is the Teflon-FEP U-tube reactor containing the F2 gas. It is connected to a glass bulb
containing the mercury, and the whole system is connected to the Heise gauge for the pressure
measurements. (For a color version of the figure, please see color plates.)

Application Due to its high reactivity and toxicity, F2 is rarely used as a fluori-
nating agent in industrial processes. The major applications are the preparations
of UF6 for uranium isotope separation and SF6 as a dielectric medium in trans-
formers, and its use in the electronics industry for plasma etching and chamber
cleaning.
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CHAPTER 2

Preparation of Highly Active
Cesium Fluoride

KONRAD SEPPELT

Cesium fluoride (CsF) acts as a fluoride ion source in organic and inorganic chemistry.
For example, it is used for C–Si cleavage reactions, halogen exchange reactions, or
the isolation of highly coordinated anions AFn

− or AFn
2−. There are many sources

for fluoride ions. But obviously the closest relatives to CsF, namely, NaF, KF, and
RbF, are not so effective, although they are cheaper and easier to obtain in pure
state. Alternatively, there is a good number of organic ammonium fluoride, the most
prominent example is (CH3)4NF. Many of these are not easily prepared, and usually
are thermally unstable, even (CH3)4N+ F− decomposes above 150 ◦C.

From a structural viewpoint, CsF is a very simple compound, having the NaCl
structure. This is insofar surprising because the ionic radii of Cs+ and F− are such
that a CsCl structure should be more stable, if only the ionic radii are considered.
Therefore, CsF may be described as having an inverted NaCl structure, where the
large Cs+ ions form a cubic closest packing and the smaller F− ions fill octahedral
holes.

The unfortunate cation–anion size relation may explain the reactivity of CsF: It is
extremely hygroscopic, similar to P4O10. Hydration would take place at the anionic
sites to increase their sizes. Therefore, any CsF varies in reactivity, depending on the
water content.

For many purposes, extreme dryness of CsF may not be necessary; in some cases,
it may be too reactive, since it may catalyze side reactions. The reason why certain
reactions of CsF are “source dependent” is certainly explained by its water content
and surface area.
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8 PREPARATION OF HIGHLY ACTIVE CESIUM FLUORIDE

2.1 PREPARATION OF PURE CsF

Apparatus Platinum cup, heating furnace up to 800 ◦C, dry box, ball mill, and
stainless steel plate.

Chemicals CsF, HF/H2O.

Attention Safety glasses and gloves must be used at all times.

Caution All reactions should be carried out in a well-ventilated hood, if not
done in closed systems (dry box, ball mill).

Experimental Procedure A small amount of CsF is dissolved in water and
tested for neutrality. If it is basic, a few milliliters of HF/H2O is given to the
bulk amount. This is placed into the platinum cup and slowly heated up to
650 ◦C, until all solid has melted. As soon as this state is reached, the molten
CsF is poured on the stainless steel plate, where it solidifies.

CsF is volatile at its melting point, so prolonged heating will make some or
all CsF disappear! Mp 682 ◦C, bp 1251 ◦C. The molten CsF must be poured out
of the platinum cup, because solid CsF, if it remains in there, will be difficult
or impossible to get out without destroying the platinum vessel.

The solidified CsF chunks with the stainless steel plate are immediately,
when they are still very hot, brought into the evacuation chamber of the dry
box. The dry box should have a moisture content of 1 ppm or less. CsF is given
into the ball mill capsule that needs to be kept free from moisture. The CsF is
powdered in the ball mill. It is transferred back into the dry box, but even there
it needs to be stored in airtight vessels.

The first traces of water will change the appearance of this CsF: it will start
to become sticky, less powdery, very much like physical change of the uptake
of water by P4O10.

Recycling of used CsF If larger amounts of used CsF have been accumulated,
recycling may be considered. If it is without cationic impurities, the Cs salt
mixture is dissolved in concentrated sulfuric acid in a platinum bowl. It is
heated to red heat, until all volatiles have disappeared to about 800 ◦C. The
solid, pure Cs2SO4 (mp 1019 ◦C) is weighted and reacted in water with the exact
equivalent of Ba(OH)2. Filtration of BaSO4 and neutralization with HF/H2O
gives an aqueous solution of CsF, which then is dehydrated to CsF as described
above. This recycled CsF will inevitably contain a small amount of a barium
impurity.



CHAPTER 3

Preparation of Highly Active
Silver Fluoride

KONRAD SEPPELT

Silver monofluoride (one of the five silver fluorides Ag2F, AgF, AgF2, Ag3F8, and
AgF3) is a very effective reagent for halogen exchange reactions. Driving force of
this simple reaction is the formation of stable and insoluble AgCl, AgBr, or AgI.

There are several procedures for preparing AgF, and it is also commercially
available. It has been observed that the AgF varies in its activity, which may be a
consequence of residual water content, partial decomposition into elemental silver,
or of its particle size.

Pure silver fluoride is a colorless, soft, crystalline material. It is extremely hydro-
scopic and light sensitive, so that it has usually a small water content and is brown or
black, due to the presence of metallic silver.

To obtain pure AgF, the best preparation would be the reaction of Ag2CO3 with
gaseous HF in a platinum tube under heating up to 310 ◦C. But this procedure is
certainly demanding because of the need of a platinum tube and the handling of
gaseous HF.

AgF has also been prepared by thermal decomposition of Ag+ BrF4
− [1] or AgBF4,

but these starting materials need to be prepared first.
The conventional way to prepare AgF, and possibly the way all commercial AgF

is made, is reacting freshly precipitated Ag2O or Ag2CO3 with excess of aqueous
HF, and to free the solution from the water by heating.

In the following preparation, a variation of this method that gives AgF as a yellow
solid is described.

3.1 PREPARATION OF PURE AgF

Apparatus Platinum cup.

Chemicals AgNO3, Na2CO3, HF/H2O, acetone.
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10 PREPARATION OF HIGHLY ACTIVE SILVER FLUORIDE

Attention! Safety glasses and gloves must be used all the time.

Caution! All reactions should be carried out in a well-ventilated hood.

Experimental Procedure All preparation should be done under shelter against
bright light. AgNO3 is dissolved in water. A NaOH/water solution is added,
until all brown Ag2O is precipitated. (Alternatively, Ag2CO3 can be precipitated
with a Na2CO3/H2O solution. The disadvantage of the method is that in the
following reaction with aqueous HF, large amounts of CO2 are evolved that
result in spraying and splashing.)

The Ag2O precipitate is centrifuged and washed carefully with water. It
should not be pumped to dryness, but reacted further immediately. The wet
Ag2O is placed into a platinum cup, and 40% HF/H2O is added, just enough to
dissolve all Ag2O. At this part, the resulting solution is clear and off white.

Then acetone is added under stirring that initiates the precipitation of AgF.
After cooling to slightly above 0 ◦C, the yellow AgF is filtered off and pumped
to dryness by applying vacuum. The AgF is best stored in sealed vessels at low
temperature (e.g., −30 ◦C) and in the dark to keep it from turning dark.

Recycling If larger amounts of reacted AgF have been accumulated, it may
be worthwhile to regenerate AgF. Often the reaction product is a mixture of
AgF, AgCl(Br,I), and/or Ag2SO4. Some 10% hydrochloric acid is given to the
mixture, so that all water-soluble silver salts (AgF, Ag2SO4) are changed into
AgCl. The solid silver halide mixture is filtered and washed carefully with water.
Zinc bars are added to the wet silver salt. This transforms the silver halides into
black, metallic silver. If all silver halide has disappeared, the remaining zinc
bars are taken out and the silver is carefully washed with water. It can now be
dissolved in HNO3 forming AgNO3 from which the AgF preparation can be
restarted.

REFERENCE
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CHAPTER 4

A Room-Temperature Non-Irradiative
Synthesis of XeF2

ULF BREDDEMANN, JOHN R. DEBACKERE, AND GARY J. SCHROBILGEN

Xenon difluoride is one of the most accessible and easy to handle noble-gas com-
pounds. Consequently, its chemistry and synthetic applications are the most extensive.
Included among the synthetic applications of XeF2 are its use as a gas-phase etchant
for microelectromechanical systems (MEMS) [1] and electrophilic fluorination of bi-
ologically active compounds for use in 18F positron emission tomography (PET) [2,3].
In addition, it has been widely used as a mild and convenient fluorinating/oxidizing
agent in main group chemistry [4–6], transition metal chemistry [7–9], and organic
chemistry [10–12].

A recent review provides a survey of the syntheses, properties, and chemistry
of XeF2 [13]. Xenon difluoride can be prepared from a gaseous mixture of Xe
and F2 using a variety of energy sources to dissociate F2 into F· radicals. This can
be accomplished by thermal dissociation at high temperatures, UV light from a
mercury arc lamp or natural sunlight, electric discharge, high-intensity � -radiation,
and by irradiation in particle accelerators, for example, with 10-MeV protons from
a cyclotron and electrons from a van de Graff accelerator. In order to prevent the
formation of the higher fluorides of xenon, XeF4 and XeF6, the thermal synthesis of
XeF2 requires an excess of Xe. The use of a 2:1 molar ratio of Xe:F2 for thermal
synthesis at 400 ◦C [14] is prone, however, to give XeF2 that contains a small
quantity of XeF4 contaminant. For cost effectiveness, this procedure also mandates
xenon recovery for large-scale syntheses.

A little known and studied alternative synthesis of XeF2 that requires neither
thermal nor irradiative dissociation of F2 is described in this paper. In a very brief
account by Bartlett et al. [15], the reaction of Xe (1.26 mmol) with F2 (1.65 mmol) in
anhydrous HF (aHF; 2 mL) in a 42 mL FEP (perfluoroethylene/perfluoropropylene
copolymer) reactor under dark conditions at 20 ◦C for 12 h was described and shown
to give a 63% yield of XeF2 (0.134 g, 0.792 mmol). It is clear from this and related
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12 A ROOM-TEMPERATURE NON-IRRADIATIVE SYNTHESIS OF XeF2

studies with AsF5/Xe/F2/aHF systems using 19F2 [15] and [18F]F2 [16] that liquid
aHF and strong Lewis acid fluoride ion acceptors such as AsF5 serve to activate
homolytic F–F bond dissociation.

The synthetic procedure outlined in this Chapter utilizes liquid aHF to activate F2

and provides optimized conditions for the syntheses of gram quantities of very pure
XeF2 at ambient temperature in near quantitative yields.

Apparatus All manipulations are carried out under strictly anhydrous conditions
on a metal vacuum line fabricated from nickel, 316 stainless steel, and FEP
(Figure 4.1), which is equipped with a soda lime column for disposal of F2

and aHF. Reaction vessels are fabricated from FEP tubing and are joined

FIGURE 4.1 A segment of the metal vacuum line used for the synthesis of XeF2. (A) FEP
reaction vessel, (B) Kel-F valve, (C) FEP tube and Kel-F valve assembly used to weigh aHF,
(D) FEP U-trap, (E) nickel canister used to measure Xe and F2 gases, (F) high-pressure 316
stainless steel valve (Autoclave Engineers), (G) MKS Model PDR-5B pressure transducer
(0–1000 Torr), (H) 316 stainless steel cross (Autoclave Engineers) employing 3/8-in. o.d.,
1/8-in. i.d. threaded nickel tube connectors, (I) 1/4-in. Swagelok Teflon union connected to a
1/4-in. o.d., 1/8-in. i.d. nickel tube end.
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to Kel-F (chlorotrifluoroethylene polymer) valves by means of compression
fittings. All metal and fluoroplastic surfaces are rigorously dried under dynamic
vacuum prior to passivation overnight with 1 atm of F2 gas. Xenon difluoride is
recovered by transfer of the solid inside a nitrogen atmosphere dry box (H2O,
�1 ppm) into a FEP Raman sample tube, to check its purity, or into a FEP
storage vessel.

Chemicals Hydrogen fluoride is purified prior to use by treatment of commercial
aHF (Harshaw Chemical Co.) with F2 gas to remove residual water [17].
Technical grade F2 gas (Air Products) and Xe (Air Products, 99.995%) are
used.

Attention! Safety glasses and protective gloves must be worn at all times; all
operations must be carried out inside a well-vented fumehood.

Caution! Hydrogen fluoride and F2 are extremely corrosive and destructive to
tissue and must be handled using appropriate protective gear with immediate
access to specialized treatment procedures [18–20] in the event of contact with
aHF, HF vapor, HF-containing solutions, or F2 gas. Hydrogen fluoride may
prove fatal, if inhaled, absorbed through the skin, or swallowed. Like HF, F2

gas causes severe burns that can cause serious damage to eyes, skin, and the
respiratory system.

Experimental Procedure Anhydrous HF and Xe gas are condensed into an
evacuated FEP reaction tube (A: 19.0 mm o.d., 15.8 mm i.d., 46.5 cm long,
volume 91.2 mL) at −196 ◦C. Xenon and F2 gases are measured out in a
nickel canister (E: 286.4 mL). Because F2 has an appreciable vapor pressure
at −196 ◦C (273 Torr), it is the last component of the reaction mixture to
be condensed into the reactor (A). A preweighed FEP measuring vessel (C:
6.4 mm o.d., 4.5 mm i.d., 20.5 cm long, volume 3.3 mL) is cooled to −196 ◦C
and aHF is condensed into it at −196 ◦C from a Kel-F storage container at room
temperature. The measuring vessel is reweighed and reconnected to the vacuum
line. The evacuated reactor (A) is cooled to −196 ◦C and aHF is condensed into
A from C at room temperature. The valve of A is closed and a known pressure
of Xe gas, measured by means of a pressure transducer (G), is bled into the
calibrated vacuum manifold and vessel E (total volume, 314.4 mL). The total
contents of the manifold and E are then condensed into A at −196 ◦C. The
valve of A is again closed and F2 gas is introduced into the vacuum manifold
and E, which is condensed into A at −196 ◦C. The valve of A is closed and A
is removed from the vacuum manifold to be agitated on a mechanical shaker
in complete darkness at room temperature. Upon completion of the reaction,
excess F2 is removed from the reaction vessel at −196 ◦C by pumping through
a soda lime column. Anhydrous HF is removed from the reaction vessel at
−65 to −55 ◦C by pumping for ∼2 h into a soda lime column. Upon complete
removal of HF, colorless, microcrystalline XeF2 remains in the reaction vessel.
The yield of XeF2 is determined by sublimation of the product under dynamic
vacuum into a preweighed U-trap, D (fabricated from a 36.5 cm length of
6.4 mm o.d., 4.5 mm i.d. FEP tubing, volume 5.8 mL), cooled to −196 ◦C.
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TABLE 4.1 Representative Amounts and Yields of XeF2 Resulting from the Reaction
of Xe and F2 in Liquid aHFa

Amount

Xe, F2, aHF, Time,
mmol mmol g h

XeF2

Amount

g mmol % yieldb

8.03 13.48 2.141 21.0 1.261 7.45 92.8
8.25 14.63 1.151 20.0 1.300 7.68 93.1
8.02 14.89 0.945 8.0 0.786 4.64 57.9
8.21 16.23 0.424 20.0 0.949 5.61 68.3
8.63 15.22 0.143 67.5 0.594 3.51 40.7
8.27 14.87 0.054c 143.5 0.000 0.00 0.0

aAll reactions were carried out at ambient temperature, 23.5–25.5 ◦C, under dark conditions.
bYields are based on Xe as the limiting reagent.
cHydrogen fluoride is in the gas phase.

Table 4.1 should be consulted for representative quantities of reagents and
yields. It is noteworthy that no reaction occurs between Xe and F2 under dark
conditions when HF is entirely in the gas phase.

Characterization The Raman bands of solid XeF2 (−150 ◦C, 1064-nm excita-
tion) occur at 495.9(100) [�sym (XeF2)] and 118.9(13) [lattice mode] cm−1.
Xenon tetrafluoride, a possible contaminant, has intense factor-group split
Raman bands (−160 ◦C) at 504(70), 508(19) and 545(100), 554(18) cm−1,
but is not detected using the present synthetic procedure.
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CHAPTER 5

Efficient Perfluorination of K2B12H12
in Neutral Acetonitrile

DMITRY V. PERYSHKOV, ERIC V. BUKOVSKY, AND STEVEN H. STRAUSS

The synthesis of K2B12F12 by fluorination of K2B12H12 in supercritical anhydrous
HF was first reported by Solntsev et al. [1]. Ivanov et al. [2] used elemental fluorine
as a fluorinating agent and anhydrous HF as the solvent to obtain K2B12F12 in a batch
process on approximately 1 g scale with more than 99% purity in 72% yield; the
procedure took a total of 6 days to complete. Other solvents have been explored by
Casteel and Ivanov [3] for the fluorination to scale-up the reaction. It was claimed that
acidic medium is necessary for the fluorination; however, the complete fluorination
was found to be difficult to achieve.

The present procedure was a successful attempt to use a continuous flow apparatus
to scale-up the reaction (∼20 g scale) and replace hazardous HF for CH3CN as a
solvent (with an additional benefit of the use of ordinary Pyrex glassware instead of
Monel reactors) without decline in purity (99+%) or yield (74%) [4]. The crucial
finding is that the presence of hydrofluoric acid, the by-product of the fluorination,
inhibits the reaction. It is of the utmost importance to remove HF from the reaction
mixture. It can be done by addition of solid KF, which binds HF and forms KHF2

that is insoluble in acetonitrile. The synthesis takes only 2 days, including workup
and recrystallization.

5.1 PREPARATIONS OF K2B12F12 AND CS2B12F12

Apparatus Three-necked, 1-L, Pyrex round-bottom flask fitted with a magnetic
stir bar and two Teflon 22/29 tube adaptors. One tube is connected to a fluorine
gas cylinder (20:80 F2/N2 mixture) and another one to a flask containing an
aqueous solution of KI. The third flask joint is sealed with a glass stopper and
can be used for sampling the reaction mixture. Teflon sleeves are used to ensure
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proper fitting of the adaptors. Safety glasses, laboratory coat, and protective
gloves must be used at all times.

Chemicals K2B12H12, KF, stock acetonitrile, anhydrous acetonitrile, distilled
water, 6% hydrogen peroxide.

Attention! Safety glasses and protective gloves must be used at all times.

Caution! F2 is an extremely hazardous material and should only be handled by
trained personnel. All reactions should be carried out in a well-ventilated hood.

It is essential that no H2O2 remains before the colorless solution is evaporated
to dryness, and this can take more than 2 h depending on conditions. On one
occasion a dried solid containing both K2B12F12 and unreacted H2O2 was found
to be shock sensitive and resulted in an energetic deflagration.

Experimental Procedure The compound K2B12H12 (10.1 g, 46 mmol) is dis-
solved in a mixture of stock CH3CN (490 mL) solution and H2O (12 mL)
in a three-necked, 1-L, Pyrex round-bottom flask to give a colorless solution.
Finely ground KF (22.7 g, 390 mmol) is added, most of which does not dis-
solve. The reaction mixture is cooled to 0 ◦C, and a 20:80 F2/N2 mixture is
bubbled through it at the rate of 115–125 mL min−1 for 6 h with vigorous
stirring. The reaction mixture turns pale yellow in 3 h of fluorination. The gas
flow is stopped after 6 h and the reaction mixture is bubbled with N2 for 30 min
to remove traces of F2. The mixture is filtered and the filtrate is evaporated to
dryness under vacuum. The solid residue is redissolved in 500 mL of anhy-
drous CH3CN and filtered. Finely ground KF (27.3 g, 470 mmol) is added to
the filtrate. The 20:80 F2/N2 mixture is bubbled through the reaction mixture at
a slightly lower rate, 100–110 mL min−1, for 7 h, again with vigorous stirring.
The reaction is stopped when an aqueous KI solution in a trap connected to the
outlet of the reaction flask has changed from colorless or light yellow to dark
brown. The reaction mixture is filtered and the filtrate is neutralized to pH 7
with aqueous KHCO3. All volatiles are removed under vacuum. The pale yel-
low solid residue is mixed with 100 mL of stock CH3CN solution and filtered.
The filtrate is evaporated to dryness under vacuum. The resulting pale yellow
solid is dissolved in 6% hydrogen peroxide (50 mL) and heated to 80 ◦C for
2 h, after which the solution turns colorless. To isolate K2B12F12, the colorless
solution is evaporated to dryness and the white solid residue is recrystallized
from acetonitrile, washed with ethanol, and dried at 80 ◦C under vacuum. Yield:
14.84 g (34 mmol K2B12F12; 74% based on K2B12H12). To isolate Cs2B12F12,
the colorless solution is treated with aqueous CsCl (18.1 g, 106 mmol) and
cooled to 0 ◦C. The colorless needle-shaped crystals of Cs2B12F12.H2O are
isolated by filtration, washed twice with ice-cold water (2 × 10 mL), and
dried in air. Yield: 22.42 g (34.9 mmol Cs2B12F12·H2O; 76% yield based on
K2B12H12).

Characterization Data (K2B12F12) Decomposition temperature 550 ◦C (in He
atmosphere). 19F{11B} NMR (282.2 MHz, acetone–d6): � −269.6 (s). 11B
NMR (96.2 MHz, acetone–d6): � −17.0 (s). ESI-MS: m/z 178.8 (B12F12

2−),
396.8 (KB12F12

−).
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Application The outstanding chemical and thermal stability of salts of B12F12
2−

anion was exploited to prepare solvent-free Ag2B12F12 by desolvation of
Ag2(CH3CN)4B12F12 at 280 ◦C under vacuum (D.V. Peryshkov and S.H.
Strauss, in preparation). The superweak nature of B12F12

2− anion was shown
by the rapid reaction of Ag2B12F12 with CO yielding a nonclassical carbonyl
[Ag(CO)]2B12F12 with � (CO) = 2198 cm−1. The compound K2(H2O)2B12F12

exhibits rapid and reversible dehydration/rehydration and H2O/D2O exchange
at 25 ◦C, expanding the crystal lattice “on demand” to accommodate reactive
gases, showing the concept of “latent” porosity [5].
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CHAPTER 6

Efficient Preparation of the Highly
Soluble ortho- and para-C60(CF2C6F5)2
Derivatives

IGOR V. KUVYCHKO, BRYON W. LARSON, STEVEN H. STRAUSS, AND
OLGA V. BOLTALINA

The preparation of para-C60(CH2Ph)2 was first reported by Subramanian et al. [1]. A
minor reaction product was originally identified as the ortho-isomer of C60(CH2Ph)2,
but later proved to be a methanofullerene, C61HPh (the actual ortho-isomer of
C60(CH2Ph)2 was also isolated) [2]. Recently, a partially fluorinated derivative para-
C60(CH2C6F5)2 was reported by Li et al. [3]. All of these reports used the same
general approach. A solution of C60 was chemically or electrochemically reduced
to C60

2− anion, which was subsequently reacted with the corresponding electrophile
(either PhCH2Br or C6F5CH2Br). The crude products were separated using high-
performance liquid chromatography (HPLC); or flash chromatography followed by
HPLC producing pure para-isomers of C60(CH2Ph)2 and C60(CH2C6F5)2 with 55–
60 mol% [1, 2] and 55 mol% [3] yield correspondingly (ortho-C60(CH2Ph)2 was
prepared only as a minor component with a yield of 3 mol%) [2].

Our initial attempts to adapt these synthetic procedures for the preparation of the
fully fluorinated analogs ortho- and para-C60(CF2C6F5)2 (reaction of the chemically
generated C60

2− with C6F5CF2I) were unsuccessful (ca. 95–99 mol% of the starting
C60 was recovered unchanged).

The present procedure uses a single-step thermal reaction between C60 dissolved
in ortho-dichlorobenzene and C6F5CF2I in the presence of an excess of copper metal
powder. This eliminates the need for the oxygen-sensitive and reactive chemical
reducing agents or the use of an electrochemical cell and the supporting equipment [1–
3]. The regioselectivity of C6F5CF2· radical addition (which is likely to be the reactive
intermediate generated from C6F5CF2I on heating) to C60 cage was moderated,
by the reaction temperature. A lower reaction temperature of 130 ◦C leads to the
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formation of both ortho- and para-C60(CF2C6F5)2 with ca. 1:1 molar ratio (10–
12 mol% yield each). A higher reaction temperature of 180 ◦C leads to a selective
synthesis of para-C60(CF2C6F5)2 derivative with ca. 25–30 mol% yield. We also
found that crude fullerene extract (containing ca. 75–85% of C60, 10–20% of C70,
and a few percentages of higher fullerenes) can be used as an economical substitute
for pure C60 without adverse effects on the purity or yields of the target compounds.

6.1 PREPARATIONS OF ortho- AND para-C60(CF2C6F5)2

Apparatus A 250-mL airfree storage flask (Chemglass part number AF-0093-
03 or similar) fitted with a suitable magnetic stir bar.

Chemicals Pure C60 or crude fullerene extract, C6F5CF2I, copper metal powder
(325 mesh), ortho-dichlorobenzene, toluene.

Attention! Safety glasses and protective gloves must be used at all times.

Caution! C6F5CF2I is a lachrymator. All reactions should be carried out in a
well-ventilated hood.

Experimental Procedure The reactor was charged with pure C60 (1.1 g,
1.5 mmol; or 1.2 g of fullerene extract), copper powder (1.0 g, 16 mmol),
ortho-dichlorobenzene (120 mL), and C6F5CF2I (0.56 g, 240 �L, 1.5 mmol;
this volatile reagent was measured using a 500-�L gastight syringe). This re-
action mixture was degassed using a freeze-pump-thaw technique (the cycle
was performed three times). The reactor was heated in an oil bath at 180 ◦C for
24 h with continuous stirring. After the reaction mixture cooled down, it was
evaporated to dryness using a rotary evaporator equipped with a rotary vane
vacuum pump. The dry residue was dissolved in a minimal amount of toluene,
filtered, and separated using preparative HPLC (20 mm ID × 250 mm l, Cos-
mosil Buckyprep column, 100% toluene eluent, 16 mL/min flow rate, 300 nm
detection wavelength). The fraction eluting between 5.7 and 6.3 min retention
time was 98% pure para-C60(CF2C6F5)2 (the unreacted C60 was collected be-
tween 8.8 and 9.8 min and recycled). The yield of the purified material was
25 mol%; 55 mol% of the starting C60 was recovered (as well as ca. 100 mol%
of C70 contained in the fullerene extract). The synthesis and isolation of ortho-
C60(CF2C6F5)2 is accomplished using a similar procedure except for a larger
amount of C6F5CF2I used (0.63 g, 290 �L, 1.8 mmol) and a lower reaction
temperature of 130 ◦C. In addition to the 10–12 mol% para-C60(CF2C6F5)2

eluting as described above, the 98% pure ortho-C60(CF2C6F5)2 is collected
between 10.7 and 11.8 min retention time also with 10–12 mol% yield.

Characterization Data para-C60(CF2C6F5)2: 19F NMR (376 MHz, CDCl3,
C6F6 internal standard is used, � −164.9 ppm): � −93.49 (m, 2F), −138.82
(q, 2F), −150.58 (t, 1F), −162.27 (t, 2F). UV–Vis (toluene solution): 327,
445, 536, 572, 602, 635, 662, 694 nm (poorly resolved). APCI-MS: m/z
937.0 (C60(CF2C6F5)−), 1154.0 (C60(CF2C6F5)2

−). Cyclic voltammetry: 0.10 V
(0/–), −0.33 (−/2−), (−0.85) (2−/3−), (−1.36) (3−/4−). (Relative E1/2 [V]
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vs C60
0/− in ortho-dichlorobenzene; all experiments were carried out in ortho-

dichlorobenzene at 100 mV/s with TBABF4 supporting electrolyte; the values
in parentheses were obtained from square wave voltammetry.) Solubility in
toluene at 20 ◦C is 400 mg/mL, 0.346 M. ortho-C60(CF2C6F5)2: 19F NMR
(376 MHz, CDCl3, C6F6 internal standard is used, � −164.9 ppm): � −(90.0–
94.5) (group of multiplets, 2F), −137.46 (q, 2F), −149.95 (t, 1F), −161.79 (q,
2F). UV–Vis (toluene solution): 330, 446, 544, 605, 634, 665, 700 nm (poorly
resolved). APCI-MS: m/z 937.0 (C60(CF2C6F5)−), 1154.0 (C60(CF2C6F5)2

−).
Cyclic voltammetry: 0.00 V (0/–), −0.39 (−/2−), −0.90 (2−/3−), (−1.34)
(3−/4−). (Relative E1/2 [V] vs C60

0/− in ortho-dichlorobenzene; all experiments
were carried out in ortho-dichlorobenzene at 100 mV/s with TBABF4 support-
ing electrolyte ([0.1 M]); the values in parentheses were obtained from square
wave voltammetry.) Solubility in toluene at 20 ◦C is 62 mg/mL, 0.054 M. Pt
electrodes were used as working and counter electrodes whereas Ag wire was
the quasi-reference electrode.

Application The E1/2 value of para-C60(CF2C6F5)2 is 100 mV more positive
than that of C60, whereas ortho-C60(CF2C6F5)2 exhibits the same E1/2 value
as that of C60, which has been used as an electron acceptor in various photo-
electrochemical devices (e.g. solar cells). At the same time, ortho- and para-
C60(CF2C6F5)2 display molar solubilities in toluene, that are correspondingly
16 and 104 times larger than the molar solubility of the bare-cage C60 [4].
Such high solubility combined with good electron-accepting properties makes
both compounds promising replacements for C60 in various solution-processed
microelectronic devices.
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CHAPTER 7

Synthesis of Cs[1-H-CB11F11]

MICHAL VALÁŠEK, FILIP ŠEMBERA, MICHAEL J. HUGHES, IVAN STIBOR,
ZBYNĚK JANOUŠEK, AND JOSEF MICHL

The highly stable icosahedral 1-carba-closo-dodecaborate anion, CB11H12
− (1), and

its derivatives have many interesting properties [1, 2]. The most striking are their
highly positive redox potentials, low nucleophilicity, and low coordinating abil-
ity, which make them unusually difficult to oxidize and make their protic acids
extremely strong. These properties have been exploited for the stabilization of un-
usual and/or highly reactive cations [2–5]. They are particularly strongly expressed
in the undecahalogenated derivatives, especially the undecafluorinated anion, 1-H-
CB11F11

− (2) [6–8]. The reversible oxidation potential of 2 in hexafluoroisopropyl
alcohol lies fully 2.42 V above that of ferrocene/ferricinium [A. Wahab, F. Šembera,
M. Valášek, J. Ludvı́k, I. Stibor, Z. Janoušek, J. Michl, unpublished observations].
Anions containing both trifluoromethyl and fluoro substituents are even harder to
oxidize [9].

The procedure for the conversion of a commercial salt of 1 to a salt 2 on a multigram
scale that is described below is based on a variation of the original literature process
[6] and has been found useful in our laboratory (Scheme 7.1). It proceeds in two
steps without an isolation of the intermediate. In the first step, the cesium salt of
1 is monofluorinated with liquid HF at 50 ◦C in about 2 days to afford the Cs salt
of 1-H-12-F-CB11H10

− (3). This fluorination is known to proceed selectively only to
position 12 [10]. This product is not isolated and in an immediately following second
step, 20% fluorine in nitrogen is bubbled through the suspension of the Cs salt of 3
in anhydrous HF at −78 ◦C under vigorous stirring and the reaction mixture is then
exposed to a moderate pressure of F2/N2. Repetition of the second step to completion
of the reaction (7–14 times), followed by isolation of the trimethylammonium salt of
2, affords 72–83% yields. We also describe its conversion into the cesium salt in 86%
yield.
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SCHEME 7.1 Fluorination of the 1-carba-closo-dodecaborate anion.

Chemicals Anhydrous HF (Solvay), 20% F2/N2 (Solvay), Cs[CB11H12]
(Katchem) [11], acetonitrile (HPLC grade), N(CH3)3·HCl (Sigma-Aldrich,
98%), water (HPLC grade), CsCl (Sigma-Aldrich, Grade II), NaOH (p.a.),
NH4OH (15% aqueous), HCl (35%, p.a.)

Attention! Gas masks and rubber gloves must be worn while handling HF
and/or F2.

Caution! HF and F2/N2 are extremely hazardous and should only be handled by
trained personnel. All reactions should be carried out in a well ventilated hood.

Experimental Procedure Trimethylammonium salt of 1-carba-(2-12)-unde-
cafluoro-closo-dodecaborate (2). [For a schematic representation of the
fluorination line, see Figure 7.1.] A 120-mL “perfluoroalkoxide” (PFA) re-
actor (Savillex) equipped with a magnetic stirring bar was charged with dry
Cs[CB11H12] (1–6 g, 3.6–21 mmol) and flushed with nitrogen for 30 min. Then
liquid anhydrous HF (ca. 50–80 mL) was distilled into the reactor at −78 ◦C.
The reactor was capped and stirred for 2–4 days at 50 ◦C. The resulting white
suspension was cooled to −78 ◦C and treated with 20% fluorine in nitrogen
(the gas flow rate was 5–8 dm3/h) for 1–2 h with vigorous stirring. Then the
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FIGURE 7.1 A schematic representation of the fluorination line.
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reaction vessel was pressurized to 2 bar with the same gas mixture at −78 ◦C,
closed, allowed to warm to room temperature, and stirred overnight. This proce-
dure was repeated 7–14 times to ensure completion of the reaction, which was
monitored by withdrawing a sample and measuring the mass spectrum (ESI-).
Sample withdrawal: The reactor is flushed by N2 for 15 min, pressurized to
atmospheric pressure and the port for sample withdrawal is opened. If there is
no port, the gas output tube is removed, samples are taken from the reactor with
a PFA or PTFE (polytetrafluoroethylene) capillary at −78 ◦C, and the reactor
is closed immediately. (Caution: Be extremely careful during this operation.)

The reaction mixture was then cooled to −78 ◦C and purged with nitrogen
for 1 h to remove residual fluorine. After the removal of HF under reduced
pressure, a white solid remained in the reactor. The residue was treated with
excess acetonitrile (100–150 mL) and filtered to remove insoluble inorganic
salts. The filtrate was neutralized with NH4OH (15%) and evaporated to dryness
under reduced pressure. The residue was dissolved in a minimal amount of water
and treated with 3 equivalents of trimethylammonium chloride (30% solution in
water), causing precipitation. The precipitate was filtered off, washed with water
and then pentane, and dried under vacuum to afford NHMe3[1-H-CB11F11] as
a white solid in 72–83% yield.

Cesium salt of 1-carba-(2-12)-undecafluoro-closo-dodecaborate (2). The
NHMe3 salt of the 1-H-CB11F11 anion 2 (1.5 g, 3.7 mmol) was suspended in
30 mL of water and a solution of NaOH (330 mg, 8.3 mmol) in 10 mL of water
was added. The addition caused dissolution of the suspension. This solution
was stirred for 30 min. Water was then removed on a rotary evaporator and
the solid was dissolved in a minimum amount of fresh water. The solution was
neutralized with aqueous HCl (1 M) to pH ∼5 and treated with CsCl (1.5 g,
8.9 mmol) dissolved in a minimum amount of water. The white solid was filtered
off, washed with cold water (2 × 2 mL) and pentane (2 × 10 mL), and dried
under vacuum (10 mbar/100 ◦C) to obtain 1.51 g of pure Cs[1-H-CB11F11] as
a white solid in 86% yield.

Characterization Data 1H{11B} NMR (499.8 MHz, acetone-d6): 3.89 (bs, 1H,
H-1). 11B NMR (160.4 MHz, acetone-d6, ext. std. BF3·Et2O): −18.20 (bs, 5B);
−16.54 (bs, 5B) ppm; −8.48 (bs, 1B). 19F {11B} NMR (470.3 MHz, acetone-
d6, ext. std. CFCl3): −257.76 (bm, 5F); −257.12 (bm, 5F ); −253.48 (bm,
1F) ppm. IR (KBr pellet, cm−1) 3027 (m, �(C–H)), 1308 (vs), 1285 (vs), 1265
(vs) and 1218 (s, �(B–F)), 778 (m), 761 (m), 730 (m) and 702 (s, �(B-F)).
ESI(-) MS m/z 341, expected isotopic distribution. ESI(-) HRMS Calcd for
CHB11F11, 343.0932. Found: m/z 343.0933. Anal. Calcd for CHB11F11Cs: C,
2.53; H, 0.21. Found: C, 2.57; H, 0.19.

Waste Disposal The fluorine line is a closed system. Gases are passed through
the line into evacuated cylinders, where they are stored for later disposal by
bubbling through a saturated solution of Na2CO3.

Notes An increase of the reaction temperature causes a degradation of the carbo-
rane and is to be avoided.
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CHAPTER 8

Synthesis of Zero-Valent
Trifluoromethyl Chalcogenato
Derivatives, [NMe4]ECF3 (E = S,
Se, Te), and Related Compounds

WIELAND TYRRA AND SILKE KREMER

The lipophilic electron-withdrawing nature especially of the SCF3 group has been
known for longer than half a century. As a result, numerous organic substrates of
unique properties have been synthesized that are used mainly as agrochemicals or
pharmaceuticals. Introduction of this group (and those of the heavier homologues)
lacks from the fact that commonly used reagents such as CuSCF3 or AgSCF3 decom-
pose more or less indiscriminately at temperatures required for a successful SCF3

transfer and must be inconveniently prepared before use.
The investigations on SCF3-substituted (SeCF3 and possibly in the future times

TeCF3) pharmaceuticals, agrochemicals [1], and possible prospective precursors for
metal and metal chalcogenide depositions [2] encouraged us to investigate the re-
actions of Me3SiCF3 (and related compounds) and the group 16 elements sulfur,
selenium, and tellurium, suggesting the system Me3SiCF3/F− as an equivalent to
Grignard reagents [3–5].

Herein, we introduce metal-free alternatives of ECF3 sources prepared via the
interaction of commercially available Me3SiCF3, the elemental chalcogen in the
presence of anhydrous [NMe4]F or a comparable fluoride source, which open a
convenient access to the widely used copper and silver derivatives [3–6].

Experimental procedures are given in References 3–6. Explicit instructions
are given later. For a better understanding of the saltlike nature of these com-
pounds, the molecular structures of (TDAE)[ECF3]2 (TDAE = bis(dimethyl-
amino)ethanediylidene, E = Se, Te) [7] are depicted in Figure 8.1.
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FIGURE 8.1 Molecular structure of (TDAE)[ECF3]2 [7].

8.1 PREPARATION OF [NMe4]SCF3

Apparatus A 50-mL Schlenk flask with stopcock (fitted with Glindemann ring),
stopper, stirring bar, pipette (25 mL), Eppendorf pipette, Dewar vessel, Schlenk
line, magnetic stirrer, funnel, filter, safety glasses, laboratory coat, protective
gloves.

Chemicals Sulfur powder, Me3SiCF3, [NMe4]F [8], dimethoxyethane (glyme),
ice bath (2-propanol, dry ice), liquid nitrogen.

Attention! Safety glasses must be used at all times and protective gloves at least
while working with [NMe4]F. The order of addition must be strictly followed;
otherwise violent reactions between Me3SiCF3 and F− may proceed even below
room temperature. Intensive stirring is essential to obtain good yields and to
avoid reactions of Me3SiCF3 with itself in the presence of F− [9].

Caution! Because of its toxicity, care should be taken to avoid inhalation of
[NMe4]F or organosulfur compounds. Also avoid contact of [NMe4]F with
skin. All reactions should be carried out in a well-ventilated hood.

Experimental Procedure An oven-dried, 50-mL Schlenk flask equipped with a
magnetic stirring bar and a stopcock was flushed with nitrogen. Sulfur (0.32 g,
10.0 mmol) was added and suspended in 25 mL glyme under nitrogen. To this
suspension, Me3SiCF3 (1.647 mL, 11.0 mmol) was added using an Eppendorf
pipette. The reaction mixture was cooled to −60 ◦C using a dry ice bath.

At this temperature and under a strong nitrogen flow, [NMe4]F (0.93 g,
10.0 mmol) was added in one single portion. Directly after addition, a change
of color occurred from pale lemon via bright orange to pale yellow in most
cases. The temperature should be kept at −60 ◦C for about 30 min and finally
allowed to warm to room temperature overnight. The supernatant liquid may
be colorless, in other cases yellow or brown.

The precipitated product ([NMe4]SCF3 is only very sparingly soluble in
glyme) was isolated by decanting the supernatant. The raw material was washed
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several times with small portions of glyme until the supernatant was colorless.
Finally, the product was dried in vacuum at ambient temperature.

The raw product is a colorless solid, sometimes yellow or tan, and was
isolated in average yields better than 75%.

Moderately moisture-sensitive [NMe4]SCF3 crystallizes in colorless needles
from saturated MeCN solutions at 0 ◦C.

Characterization Data Colorless needles, visible mp 153 ◦C (sintering); 210 ◦C
(onset of decomposition).

19F NMR (188.3 MHz, CD3CN) −5.83 ppm (1JF,C = 293 Hz), s. 1H NMR
(200.1 MHz, CD3CN): � 3.14 ppm, s. 13C NMR (50.3 MHz, CD3CN): �
145.2 ppm, (1JF,C = 293 Hz, SCF3), q; 56.0 ppm (1JH,C = 143 Hz, NMe4)
q. EIMS (20 eV): m/z 116 ([MeSCF3]+ , 100%), 97 ([MeSCF2]+ , 2%), 82
([SCF2]+ , 47%), 69 ([CF3]+ , 8%), 63 ([SCF]+ , 4%), 59 ([NMe3]+ , 88%),
58 ([Me2NCH2]+ , 90%), 47 ([MeS]+ , 15%).

Waste Disposal All residues as well as the supernatant and washing solutions
have to be collected in a labeled container for toxic waste that has to be properly
deposited.

Application [NMe4]SCF3 has already been successfully used to convert acti-
vated organics into trifluoromethyl sulfanes [3], acid chlorides into the cor-
responding thioesters [10] as well as metal halides, and related compounds
into the corresponding trifluormethylthiolato derivatives [3]. The molecular
structures of some PtSCF3 compounds have been elucidated [11]. This concept
together with very recent results using a Pd catalyst [12] may be considered as
valuable approach for the convenient syntheses of pharmaceuticals and agro-
chemicals, while reactions with metal salts may open new access to metal
sulfide or noble metal nanoparticles (NPs), that is by sol–gel or even by chem-
ical vapor deposition (CVD) or atomic layer deposition (ALD) processes. For
effective transformations, consult References 3, 10, and 11. The molecular
structure of cis-Pt(SCF3)2(PPh3)2 is depicted in Figure 8.2.

8.2 PREPARATION OF [NMe4]SeCF3

Apparatus A 50-mL Schlenk flask with stopcock (fitted with Glindemann ring),
stopper, stirring bar, pipette (25 mL), Eppendorf pipette, Dewar vessel, Schlenk
line, magnetic stirrer, funnel, filter, safety glasses, laboratory coat, protective
gloves.

Chemicals Selenium (preferred: red, nonmetallic modifications) powder,
Me3SiCF3, [NMe4]F [8], dimethoxyethane (glyme), acetonitrile, n-pentane,
ice bath (2-propanol, dry ice), liquid nitrogen

Attention! Safety glasses must be used at all times and protective gloves at least
while working with [NMe4]F. The order of addition must be strictly followed;
otherwise violent reactions between Me3SiCF3 and F− may proceed even below
room temperature [9]. The product has a characteristic malodorous smell and
should therefore be handled with gloves and under a ventilated hood.
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FIGURE 8.2 Molecular structure of cis-Pt(SCF3)2(PPh3)2 [11].

Caution! Because of its toxicity, care should be taken to avoid inhalation of
elemental selenium, organoselenium compounds, and [NMe4]F. Also avoid
contact of all compounds with skin. All reactions should be carried out in a
well-ventilated hood.

Experimental Procedure An oven-dried, 50-mL Schlenk flask equipped with
a magnetic stirrer and a stopcock was flushed with nitrogen. To a suspension
of (preferred) red selenium (1.58 g, 20.0 mmol) in 25 mL glyme, Me3SiCF3

(3.104 mL, 21.0 mmol) was added using an Eppendorf pipette. The reac-
tion mixture was cooled to −78 ◦C using a dry ice bath. [NMe4]F (1.86 g,
20.0 mmol) was added in one portion under a strong nitrogen flow and with
vigorous stirring. The temperature was held for approximately 1 h and then
allowed to warm to room temperature overnight. The color of the suspension
changed during this period from dark red to gray. After stirring ceased, a gray
solid precipitated covered by a nearly colorless solution. The solution was
decanted and the remaining solid was dried in vacuo. The gray residue was
extracted with two portions of 5 mL MeCN. The extracts were combined and
stored for 24 h at −30 ◦C. Crystalline [NMe4]SeCF3 precipitated from color-
less, sometimes red or green, mother liquors. On removal of the cold MeCN
solution, the remaining solid was washed with n-pentane and dried in vacuo
giving [NMe4]SeCF3 in an average yield of 70%.

The colorless crystalline material can be handled at least for a short period in
ambient atmosphere. Storing of the compound in Schlenk tubes or sealed glass
tubes in daylight led to a red coloration (red selenium (?)). The compound is
insoluble in alkanes, sparingly soluble in ethers, aromatics, and halogenated



30 SYNTHESIS OF [NMe4]ECF3 (E = S, Se, Te) AND RELATED COMPOUNDS

alkanes, but highly soluble in nitriles and dimethylformamide. The smell is
intensively horseradish-like.

Characterization Data Colorless crystals, visible mp 215–217 ◦C (decompo-
sition); 207 ◦C (onset of decomposition (DTA/TG)).

19F NMR (188.3 MHz, DMF-D7) −4.49 ppm (2JSe,F = 79 Hz), s,
1JF,C = 323 Hz); (CD3CN) −5.83 ppm (2JSe,F = 77 Hz) s, 1JF,C = 323 Hz). 1H
NMR (200.1 MHz, CD3CN): � 3.14 ppm, s. 13C NMR (75.4 MHz, CD3CN):
� 132.2 ppm, (1JF,C = 323 Hz, 1JC,Se = 246 Hz, SeCF3), q; 55.6 ppm
(1JH,C = 144 Hz, NMe4) q. 77Se NMR (57.2 MHz, CD3CN): � 166 ppm
(2JF,Se = 77 Hz). EIMS (20 eV): m/z 164 ([Me80SeCF3]+ , 100%), 149
([80SeCF3]+ , 6%), 145 ([Me80SeCF2]+ , 3%), 130 ([80SeCF2]+ , 21%), 111
([80SeCF]+ , 4%), 95 ([Me80Se]+ , 37%), 80 ([80Se]+ , 3%), 69 ([CF3]+ , 7%),
59 ([NMe3]+ , 63%), 58 ([Me2NCH2]+ , 87%).

Waste Disposal All residues as well as the supernatant and washing solutions
have to be collected in a labeled container for toxic waste that has to be properly
deposited.

Application The same as mentioned above for the SCF3 compound may be ap-
plied to the SeCF3 derivative, although the synthetic properties of this derivative
have not yet been investigated in detail. Halide exchange reactions have been
carried out successfully to obtain silver, gold [13], and platinum [14] deriva-
tives. The molecular structure of [PNP][Au(SeCF3)2] is shown in Figure 8.3.

FIGURE 8.3 Molecular structure of [PNP][Au(SeCF3)2] [13].
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8.3 PREPARATION OF [NMe4]TeCF3

Apparatus Two 50-mL Schlenk flasks with stopcock (fitted with Glindemann
ring), stopper, stirring bar, pipette (25 mL), Eppendorf pipette, Dewar vessel,
Schlenk line, magnetic stirrer, funnel, filter, safety glasses, laboratory coat,
protective gloves.

Chemicals Tellurium powder, Me3SiCF3, [NMe4]F [8], dimethoxyethane
(glyme), acetonitrile, ice bath (2-propanol, dry ice), liquid nitrogen.

Attention! Safety glasses must be used at all times and protective gloves at least
while working with [NMe4]F. The order of addition must be strictly followed;
otherwise violent reactions between Me3SiCF3 and F− may proceed even below
room temperature [9]. The product has a characteristic malodorous smell and
should therefore be handled with gloves and under a ventilated hood.

Caution! Because of its toxicity, care should be taken to avoid inhalation of
elemental tellurium, organotellurium compounds, and [NMe4]F. Also avoid
contact of all compounds with skin. All reactions should be carried out in a
well-ventilated hood.

Experimental Procedure An oven-dried, 50-mL Schlenk flask equipped with
a magnetic stirring bar and a stopcock was flushed with nitrogen. To a mixture
of tellurium (1.91 g, 15.0 mmol) and Me3SiCF3 (1.647 mL, 11.0 mmol), added
using an Eppendorf pipette, in 25 mL glyme at −60 ◦C (dry ice bath), [NMe4]F
(0.93 g, 10.0 mmol) was added in one portion. The temperature was held for
approximately 1 h and then allowed to warm to room temperature within ap-
proximately 2 h by removing the cooling bath. After stopping stirring, excess
tellurium precipitated, covered by a yellow solution. In an inert atmosphere (ar-
gon may be used as protective gas), the solution was filtered through a funnel
into another oven-dried Schlenk flask to remove excess tellurium. All volatile
components were condensed off in vacuo at room temperature. [NMe4]TeCF3

was collected as a yellow solid in nearly quantitative yield. Recrystallization
from MeCN (−28 ◦C) afforded a pale yellow, sometimes ochre, microcrys-
talline material in approximately 60% yield, which can be handled at least for
a short period in ambient atmosphere. Storing of the compound in Schlenk
tubes or sealed glass tubes in scattered daylight at room temperature effected
slow elimination of elemental tellurium. In ambient atmosphere, bright yellow
crystals grown from acetonitrile solutions became muddy red and finally gray
over a period of 72 h with evolution of a malodorous smell.

[NMe4]TeCF3 is insoluble in alkanes, poorly soluble in aromatics (benzene,
toluene) and ethers such as THF, glyme, and diethylether, highly soluble in
dimethylformamide but it reacts with acetonitrile and dichloromethane.

Characterization Data Pale yellow crystals, visible mp 185 ◦C (onset of de-
composition).

19F NMR (282.3 MHz, DMF-d7): � + 1.89 ppm (2J123Te,F = 206 Hz,
2J125Te,F = 248 Hz; s, 1JF,C = 349 Hz, 1� (19F–12/13C) −0.1676 ppm), s. 1H
NMR (300.1 MHz, DMF-d7) � = 3.41 ppm, s. 13C NMR (75.4 MHz, DMF-d7)
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� 91.9 ppm, (1JF,C = 349.0 Hz, (13C{19F}(−15 ◦C)) s, 1JC,Te = 677 Hz)
TeCF3), q; 55.3 ppm (1JH,C = 143.9 Hz, 3JH,C = 3.5 Hz, NMe4) q of decets.
125Te NMR (126.2 MHz, DMF-d7, −15 ◦C): � 395 ppm, (2JTe,F = 249 Hz),
q. EIMS (20 eV) m/z 214 ([Me130TeCF3]+ , 100%), 199 ([130TeCF3]+ ,
13%), 145 ([Me130Te]+ , 48%), 130 ([130Te]+ , 5%), 69 ([CF3]+ , 6%), 59
([NMe3]+ , 58%), 58 ([Me2NCH2]+ , 76%). Negative ESI MS (MeCN) m/z
325 ([Te2CF3])−, 100% most intense signal), 199 ([130TeCF3]−, 92%).

The identical procedure may be applied to prepare [NMe4]TeC2F5 using
Me3SiC2F5 instead of Me3SiCF3.

Characterization Data mp (decomposition) 115 ◦C.
19F NMR (282.3 MHz, DMF-d7) � −66.6 (2F, 2JTe,F = 108 Hz,

1JF,C = 299 Hz, 3JF,F = 10 Hz), q, −83.5 (3F, 3JTe,F = 12 Hz; 1JF,C = 283 Hz,
3JF,F = 10 Hz), t ppm. 1H NMR (300.1 MHz, DMF-d7) �H 3.41 ppm. 13C{19F}
NMR (75.4 MHz, DMF-d7) � 120.1 (2JTe,C = 76 Hz), 95.1 (1JTe,C = 574 Hz),
54.4 ppm (q of decet, 1JC,H = 144 Hz, 3JC,H = 4 Hz). 125Te{19F} NMR
(126.2 MHz, DMF-d7) � 140 ppm.

Note An extension of the procedure to n-C3F7 and n-C4F9 derivatives failed
due to the preferred formation of tetramethylammonium salts of perfluorinated
tertiary carbanions.

Waste Disposal All residues as well as the supernatant and washing solutions
have to be collected in a labeled container for toxic waste that has to be properly
deposited.

Application Due to the very low solubility of [NMe4]X (X = Cl, Br, I, BF4)
in most common organic solvents, halide exchange reactions with activated
organic and inorganic halides (or tetrafluoroborates) proceed quickly and se-
lectively. This reagent together with its lighter homologues may be used as a
[ECF3]− transfer reagent to obtain organic and metal-organic species unknown
so far.

Successful attempts in halide substitutions are limited to silver and gold [15]
as well as platinum [14] derivatives.

FIGURE 8.4 Molecular structure of the dimeric trifluoromethyldiiodotellurate(II) anion
[17].
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Salts with the anion [TeCF3]− are easily oxidized by hexachloroethane,
elemental bromine, and iodine to compounds with the anions [Te(CF3)X2]−

(X = Cl, Br, I) [16, 17] or by disulfanes deriving from dithiocarbamic acids to
derivatives with the anions [Te(CF3)(SC(S)NR2)2]− (Figure 8.4) [6].
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CHAPTER 9

Synthesis Methods for Exotic
Inorganic Fluorides with
Varied Applications

DAYAL T. MESHRI, N.C. MATHUR, AND RITESH R. JAIN

The field of inorganic fluorides is vast, complex, and has far-reaching applications.
A wide variety of inorganic fluorine compounds such as fluorides, triflates, tetraflu-
oroborates, and fluorophosphates of alkali, alkaline, rare earth, transition metal salts
have been used extensively in the electronics, semiconductors, energy storage, and
pharmaceutical industries. An emerging area of interest with enormous commercial
potential for this important class of compounds involves optoelectronics, microlithog-
raphy, and laser applications [1–4].

Metal triflates have been the subject of extensive academic and industrial re-
search in the past two decades. These are used as catalyst in the polymerization of
aromatic alkenes and aromatic monomers, in the electrophilic polymerization of 1,3-
pentadiene, in the cationic ring-opening polymerization of tetrahydrofuran, and in
the Michael reaction of O-silylated ketene acetals with �,�-unsaturated esters. Other
areas of applications are aldol and Friedel–Crafts reactions [5]. Use of rare earth metal
triflates in organic synthesis has been reviewed by Kobayashi et al. [6]. Recently, rare
earth triflates have been used commercially in the synthesis of vitamin E [7].

Superacid systems are formed by mixing appropriate Lewis and Bronsted acids
[8]. Trifluoromethane sulfonic acid or triflic acid, a superacid, forms water-soluble
salts with nonhydrolyzable metals. Metal triflate salts used as catalysts, in general,
have the following advantages:

a. fewer or no by-products, better yields, and higher selectivity than standard
methods;

b. chiral forms can be highly diastereo- and enantioselective and hence good
asymmetric catalysts;
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c. greener, stable, fewer synthetic steps, use of non-chlorinated reagents (reactions
can be performed in water), less toxic and corrosive, safer, easier to handle,
milder reaction conditions, less energy requirements; and

d. less waste, metals are recoverable and usable.

The above properties make them an attractive alternative to Lewis acids such as
AlCl3.

The application and synthetic methods of inorganic fluorides and fluorinating
reagents have been reviewed by Dayal Meshri in various monographs and articles
[9, 10]. Some of these compounds are still not being produced in bulk scale and
their synthesis methods are as much art as they are science. We have selected some
important inorganic fluorides, including tetrafluoroborate, hexafluorophosphates, su-
peracids, and triflates of aluminum, copper, lithium, potassium, etc. It has been
attempted to showcase the variety of methods that may be used. These are just as
varied in their applications as well.

9.1 PREPARATION OF COPPER FLUORIDE (CuF2)

Apparatus Plastic beaker with Teflon-coated magnetic stirrer, tray oven.

Chemicals Copper carbonate and anhydrous hydrofluoric acid (AHF).

Attention! All personal protective gear such as safety glasses, full face acid
respirator, full body alkyl suit with rubber gloves should be worn at all times.

Caution! AHF is extremely toxic and corrosive. Extreme care should be taken
while handling. Make sure first aid treatment items in case of injury are readily
available in close vicinity (eyewash station, water shower, calcium gluconate,
etc.). The reaction must be carried out in a well-ventilated hood.

Experimental Procedure AHF (6000 g) is added to plastic beaker and stirred
using Teflon-coated magnetic stirrer. Copper carbonate (4940 g, 40 gmol) is
added slowly to AHF. The reaction is extremely exothermic liberating lot of
AHF fumes and salt is formed immediately. After addition is complete, the
mixture is allowed to stir for 4 h and then allowed to sit overnight without
agitation. The salt is allowed to settle and the clear liquid decanted carefully.
The wet salt is washed with AHF three times to remove the residual traces
of water and dried under nitrogen inside a tray oven at 140 ◦C with gaseous
AHF flowing over the trays at all times. After 1 day, the salt chunks are broken
up under nitrogen in a dry glove box. The ground white powder is fluorinated
again for 1 day with gaseous AHF at 140 ◦C. The AHF fumes are driven off by
nitrogen purge and temperature of oven lowered. Sufficient flow of dry nitrogen
is maintained in the ovens to prevent hydrolysis due to any moisture pickup.
CuF2 (3.74 kg, 92%) is yielded.

Characterization Data The product is characterized by elemental analysis.
Copper content is typically from 61.3% to 63.8% and fluoride from 36.7%
to 38.2%. Copper is analyzed by inductively coupled plasma (ICP) and



PREPARATION OF SILVER FLUORIDE (AgF) 37

fluoride content is determined using Willard–Winter distillation method. Both
the methods are described in detail in Appendix A.

Application Its use has been explored as cathodic material in nonaqueous gal-
vanic cells. Several intercalated compounds of CuF2 have been explored re-
cently [11–13].

9.2 PREPARATION OF POTASSIUM HEXAFLUORONICKELATE
(K2NiF6)

Apparatus Monel tubular reactor with boat-shaped tray and radiant heaters.

Chemicals Potassium fluoride (anhydrous), nickel fluoride, elemental fluorine
gas.

Attention! All personal protective gear such as safety glasses, full face acid
respirator, and full body alkyl suit with rubber gloves should be worn at all
times.

Caution! Fluorine gas is extremely toxic, strong oxidizer, and corrosive. Ex-
treme care should be taken while handling. Make sure first aid treatment items
in case of injury are readily available in close vicinity (eyewash station, wa-
ter shower, calcium gluconate, etc.). The reaction must be carried out in a
well-ventilated hood.

Experimental Procedure Potassium fluoride (580 g, 10 gmol) and nickel flu-
oride (485 g, 5 gmol) are ground and mixed intimately. The mixture is spread
evenly in a Monel boat and placed in a tubular Monel reactor that is equipped
with radiant heaters. The mixture is dried under vacuum at 200 ◦C for 4 h.
Fluorine is then passed at very slow rates (0.25–0.50 L/m) overnight at 350 ◦C.
The result is 95% converted chunky powder. The powder is ground and fluori-
nated again overnight. The resulting solid is K2NiF6 (1220 g) with almost 97%
yield.

Characterization Data The product is characterized by elemental analysis.
Fluoride content is typically from 44.5% to 46.3% and is determined using
Willard–Winter distillation method. The method is described in detail in Ap-
pendix A.

Application K2NiF6 is an excellent source of elemental fluorine [14]. High
valency complex fluorinating agent such as K2NiF6 converts aromatic and het-
erocyclic compounds to poly- and perfluorinated products, mostly unsaturated
[15]. K2NiF6 with manganese fluoride has been successfully used for isolation
of fluorooxyfluorofullerene (C60F17OF) for the first time [16]. Highly fluo-
rinated semi-ionic graphites have been synthesized by combining elemental
fluorine under pressure with K2NiF6 at much lower temperatures [17].

9.3 PREPARATION OF SILVER FLUORIDE (AgF)

Apparatus Five-gallon plastic jerry can with septum, Teflon-coated magnetic
stirrer, and two nozzles at the top.
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Chemicals Silver oxide powder, anhydrous hydrogen fluoride (AHF), anhydrous
methanol, and anhydrous diethyl ether.

Attention! All personal protective gear such as safety glasses, full face acid
respirator, and full body alkyl suit with rubber gloves should be worn at all
times.

Caution! Please note hazards associated with AHF from the previous section.
Make sure first aid treatment items in case of injury are readily available in
close vicinity (eyewash station, water shower, calcium gluconate, etc.). The
reaction must be carried out in a well-ventilated hood.

Experimental Procedure Silver oxide (Ag2O, 3.5 kg, 15 mol) in a very fine
powdered form is added to a clean 5-gallon plastic square jerry can. AHF
(3.5 gallons) in liquid form is added to the container very slowly. The reaction is
extremely exothermic and liquid AHF is allowed to react slowly with the Ag2O
powder in a stagnant manner for 2 days. The resulting solution is clear with
very little unreacted Ag2O impurities settled at the bottom. The impurities are
probably Ag2S due to trace amounts of H2S in AHF and/or reduced silver metal.
Please note that the solubility of AgF in AHF solution is about 83.2 g/100 g
AHF at 11.9 ◦C [18]. The silver fluoride solution in AHF is decanted into
another clean 5-gallon plastic square jerry can, equipped with a septum with
two nozzles at the top for nitrogen gas inlet and HF vent. Nitrogen gas is
bubbled through this solution for 2 days to drive off HF and yield white silver
bifluoride (AgF·HF) salt. The solid chunks are broken and dried in nitrogen
glove box for 6 h. Methanol (0.75 L) is added to solid and grinded to form
slurry. The golden orange silver fluoride is precipitated by diethyl ether and
washed several times with it (15 gallons total). The wet salt is dried under
nitrogen for 2 days to yield 3.44 kg (90% yield) of AgF.

Characterization Data The product is characterized by elemental analysis.
Silver content is typically from 83.7% to 86.3% and fluoride from 14.8%
to 15.2%. Silver is analyzed by potassium thiocyanate titration and fluoride
content is determined using Willard–Winter distillation method. The Willard–
Winter distillation method is described in detail in Appendix A.

Application AgF has been used as fluorinating reagent for certain electrophilic
olefins in the presence of proton donor. For example, CF2CHSF5 gives CF3

(SF5)CHAg in acetonitrile [19]. Treatment of siloxycyclopropane with allylic
chlorides in the presence of silver fluoride results in effective formation of
�/�-unsaturated ketones [20]. Silver fluorides have also been used in batteries
and as antimicrobial agents [21].

9.4 PREPARATION OF SILVER DIFLUORIDE (AgF2)

Apparatus Monel tubular reactor with boat-shaped tray inside a copper tube
and radiant heaters, safety glasses, full face acid respirator, and full body alkyl
suit with rubber gloves.

Chemicals Silver fluoride, elemental fluorine gas.
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Attention! All personal protective gear should be worn at all times.

Caution Fluorine gas is extremely toxic, strong oxidizer, and corrosive. Extreme
care should be taken while handling. Make sure first aid treatment items in case
of injury are readily available in close vicinity (eyewash station, water shower,
calcium gluconate, etc.). The reaction must be carried out in a well-ventilated
hood and away from organic solvents.

Experimental Procedure Silver fluoride (508 g, 4 mol) is spread evenly in a
Monel boat and placed in a copper tube that is placed in a tubular Monel reactor
that is equipped with radiant heaters. The fluorine is fed through an inlet tube
made of copper or nickel. The powder is dried under vacuum at 150 ◦C for 4
h. Fluorine is then passed at very slow rates (0.25–0.50 L/min) overnight at
180 ◦C. The result is 95% conversion and formation of chunky powder. The
chunks are unloaded from the reactor, ground to a powder, and refluorinated
overnight under the same conditions. The resulting solid is AgF2 (573 g, 98%
yield). Similarly, silver chloride (AgCl) can be used to make AgF2 by reaction
with fluorine gas.

Characterization Data The product is characterized by elemental analysis.
Silver content is typically from 72.1% to 75.8% and fluoride content from
25.4% to 26.7%. Silver is analyzed by potassium thiocyanate titration and
fluoride content is determined using Willard–Winter distillation method. The
Willard–Winter distillation method is described in detail in Appendix A.

Application AgF2 is a strong fluorinating and oxidizing agent. It is capable of
replacing aromatic ring hydrogen atoms at moderate temperatures. For example,
conversion of benzene to fluorobenzene [22, 23]. It is used in the fluorination
and preparation of organic perfluoro compounds [24]. It has been used as
fluorinating agent for fluorination of C60 fullerenes. At 300 ◦C, C60F44 was
produced with remarkable selectivity using AgF2 [25]. AgF2 oxidizes xenon to
xenon difluoride in anhydrous HF solutions [26].

2AgF2 + Xe
HF−→ AgF + XeF2

9.5 PREPARATION OF TRIETHYLAMINE TRIHYDROGEN
FLUORIDE ((C2H5)3N·3HF)

Apparatus Four-liter high-density polyethylene (HDPE) beaker with Teflon-
coated magnetic stirrer.

Chemicals Triethylamine (TEA), AHF.

Attention! All personal protective gear such as safety glasses, full face acid res-
pirator, and full body alkyl suit with rubber gloves should be worn at all times.

Caution AHF is extremely toxic and corrosive. Extreme care should be taken
while handling. Make sure first aid treatment items in case of injury are readily
available in close vicinity (eyewash station, water shower, calcium gluconate,
etc.). The reaction must be carried out in a well-ventilated hood.
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Experimental Procedure Take calculated amount of AHF (600 g, 30 mol) in
a 4-L HDPE beaker. Chill down the contents by placing the container in an
ice bath. AHF boils at ∼20 ◦C. Keep the temperature below it to prevent rapid
loss of acid. Add a Teflon-coated magnetic stir bar and set the bath and the
vessel on a stirring plate. Keep nitrogen purge around the neck of the container
to limit exposure to moisture to a minimum. Slowly add TEA with stirring to
AHF. The reaction is “extremely exothermic.” The additions have to be drop by
drop initially. Measure the temperature continuously. As more TEA is added,
the boiling point of the reaction mixture increases. For the first 30% of the
reaction, keep the temperature below 30 ◦C to avoid significant loss of AHF.
The additions thus end up being very slow in this phase. For the next 30%
addition, the temperature might be allowed to go up to 90 ◦C. Essentially,
control the temperature to prevent rapid loss of reaction products. The second
addition is faster than the first phase. The TEA addition can be rapid during the
last stage. It is desirable to let the temperature increase to no more than 90 ◦C
toward the end. Lot of solid is formed toward the end. The final amount has
to be added slowly to allow for solids to dissolve. After the calculated TEA
(1010 g, 10 mol) has been added and all solids have dissolved, send sample to
lab for analysis. Minor adjustments may need to be made at the end to account
for loss of AHF. The resulting pale yellow liquid may be filtered (1594 g, 99%
yield).

Characterization Data The product is characterized by perchloric acid titration.
Assay is typically greater than 97.5%.

Application TEA–HF complex has a pH close to neutral and is easier to handle
than anhydrous HF and is now increasingly being used in organic synthesis. It
is versatile fluorinating agent for synthesis of acid fluorides and alkyl fluorides
[27–30]. It is an excellent selective reagent for cleavage of O-silyl groups in
carbohydrates, nucleotides, and cyanohydrins [31–34]. Fluorination reactions
using TEA–HF complex has been reviewed by Haufe [35].

9.6 PREPARATION OF LITHIUM TETRAFLUOROBORATE (LiBF4)

Apparatus Five-gallon plastic jerry can with septum, Teflon-coated magnetic
stirrer, and two nozzles at the top.

Chemicals Lithium fluoride, hydrofluoric acid, BF3 gas.

Attention! All personal protective gear such as safety glasses, full face acid
respirator, and full body alkyl suit with rubber gloves should be worn at all
times.

Caution AHF and BF3 gas are extremely toxic and corrosive. Extreme care
should be taken while handling. Make sure first aid treatment items in case of
injury are readily available in close vicinity (eyewash station, water shower,
calcium gluconate, etc.). The reaction must be carried out in a well-ventilated
hood.
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Experimental Procedure High-purity lithium fluoride (LiF; 1040 g, 40 mol)
in a very fine powdered form (−60 mesh) is added to a clean 5-gallon plastic
square jerry can. AHF (2.5 gallons) in liquid form is added to the container
very slowly. The resulting mixture is a clear solution that is transferred into
another clean 5-gallon plastic square jerry can, equipped with a Teflon-coated
magnetic stirrer, a septum with two nozzles at the top for BF3 gas inlet and
BF3/HF vent. BF3 gas is bubbled through this stirred solution to make LiBF4

salt that precipitates out. Care must be taken to prevent plugging of the nozzle
inlet inside the solution. The reaction is over when no further precipitation is
observed. The salt is allowed to settle and the clear liquid decanted carefully.
The wet salt is loaded in Teflon trays in tray oven at 55 ◦C for 2 days. Sufficient
flow of nitrogen is maintained through the ovens to dry the salt and prevent
hydrolysis due to moisture. LiBF4 (2.25 kg, 75%) is yielded. The salt can also
be dried in a vacuum dryer for very low moisture content, especially if meant
for use in lithium ion battery electrolyte.

Characterization Data The product is characterized by elemental analysis.
Boron content is typically from 11.2% to 11.9% and fluoride content from
78.6% to 83.5%. Boron is analyzed by ICP and fluoride content is determined
using Willard–Winter distillation method. Both the methods are described in
detail in Appendix A. Moisture is typically less than 1% by Karl Fischer.

Application LiBF4 is extensively used as an electrolyte in lithium ion battery
[36]. It has been investigated for potential use as Lewis acid in the intramolecu-
lar Diels–Alder reaction [37]. In acetonitrile, it efficiently catalyzes the aminol-
ysis of trimethylene oxide and 2-octyl oxetane under mild conditions to give
the corresponding � -amino alcohol in good yields [38]. It efficiently catalyzes
an unusual cyclization of o-hydroxybenzaldimines with 2,3-dihydrofuran and
3,4-dihydro-2H-pyran at ambient temperature to afford a class of new pyrano-
and furanobenzopyran derivatives in excellent yields and high diastereos-
electivity [39].

9.7 PREPARATION OF NITRONIUM TETRAFLUOROBORATE
(NO2BF4)

Apparatus Five-gallon plastic jerry can with septum, Teflon-coated magnetic
stirrer, ice bath, two nozzles at the top, safety glasses, full face acid respirator,
and full body alkyl suit with rubber gloves.

Chemicals Fuming nitric acid (HNO3), dry ice, anhydrous hydrogen fluoride
(AHF), methanol, and BF3 gas.

Attention! All personal protective equipment should be worn at all times.

Caution! AHF, fuming nitric acid, and BF3 are extremely toxic and corrosive.
Extreme care should be taken while handling. Make sure first aid treatment
items in case of injury are readily available in close vicinity (eyewash station,
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water shower, calcium gluconate, etc.). The reaction must be carried out in a
well-ventilated hood.

Experimental Procedure Fuming nitric acid (4.1 kg, 59 mol) is added to a
clean 5-gallon plastic square jerry can, equipped with a Teflon-coated magnetic
stirrer, placed in an ice bath. The bath is filled with dry ice/methanol. AHF
(2.4 kg, 120 mol) in liquid form is added to the cold HNO3 very slowly. BF3

gas is bubbled slowly through this cold HNO3/HF solution kept in the −78 ◦C
dry ice bath. NO2BF4 salt will precipitate out gradually. Care must be taken to
prevent plugging of the inlet nozzle inside the solution by NO2BF4 precipitate.
The reaction is over when no further precipitation takes place. This is indicated
by significant evolution of BF3. The salt is allowed to settle and the clear liquid
decanted carefully. The wet salt is loaded in plastic trays in tray oven at room
temperature for 5 days. Sufficient flow of nitrogen is maintained through the
ovens to dry the salt and prevent hydrolysis due to moisture. About 7.2 kg,
54 mol (92%) of NO2BF4 is obtained.

Note of caution: a rise in temperature of solution, blockage of BF3 bubbling tube,
or irregular stirring may cause an explosion.

Characterization Data The product is characterized by elemental analysis.
Boron content is typically from 7.8% to 8.5% and fluoride content from 54.9%
to 59.5%. Boron is analyzed by ICP and fluoride content is determined using
Willard–Winter distillation method. Both the methods are described in detail
in Appendix A.

Application NO2BF4 is extremely active nitration agent for aromatics. It typ-
ically requires mild conditions giving high yields. It also readily nitrates
aliphatics. It has been used for selective and controllable nitration of meso-
tetraphenylporphyrin to nitroporphyrins. Its versatility is seen in reactions with
amines, esters, and amides [40–42].

9.8 PREPARATION OF SILVER TETRAFLUOROBORATE (AgBF4)

Apparatus Five-gallon plastic jerry can with septum, Teflon-coated magnetic
stirrer, two nozzles at the top, and BF3 gas delivery system.

Chemicals Silver oxide powder (Ag2O), anhydrous hydrogen fluoride (AHF),
and boron trifluoride (BF3) gas.

Attention! All personal protective gear such as safety glasses, full face acid
respirator, and full body alkyl suit with rubber gloves should be worn at all
times.

Caution! AHF and BF3 are extremely toxic, volatile, and corrosive. Extreme
care should be taken while handling. Make sure first aid treatment items in case
of injury are readily available in close vicinity (eyewash station, water shower,
calcium gluconate, etc.). The reaction must be carried out in a well-ventilated
hood.
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Experimental Procedure Silver oxide (Ag2O; 3.5 kg, 15 mol) in a very fine
powdered form is added to a clean 5-gallon plastic square jerry can. AHF
(3.5 gallons) in liquid form is added to the container very slowly. The reaction
is extremely exothermic and liquid AHF is allowed to react slowly with the
Ag2O powder in a stagnant manner for 2 days. The resulting solution is clear
with very little unreacted silver oxide impurities settled at the bottom. The
silver bifluoride solution in AHF is decanted into another clean 5-gallon plastic
square jerry can, equipped with a Teflon-coated magnetic stirrer, a septum with
two nozzles at the top for BF3 gas inlet and BF3/HF vent. BF3 gas is bubbled
through this stirred solution to make AgBF4 salt, which is less soluble in AHF
and precipitates out. Care must be taken to prevent plugging of the nozzle
inlet inside the solution. The reaction is over when no further precipitation is
observed. The salt is allowed to settle and the clear liquid decanted carefully.
The wet salt is washed with AHF three times (1.5 gallons each) to remove the
water generated from Ag2O and AHF reaction. The wet salt is then dried under
nitrogen inside the jerry can. Once the salt is devoid of liquid AHF, it is dried
in plastic trays at room temperature for 5 days. Sufficient flow of nitrogen is
maintained through the ovens to dry the salt to prevent hydrolysis and moisture.
AgBF4 (5.5 kg, 93%) is yielded.

Characterization Data The product is characterized by elemental analysis in-
volving wet chemistry methods. Silver content is typically between 54% and
56%, boron content between 5.4% and 5.7%, and fluoride content between
38.3% and 39.5%. Silver is analyzed by potassium thiocyanate titration. Boron
is determined by ICP and fluoride content is determined using Willard–Winter
distillation method. The ICP and Willard–Winter distillation methods are de-
scribed in detail in Appendix A because they are used commonly for other
subsequent chemicals described in this chapter.

Application AgBF4 is a powerful catalyst for promoting nitration, acylation, and
sulfonation. It can displace less activated halogen group to form respective fluo-
rides. For example, it can convert C6H5CHCl2 to C6H5CHF2, C6H5CCl2CH3 to
C6H5CF2CH3, and C6H5CCl3 to C6H5CF3 [43]. Its ability to form complexes
with olefins and aromatics has helped development of separation processes for
olefins from mixtures with paraffin’s and acetylenes and separation of aromatics
from cyclohexane [44, 45].

Silver tetrafluoroborate was identified as an excellent promoter for the ac-
tivation of various glycosyl donors, including glycosyl halides, trichloroace-
timidates, and thioimidates. Easy handling and no requirement for azeotropic
dehydration before application makes AgBF4 especially beneficial in compar-
ison to the commonly used AgOTf [46].

9.9 PREPARATION OF HEXAFLUOROPHOSPHORIC ACID (HPF6)

Apparatus Five-gallon Hastelloy C-276 pressure vessel with mechanical stirrer,
cooling jacket.
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Chemicals Phosphorous pentoxide (P2O5), AHF, and phosphoric acid.

Attention! All personal protective gear such as safety glasses, full face acid
respirator, and full body alkyl suit with rubber gloves should be worn at all
times.

Caution! Hydrofluoric acid is extremely toxic and corrosive. Extreme care
should be taken while handling. Make sure first aid treatment items in case
of injury are readily available in close vicinity (eyewash station, water shower,
calcium gluconate, etc.). The reaction must be carried out in a well-ventilated
hood.

Experimental Procedure Hexafluorophosphoric acid (HPF6) is synthesized
by reacting AHF with solid P2O5 inside a Hastelloy C-276 pressure vessel
equipped with a mixer and external cooling jacket. Because the reaction is
initially very violent and highly exothermic, temperatures of 300 ◦C routinely
occur during the early stages of the reaction. The reaction contents have high
vapor pressures in this temperature range. The rate of AHF addition is depen-
dent on the reactor cooling available to keep the reaction temperature(s) and
pressure(s) limits of the setup, typically 30 psig. The vessel is protected against
overpressure by appropriate safety devices such as relief valves and/or rupture
disks.

The reactor vessel is first charged with the required amount of P2O5

(4.970 kg, 35 mol). It is common practice to compensate with phosphoric
acid (1.153 kg, 10 mol). Mixer and cooling water are started and then AHF ad-
dition is initiated at a controlled rate via a feed tube (9.60 kg, 480 mol). Check
all safety devices, engineering controls, and process control equipment during
the course of reaction. When the theoretical amount of HF has been added, the
reaction mixture is allowed to cool to ambient temperature. Clear liquid con-
taining 73–75% of fluorophosphoric acids (at least 60% hexafluorophosphoric
acid, and smaller percentages of monofluoro-, difluoro-, and phosphoric acid)
is obtained on filtration (15.57 kg, 99% yield).

Characterization Data The product is characterized by elemental analysis.
Phosphorus content is typically from 15.5% to 15.9% and fluoride content
from 57.0% to 58.6%. Phosphorus is analyzed by ICP and fluoride content is
determined using Willard–Winter distillation method. Both the methods are
described in detail in Appendix A.

Application Use of HPF6 in the Schiemann reaction has been reported [47]. 1-
Bromo-2-fluorobenzene can efficiently be prepared from o-bromoaniline and
hexafluorophosphoric acid [48]. Single largest use of HPF6 appears to be in
synthesizing COX-2 inhibitors for pain and inflammatory use [49].

9.10 PREPARATION OF LITHIUM HEXAFLUOROPHOSPHATE (LiPF6)

Apparatus Five-gallon Teflon narrow neck flask with septum, Teflon-coated
magnetic stirrer, and two nozzles at the top.
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Chemicals Lithium fluoride, hydrofluoric acid, phosphorous pentafluoride (PF5)
gas.

Attention! All personal protective gear such as safety glasses, full face acid
respirator, and full body alkyl suit with rubber gloves should be worn at all
times.

Caution! Hydrofluoric acid and PF5 gas are extremely toxic and corrosive.
Extreme care should be taken while handling. Make sure first aid treatment
items in case of injury are readily available in close vicinity (eyewash station,
water shower, calcium gluconate, etc.). The reaction must be carried out in a
well-ventilated hood.

Experimental Procedure Take calculated amount of LiF (260 g, 10 mol) and
dissolve it into AHF (2.50 kg). The solution is filtered and PF5 (1.26 kg, 10 mol)
is passed through the solution. Note that PF5 is a high-pressure gas and all the
necessary setup involving pressure regulator, check valves, shut off valves need
to be carefully selected. Transition is made from stainless steel fitting from the
PF5 cylinder to Teflon feed tube going into the LiF solution in AHF. White
precipitate is formed, which is LiPF6. The liquid is decanted off and solid is
dried at room temperature under nitrogen or vacuum dried (1.370 kg, 90%
yield).

Characterization Data The product is characterized by elemental analysis.
Phosphorus content is typically from 19.8% to 21.0% and fluoride content
from 72.8% to 77.3%. Phosphorus is analyzed by ICP and fluoride content is
determined using Willard–Winter distillation method. Both the methods are
described in detail in Appendix A.

Application Solutions of lithium hexafluorophosphates in organic solvents such
as propylene carbonate/dimethoxyethane are used as an electrolyte in lithium
batteries [50,51]. LiPF6 also catalyzes the tetrahydropyranylation of tertiary
alcohols [52].

9.11 PREPARATION OF POTASSIUM HEXAFLUOROPHOSPHATE
(KPF6)

Apparatus Five-gallon 316 Stainless Steel pressure vessel with mechanical
stirrer, and cooling jacket.

Chemicals Hexafluorophosphoric acid (HPF6), potassium hydroxide (KOH).

Attention! All personal protective gear such as safety glasses, full face acid res-
pirator, and full body alkyl suit with rubber gloves should be worn at all times.

Caution HPF6 and KOH are extremely toxic and corrosive. Extreme care should
be taken while handling. Make sure first aid treatment items in case of injury
are readily available in close vicinity (eyewash station, water shower, calcium
gluconate, etc.). The reaction must be carried out in a well-ventilated hood.

Experimental Procedure Potassium hexafluorophosphate (KPF6) is synthe-
sized by reacting HPF6 with KOH inside a 316 Stainless Steel pressure vessel
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equipped with a mixer and external cooling jacket. The vessel is protected
against overpressure by appropriate safety devices such as relief valves and/or
rupture disks.

Check all safety devices, engineering controls, and process control equip-
ment during the course of reaction. Add calculated amount of both KOH 45%
(1.245 kg, 10 mol) solution and KOH Flake 90% (622 g, 10 mol). Mix until
uniform. Add HPF6, ∼74% fluorophosphoric acid content (1.60 kg, 6.6 mol
minimum as HPF6), through a dip tube in the vessel, start cooling water on
jacket. Rate of addition must be controlled. After calculated amount of HPF6

is added, the reaction mixture is stirred for 1 h. The reaction slurry is filtered
and washed with water. The wet cake is dried at 100 ◦C for 2 days. After
pulverizing, a white crystalline powder is obtained (1.0 kg, 82% yield on HPF6

basis).

Characterization Data The product is characterized by elemental analysis.
Phosphorus content is typically from 16.6% to 17.1% and fluoride content
from 61.0% to 62.9%. Phosphorus is analyzed by ICP and fluoride content is
determined using Willard–Winter distillation method. Both the methods are
described in detail in Appendix A.

Application KPF6 has been used as associated electrolyte [53] and useful salt
in rechargeable battery [54].

It has also been used as antistatic additives in organic polymer composi-
tions [55]. It is also used in metathesis reactions in preparation of PF6

− room
temperature ionic liquids [56, 57].

9.12 PREPARATION OF ALUMINUM TRIFLATE (Al(CF3SO3)3)

Apparatus Round-bottom, 4-L flask with reflux condenser with Teflon-coated
mechanical stirrer.

Chemicals Aluminum metal powder, triflic acid (CF3SO3H).

Attention! All personal protective gear such as safety glasses, full face acid
respirator, and full body alkyl suit with rubber gloves should be worn at all
times.

Caution! Triflic acid is extremely toxic and corrosive. Extreme care should be
taken while handling. Make sure first aid treatment items in case of injury
are readily available in close vicinity (eyewash station, water shower, calcium
gluconate, etc.). The reaction must be carried out in a well-ventilated hood.

Experimental Procedure Take 880 g of demineralized water in a 4-L glass
beaker and carefully add triflic acid (1.50 kg, 10 mol) to it. The reaction is
exothermic. Please note that the acid should be added to the water. The flask is
equipped with a reflux condenser and placed in a heating mantle with constant
stirring with an overhead mechanical stirrer. The contents of the flask are
maintained at 150 ◦C. Water has to be added periodically to maintain the level
of liquid, which is lost due to heating. Aluminum powder (−100 mesh; 81 g,
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3 mol) in a very fine powdered form is added slowly to the aqueous triflic acid
solution. The reaction is slow giving off hydrogen bubbles and the resulting
aqueous aluminum triflate solution. The heat has to be controlled to prevent a
boilover due to massive liberation of hydrogen gas. After stirring for 3–4 h, the
solution is decanted followed by further filtration and evaporated at 150 ◦C for
2 days to give white powder that is grinded and dried under nitrogen (1.337 kg,
94% yield).

Characterization Data The product is characterized by elemental analysis.
Aluminum content is typically from 5.4% to 6.0%. Aluminum is analyzed by
ICP. The method is described in detail in Appendix A.

Application Aluminum triflate readily replaces Bronsted acid cocatalyst in the
palladium-catalyzed methoxycarbonylation reaction of styrene and 1-pentene,
producing catalysts that are more stable and more active than those using
traditional acids [58].

Aluminum triflate has also been found to be an efficient catalyst for various
transformations, such as

a. epoxide ring openings [58,59,60];

b. thiol protections [61];

c. silylation of alcohols and phenols [62];

d. acylations of alcohols, phenols, and thiophenols [63];

e. tetrahydropyranylation of alcohols under solvent-free conditions [64];

f. esterification or transesterification catalyst [65]; and

g. polymerization of biodegradable composites of poly(lactic acid) with
cellulose fibers [66].

9.13 PREPARATION OF COPPER TRIFLATE (Cu(CF3SO3)2)

Apparatus Four-liter glass beaker with Teflon-coated magnetic stirrer.

Chemicals Copper carbonate powder, triflic acid (CF3SO3H).

Attention! All personal protective gear such as safety glasses, full face acid
respirator, and full body alkyl suit with rubber gloves should be worn at all
times.

Caution! Triflic acid is extremely toxic and corrosive. Extreme care should be
taken while handling. Make sure first aid treatment items in case of injury
are readily available in close vicinity (eyewash station, water shower, calcium
gluconate, etc.). The reaction must be carried out in a well-ventilated hood.

Experimental Procedure Take 600 g of demineralized water in a 4-L glass
beaker and carefully add triflic acid (1.50 kg, 10 mol) to it. The reaction
is exothermic. Please note that the acid should be added to the water. The
beaker is set on a hot plate with constant stirring with a Teflon-coated magnetic
stirrer maintaining at 100 ◦C. Copper carbonate (568 g, 4.6 mol) in a very
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fine powdered form is added slowly to the aqueous triflic acid solution. The
reaction is instantaneous giving aqueous copper triflate solution. After stirring
for 2 h, the solution is decanted and evaporated at 180 ◦C for 2 days to give
white powder that is grinded and dried under nitrogen (1.596 kg, 96% yield).

Characterization Data The product is characterized by elemental analysis.
Copper content is typically from 17.3% to 17.8%. Copper is analyzed by ICP.
The method is described in detail in Appendix A.

Application Synthetic use of copper triflate as a new reagent for mild dehydra-
tion of alcohols has been discussed by Laali et al. [67]. Copper triflate has been
used in ring opening of epoxides and aziridines [68], asymmetric cycloadditions
of aldol condensations [69], asymmetric Michael addition of enamides [70], and
asymmetric O–H insertion reaction [71]. Behr and coworkers reported Diels–
Alder reaction of conjugated linoleic acid ethyl ester with different quinines
and with a variety of �/�-unsaturated aldehydes and ketones uses copper tri-
flate as catalyst at room temperature with good yields. For the first time in
oleochemistry, it was possible to prepare Diels–Alder cycloaddition with cat-
alyst concentration of 10 mol % instead of stoichiometric amounts of Lewis
acid [72].

9.14 PREPARATION OF LANTHANUM TRIFLATE (La(CF3SO3)3)

Apparatus Four-liter glass beaker with Teflon-coated magnetic stirrer.

Chemicals Lanthanum carbonate powder, triflic acid (CF3SO3H).

Attention! All personal protective gear such as safety glasses, full face acid res-
pirator, and full body alkyl suit with rubber gloves should be worn at all times.

Caution! Triflic acid is extremely toxic and corrosive. Extreme care should be
taken while handling. Make sure first aid treatment items in case of injury
are readily available in close vicinity (eyewash station, water shower, calcium
gluconate, etc.). The reaction must be carried out in a well-ventilated hood.

Experimental Procedure Take 550 g of demineralized water in a 4-L glass
beaker and carefully add triflic acid (1.50 kg, 10 mol) to it. The reaction
is exothermic. Please note that the acid should be added to the water. The
beaker is set on a hot plate with constant stirring with a Teflon-coated magnetic
stirrer maintaining 100 ◦C. Lanthanum carbonate (733 g, 1.6 mol) in a very
fine powdered form is added slowly to the aqueous triflic acid solution. The
reaction is instantaneous giving aqueous lanthanum triflate solution. Add more
water (2.00 kg) as reaction progresses for uniform mixing. After stirring for 4
h, the solution is decanted and evaporated at 140 ◦C for 3 days to give white
powder that is grinded and dried under nitrogen at 140 ◦C overnight (1.782 kg,
95% yield).

Characterization Data The product is characterized by elemental analysis.
Lanthanum content is typically from 23.0% to 24.4%. Lanthanum is analyzed
by ICP. The method is described in detail in Appendix A.
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Application Lanthanum triflate from lanthanide triflate family is one of the most
promising green chemistry catalysts. Kobayashi and Manabe [73] described
their catalytic effect in water and established the range of applications of lan-
thanum triflate catalytic systems in a number of important organic synthetic
reactions. Lanthanide triflate as recyclable catalysts for atom economic aro-
matic nitration has been reported [74]. Lanthanum triflate has been found to be
effective catalyst for the Baylis–Hillman reaction, using 1,4-diazabicyclo(2,2,2)
octane, increasing the rate up to 40-fold [75]. It catalyzes Michael additions
to methyl vinyl ketone in water [76]. Lanthanum triflate in combination of
benzoic acid catalyzes the allylation at low catalyst loading without the need
to activate the catalyst in advance [77, 78]. p-Methoxybenzyl (PMB) ethers of
alcohols have been prepared in high yield and short reaction times using the
trichloroacetimidate of PMB alcohol and lanthanum triflate. The mild condi-
tions allow protection of acid-sensitive alcohols [79].

9.15 PREPARATION OF LITHIUM TRIFLATE (LiCF3SO3)

Apparatus Four-liter glass beaker with Teflon-coated magnetic stirrer.

Chemicals Lithium carbonate powder, triflic acid (CF3SO3H).

Attention! All personal protective gear such as safety glasses, full face acid
respirator, and full body alkyl suit with rubber gloves should be worn at all
times.

Caution! Triflic acid is extremely toxic and corrosive. Extreme care should be
taken while handling. Make sure first aid treatment items in case of injury
are readily available in close vicinity (eyewash station, water shower, calcium
gluconate, etc.). The reaction must be carried out in a well-ventilated hood.

Experimental Procedure Take 300 g of demineralized water in a 4-L glass
beaker and carefully add triflic acid (1.50 kg, 10 mol) to it. The reaction
is exothermic. Please note that the acid should be added to the water. The
beaker is set on a hot plate with constant stirring with a Teflon-coated magnetic
stirrer maintaining 100 ◦C. Lithium carbonate (375 g, 5 mol) in a very fine
powdered form is added slowly to the aqueous triflic acid solution. The reaction
is instantaneous giving aqueous lithium triflate solution. After stirring for 0.5 h,
the solution is decanted and evaporated at 120 ◦C for 1 day to obtain white
powder that is grinded and dried under nitrogen at 120 ◦C for 1 day (1.376 kg,
96% yield).

Characterization Data The product is characterized by elemental analysis.
Lithium content is typically from 4.3% to 4.6%. Lithium is analyzed by ICP.
The method is described in detail in Appendix A.

Application Lithium triflate is used in some lithium ion batteries as a compo-
nent of the electrolyte [80–82]. It fulfills the great demand of mild and neutral
catalyst in various organic reactions. Various types of carbonyl compounds
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have been synthesized by Firouzabadi et al. [83] and chemoselectively con-
verted to their corresponding dithioacetals in the presence of catalytic amounts
of lithium triflate under solvent-free conditions. Lithium triflate has also been
chemoselectively used for aminolysis of oxiranes and glycosylation of nucle-
ophiles under mild and neutral conditions [84, 85]. A variety of alcohols and
aldehydes acetylated and diacetylated in presence of recyclable catalyst lithium
triflate at room temperature produce corresponding esters and 1,1-diacetates,
respectively, in excellent yield [86].

9.16 PREPARATION OF SILVER TRIFLATE (AgCF3SO3)

Apparatus Four-liter glass beaker with Teflon-coated magnetic stirrer.

Chemicals Silver oxide powder, triflic acid (CF3SO3H).

Attention! All personal protective gear such as safety glasses, full face acid
respirator, and full body alkyl suit with rubber gloves should be worn at all
times.

Caution! Triflic acid is extremely toxic and corrosive. Extreme care should be
taken while handling. Make sure first aid treatment items in case of injury
are readily available in close vicinity (eyewash station, water shower, cal-
cium gluconate, etc.). The reaction must be carried out in a well-ventilated
hood.

Experimental Procedure Take 550 g of demineralized water in a 4-L glass
beaker and carefully add triflic acid (1.50 kg, 10 mol) to it. The reaction is
exothermic. Note that the acid should be added to the water. The beaker is
set on a hot plate with constant stirring with a Teflon-coated magnetic stirrer
maintaining 100 ◦C temperature. Silver oxide (1.070 kg, 4.6 mol) in a fine
powdered form is added slowly to the aqueous triflic acid solution. The reaction
is instantaneous giving aqueous silver triflate solution. After stirring for 2 h, the
solution is decanted and evaporated at 120 ◦C for 2 days to give white powder
that is grinded and dried under nitrogen (2.320 kg, 98% yield).

Characterization Data The product is characterized by analysis of silver by
potassium thiocyanate titration. Silver content is typically from 41.1% to 42.8%.

Application Silver triflate is widely used as catalyst and in preparation of deriva-
tives of triflic acid, both covalent esters and ionic salts [87,88]. It is a very useful
catalyst in a number of organic synthetic reactions. New synthetic methods for
olefins from secondary phosphates and thiophosphates in better yield by using
small amount of silver triflate have been reported [89]. Burk et al. [90] devel-
oped a mild procedure for etherification of alcohols with primary alkyl halides
in the presence of silver triflate with good yields. Koch carbonylation using
silver triflate has been reported [91]. Iodine chloride and silver triflate provide a
convenient promoter system for O-glycoside synthesis. This system is advanta-
geous over conventional promoter system for thioglycoside activation because
of convenient handling of the reagents and absence of by-products related to
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N-succinimide [92]. An interesting use of silver triflate as a poly(ethylene ox-
ide) complex in galvanic sensor for monitoring nitrogen oxide has also been
reported in literature [93].

9.17 PREPARATION OF MAGIC ACID (FSO3H·SbF5)

Apparatus Four-liter Teflon bottle with Teflon-coated magnetic stirrer.

Chemicals Fluorosulfonic acid (FSO3H), antimony pentafluoride (SbF5).

Attention! All personal protective gear such as safety glasses, full face acid
respirator, and full body alkyl suit with rubber gloves should be worn at all
times.

Caution! Fluorosulfonic acid and antimony pentafluoride are extremely toxic
and corrosive. Extreme care should be taken while handling. Make sure first aid
treatment items in case of injury are readily available in close vicinity (eyewash
station, water shower, calcium gluconate, etc.). The reaction must be carried
out in a well-ventilated hood.

Experimental Procedure Add fluorosulfonic acid (1.00 kg, 10 mol) to a narrow
neck Teflon bottle placed in a dry ice/methanol bath in a dry glove box. The
temperature need to be below −20 ◦C. Add antimony pentafluoride (2.170 kg,
10 mol) very slowly with constant stirring. The reaction is exothermic. Maintain
the low temperature of the reaction mixture. Allow the final mixture to stir for
30 min and then allow warming to room temperature before analysis and
packaging. Clear liquid is obtained as product (3.930 kg, 99% yield).

Characterization Data The product is characterized by elemental analysis.
Antimony content is typically from 37.5% to 39.5% and fluoride content from
35.1% to 36.9%. Antimony is analyzed by ICP and fluoride content is de-
termined using Willard–Winter distillation method. Both the methods are de-
scribed in detail in Appendix A.

Application Magic acid has been used to stabilize carbocations and hypercoor-
dinated carbonium ions in liquid media. Magic acid and other superacids are
also used to catalyze isomerization of saturated hydrocarbons, and have been
shown to protonate even weak bases, including methane, xenon, halogens, and
molecular hydrogen [94]. Magic acid catalyzes cleavage–rearrangement reac-
tions of tertiary hydroperoxides and tertiary alcohols [95] and electrophilic
hydroxylation of aromatic compounds with hydrogen peroxide [96].

9.18 PREPARATION OF HEXAFLUOROANTIMONIC ACID (HSbF6)

Apparatus Two-liter Teflon bottle with Teflon-coated stirrer.

Chemicals Hydrofluoric acid, antimony pentafluoride (SbF5).
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Attention! All personal protective gear such as safety glasses, full face acid
respirator, and full body alkyl suit with rubber gloves should be worn at all
times.

Caution! Hydrofluoric acid and antimony pentafluoride are extremely toxic and
corrosive. Extreme care should be taken while handling. Make sure first aid
treatment items in case of injury are readily available in close vicinity (eyewash
station, water shower, calcium gluconate, etc.). The reaction must be carried
out in a well-ventilated hood.

Experimental Procedure Add antimony pentafluoride (2.170 kg, 10 mol) to a
narrow neck Teflon beaker placed in a dry ice/methanol bath in a dry glove box.
The temperature does not need to be below 10 ◦C. Add AHF (200 g, 10 mol)
very slowly with constant stirring to the SbF5. The reaction is exothermic.
Maintain the low temperature of the reaction mixture. Allow the final mixture
to stir for 30 min and then allow warming to room temperature before analysis
and packaging. Clear liquid is obtained as product (2.350 kg, 99% yield).

Characterization Data The product is characterized by elemental analysis.
Antimony content is typically from 50.2% to 52.8% and fluoride content from
46.9% to 49.3%. Antimony is analyzed by ICP and fluoride content is de-
termined using Willard–Winter distillation method. Both the methods are de-
scribed in detail in Appendix A.

Application Fluoroantimonic acid protonates nearly all organic compounds.
Bickel and coworkers [97, 98] showed that HF-SbF5 removes hydrogen from
isobutane and methane and neopentane. HF-SbF5 is an excellent medium for
the preparation of alkylidene oxonium salts [99].

APPENDIX A

Analytical Procedure for ICP

This procedure describes the methods used for the operation of the ICP (IRIS Intrepid
II XSP, Thermo Electron Corporation). The ICP setup involves a suitable ventilation
system, an argon cylinder, and a computer for data collection. The vent must be
turned on with appropriate argon flow. The ICP torch has to be lit and system purged
for appropriate time. A 10-ppm standard will be needed for each element and can be
prepared by pipetting 1 mL of each 1000-ppm standard into a 100-mL volumetric
flask and diluting to the mark with 2% nitric acid. Check the solubility of the sample
from reference books such as the CRC Handbook of Chemistry and Physics. The
theoretical ppm concentration of the sample solution should be close to 10 ppm.
The sample weight and dilution factor can be manipulated to get the appropriate
concentration of sample solution. Most samples can be dissolved using a 2% solution
of OmniTrace nitric acid or other high-purity nitric acid. Some samples may require
other methods to dissolve. Concentrated nitric acid, 50% hydrofluoric acid, perchloric
acid, heat, and sonic bath can all be used in any combination to dissolve samples.
Once it has been determined how to dissolve the sample, weigh out the necessary
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amount. Dissolve and dilute to 100 mL in a volumetric flask using 2% nitric acid.
Using the proper dilution factor, extract the necessary number of milliliters from the
volumetric flask and transfer them to a second 100 mL volumetric flask. Dilute to
100 mL mark with 2% nitric acid. This is the solution to be analyzed with the ICP.
Appropriate methods are selected from the software menu and standards and blanks
are ran. The ICP is now standardized and ready to run samples. Run the unknown
sample and collect the scan. The peak height is compared against the standard peaks
and the concentration of the unknown solution is calculated using the dilution factor
and calibration constant. The samples are run in duplicates.

Analytical Procedure for Fluorine Determination
by Willard–Winter Distillation Method

This Willard–Winter distillation is used in determination of fluorine concentration
in inorganic as well as some organic compounds. It is not generally applicable to
compounds containing carbon–fluorine bonds. Some organic compounds may require
sodium metal and/or sodium carbonate and potassium carbonate fusion. Equipment
used is shown in Figure 9.1. H2SO4 (200 mL, 50%) is added to the fluorine glass still
containing 20–30 glass beads. A sample is weighed out (45–50 mg of F− ions) and
transferred into the sulfuric solution. A small amount of demineralized water is used
to rinse the sample into the still, which is then closed tightly. The jacket temperature

FIGURE 9.1 Setup for Willard–Winter distillation method. (For a color version of the figure,
please see color plates.)
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is set at high, boiling flask at 100 ◦C, and then filled with boiling water. The water
to cool the condenser jacket is turned on and the distillate is received in a 250-mL
volumetric flask. The temperature of the still is brought to 145 ◦C and temperature
control set such that the temperature is maintained from 148–150 ◦C. Distillate
(250 mL) is collected in a volumetric flask. An additional 150 mL of distillate for
the tail is collected in a 250-mL beaker with a stirrer bar. 50 mL of the distillate is
added to three different beakers each containing 50 mL of demineralized water and
stirred. Six drops of sodium alizarin sulfonate indicator is added followed by a few
drops of 2% NaOH until the solution turns pink. A few drops of HCl are added to
turn it yellow. When the solution takes one drop to turn pink, carefully bring back to
yellow. One milliliter of buffer is added and titrated with 0.001 N Th(NO3)4 to a faint
pink endpoint. The titration is repeated for the other two beakers and the last 150-mL
distillate fraction also. Average of first three titrations in conjunction with the last is
used to compute the % of fluorine.
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la synthèse de désoxyfluoropyranosides et la scission de groupes silylés substitués.
Carbohydr Res 1987;166:309.

32. Fischer K, Huenig S. Trimethylsilyl cyanide-a reagent for umpolung. XIII. Furfural, a con-
venient precursor for intramolecular Diels-Alder reactions via umpolung with trimethylsi-
lyl cyanide. J Org Chem 1987;52:564–569.

33. Pirrung MC, Shuey SW, Lever DC, Fallon L. A convenient procedure for the deprotection
of silylated nucleosides and nucleotides using triethylamine trihydrofluoride. Bioorg Med
Chem Lett 1994;4:1345.

34. Myers AG, Gin DY, Rogers DH. Synthetic studies of the tunicamycin antibiotics. Prepa-
ration of ( + )-tunicaminyluracil, ( + )-tunicamycin-V, and 5′-epi-tunicamycin-V. J Am
Chem Soc 1994;116:4697–4718.

35. Haufe G. Triethylamine Trishydrofluoride in synthesis. J Prakt Chem/Chem Ztg
1996;338:99.

36. Zhang SS, Xu K, Jow TR. Study of LiBF4 as an electrolyte salt for a Li-ion battery. J
Electrochem Soc 2002;149:A586–A590.

37. Smith DA, Houk KN. LiBF4: a mild lewis acid for intramolecular Diels-Alder reactions.
Tetrahedron Lett 1991;32:1549–1552.

38. Chini M, Crotti P, Favero L, Macchia M. Mild LiBF4-promoted aminolysis of oxetanes.
Tetrahedron Lett 1994;35:761–764.

39. Yadav JS, Reddy BV, Madhuri CH, Sabitha G, Jagannadh B, Kumar SK, Kunwar AC.
LiBF4-catalyzed formation of fused pyrano- and furanobenzopyrans. Tetrahedron Lett
2001;42:6381–6384.

40. Olah GA, Narang SC, Olah JA, Lammertsma K. Recent aspects of nitration: new prepara-
tive methods and mechanistic studies (a review). Proc Natl Acad Sci USA 1982;79:4487.

41. Smith NW, Dzyuba SV. Efficient nitration of meso-tetraphenylporphyrin with nitronium
tetrafluoroborate. Arkivoc 2010;7:10–18.

42. Olsen RE, Fish DW, Hamel EE. Advanced Propellant Chemistry, Sacramento, CA:
Aerojet-General Corp.; 1966. Chapter 6 Synthetic Applications of Nitronium Tetraflu-
oroborate p 48–54.

43. Olah GA, Pavlath S, Kuhn S. Chem Ind (London, U. K.) 1957;50.

44. Baker BB, Knack DF, inventors; assignors to E. I. du Pont de Nemours and Company.
Process for the separation of hydrocarbons. US patent 3,007,981. 1961 Nov 7.

45. Bloodworth AJ, Bowyer KJ, Mitchell JC. A mild, convenient, halogen-exchange route to
gem-difluorides and trifluorides. Tetrahedron Lett 1987;28:5347–5350.

46. Kaeothip S, Pornsuriyasak P, Demchenko AV. Silver(I) tetrafluoroborate as a potent
promoter for chemical glycosylation. Tetrahedron Lett 2008;49:1542–1545.

47. Rutherford KG, Redmond W, Rigamonti J. The use of hexafluorophosphoric acid in the
schiemann reaction. J Org Chem 1961;26:5149–5152.

48. Rutherford KG, Redmond W. Org Synth, Coll 1973;5:133.

49. Corley EG, Davis IW, Larsen RD, Pye PJ, Rossen K, inventors; Merck & Co.,
Inc., assignee. Process for synthesizing COX-2 inhibitors. US patent 6,040,319. 2000
Mar 21.

50. Zhang SS, Jow TR, Amine K, Henriksen GL. LiPF6–EC–EMC electrolyte for Li-ion
battery. J Power Sources 2002;107:18–23.



REFERENCES 57

51. Goodenough JB, Kim Y. Challenges for rechargeable Li batteries. Chem Mater
2010;22:587–603.

52. Hamada N, Tsuneo S. Lithium hexafluorophosphate-catalyzed efficient tetrahydropyrany-
lation of tertiary alcohols under mild reaction conditions. Synlett 2004;10:1802.

53. Robinson RA, Stokes JM, Stokes RH. Potassium hexafluorophosphate-an associated elec-
trolyte. J Phys Chem 1961;65:542–546.

54. Lyall AE, Seiger HN, inventors; US Industrial Chemicals, assignee. Negative lithium
electrode and electrochemical battery containing the same. US patent 3,508,967. 1970
Apr 28.

55. Spicher DR, inventor; Cellular Technology International, Inc. and Chemfoan International,
Inc., assignee. Antistatic additive for organic polymer compositions. US patent 5,955,526.
1999 Sept 21.

56. Dupont J, Consorti CS, Suarez PAZ, deSouza RF. Preparation of 1-butyl-3-methyl
imidazolium-based room temperature ionic liquids. Org Synth, Coll 2004;10:184;
2002;79:236.

57. Homsi F, Robin S, Rousseau G. Preparation of bis(2,4,6-Trimethylpyridine)iodine(I) hex-
afluorophosphate and bis(2,4,6-trimethylpyridine) bromine(I) hexafluorophosphate. Org
Synth, Coll 2004;10:122; 2000;77:206.

58. Williams DBG, Lawton M. Aluminium triflate: a remarkable Lewis acid catalyst for the
ring opening of epoxides by alcohols. Org Biomol Chem 2005;3:3269.

59. Terblans YM, Huyser JJ, Huyser M, Green MJ, Young DA, Sibiya MS. Aluminium triflate
as catalyst for epoxide ring-opening and esterification reactions—Mechanistic aspects.
Can J Chem 2005;83:854.

60. Williams DBG, Lawton M. Aluminium triflate: an efficient recyclable Lewis acid catalyst
for the aminolysis of epoxides. Tetrahedron Lett 2006;47:6557–6560.

61. Firouzabadi H, Iranpoor N, Kohmareh G. Highly efficient and chemoselective thioac-
etalization of carbonyl compounds catalyzed with aluminum trifluromethanesulfonate
[Al(OTf)3]. Synth Commun 2003;33:167.

62. Firouzabadi H, Iranpoor N, Sobhani S, Ghassamipour S. Aluminium triflate [Al(OTf)3] as
a recyclable catalyst for the conversion of �-hydroxyphosphonates, alcohols and phenols
to their corresponding O-silylated products with hexamethyldisilazane (HMDS). Synthesis
2005;4: 595.

63. Kamal A, Khan MNA, Reddy KS, Srikant YVV, Krishnaji T. Al(OTf)3 as a highly efficient
catalyst for the rapid acetylation of alcohols, phenols and thiophenols under solvent-free
conditions. Tetrahedron Lett 2007;48:3813–3818.

64. Kamal A, Khan MNA, Srikant YVV, Reddy KS. Al(OTf)3—a highly efficient catalyst
for the tetrahydropyranylation of alcohols under solvent-free conditions. Can J Chem
2008;86:1099.

65. Finmans P, Hoell D, Vossler H-J, Heppner M, Roggenbuck R, Green M, inventors; Müller
Schupfner & Partner, assignee. Use of metal salts of trifuoromethane sulphonic acid as
esterification catalyst and/or transesterification catalyst. EP 2 113 499 A1. 2009 Nov 4.

66. Funabashi M, Kunioka M. Macromolecular symposia special issue. Biobased Polymers,
Recent Progress 2005; 224:309.

67. Laali K, Gerzina RJ, Flajnik CM, Geric CM, Dombroski AM. Copper(II) triflate, a new
reagent for mild dehydration of alcohols: synthetic usefulness and mechanistic insight.
Helv Chim Acta 1987;70:607–611.



58 SYNTHESIS METHODS FOR EXOTIC INORGANIC FLUORIDES

68. Sekar G, Singh VK. An efficient method for cleavage of epoxides with aromatic amines.
J Org Chem 1999;64:287–289.
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CHAPTER 10

Tris(pentafluorophenyl)borane,
B(C6F5)3, a Powerful, Well-Soluble,
Nonoxidizing Lewis Acid and the
Weakly Coordinating
Tetrakis(pentafluorophenyl)borate
Anion, [B(C6F5)4]−

HERMANN-JOSEF FROHN

Tris(pentafluorophenyl)borane, (B(C6F5)3) [1–3], is a Lewis acid [4] and as fluoride
acceptor it is stronger than the inorganic parent molecule BF3. In contrast to the
prominent Lewis acids, the pentafluorides of the heavier elements of group 15,
B(C6F5)3 has no oxidizing properties. It forms adducts with neutral, even weak
Lewis bases. An important application of B(C6F5)3 is based on its capability to easily
accept anionic ligands bonded to metals [5, 6].

B(C6F5)3 + (C5H5)2Zr(CH3)2 → [(C5H5)2ZrCH3][B(C6F5)3CH3]

The resulting [B(C6F5)3CH3]− anion is weakly coordinating and enables the
electrophilic site on Zr to interact with ethylene as a polymerization catalyst. The
most popular weakly coordinating anion of the arylborate family is [B(C6F5)4]− that
is synthesized via B(C6F5)3 [2, 7].

In synthetic chemistry, B(C6F5)3 can be used as a reagent to introduce C6F5 groups
into hypervalent nonmetal element fluorides EFn. This property was first successfully
applied for F/C6F5 substitution reactions in strongly oxidizing EFn molecules such
as noble gas fluorides [8] and halogen fluorides.

B(C6F5)3 + XeF2 → [C6F5Xe][B(C6F5)2F2]
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For the transfer of carbanions, it is unique that B(C6F5)3 offers the possibility to
perform F/C6F5 substitution reactions even in superacidic media such as anhydrous
HF [9].

10.1 PREPARATION OF TRIS(PENTAFLUOROPHENYL)BORANE

Apparatus Three-necked, 250-mL, round-bottom flask, jacketed coil condenser
with P4O10 drying tube, dropping funnel, magnetic stirrer, sublimation appa-
ratus, 50- and 500-mL round-bottom flasks, two Teflon stoppers with two
drill holes for inserting Teflon tubes, safety glasses, laboratory coat, protective
gloves.

Chemicals C6F5Br, Mg turnings, dry diethyl ether, freshly distilled BF3·Et2O,
dry n-hexane.

Attention and Caution Safety glasses and protective gloves must be used at all
times. All reactions must be carried out in a well-ventilated hood. Contact of
the skin with BF3·Et2O is dangerous (formation of HF by hydrolysis).

Experimental Procedure Pentafluorophenyl magnesium bromide, C6F5MgBr,
is prepared under an atmosphere of dry Ar in dried glass equipment: a 250-
mL, three-necked, round-bottom flask with a magnetic stirring bar, a dropping
funnel, and a jacketed coil condenser topped with a P4O10 drying tube. Bro-
mopentafluorobenzene (25.46 g, 103 mmol) is diluted with Et2O (40 mL) and
added drop by drop to Mg turnings (3.40 g, 140 mmol) in dry Et2O (60 mL)
within 20 min at ∼35 ◦C (beginning of reflux). The reaction mixture is stirred
for 1 h. The completeness of the reaction can be proven by 19F NMR spec-
troscopy (–113.4, –158.4, –162.3 ppm C6F5MgBr; –113.5, –158.8, –162.3 ppm
Mg(C6F5)2). In a second dried round-bottom flask (50 mL), freshly distilled
BF3·Et2O (4.8 g, 34 mmol) is diluted in Et2O (10 mL), cooled to –78 ◦C, and
added to the cold (–78 ◦C) Grignard suspension within 5–10 min by means of
a PTFE tube (Di = 0.7 mm) and a slight pressure of dry Ar. The suspension
is stirred in sequence for 15 min at –60 ◦C, for 45 min at 0 ◦C, and finally for
3.5 h at 20 ◦C. The completeness of the reaction is confirmed by 19F NMR
spectroscopy. Subsequently, the solvent is removed under dynamic vacuum.
The residue is two times intensively stirred for 15 min with 75 mL portions of
dry n-hexane, which are distilled-off (removal of embedded ether). The crude,
brown, and sticky solid is treated in vacuum for 1 h and extracted three times
with boiling dry n-hexane (75 mL portions). The hexane extracts are combined
in a 500-mL flask and stored at 20 ◦C. Over time, transparent colorless crys-
tals of B(C6F5)3 grow that are isolated and dried (9.78 g, 19 mmol, 55.9%).
B(C6F5)3 is finally sublimed under dynamic vacuum at 100–110 ◦C onto a
water-cooled cold-finger. After rigorous drying of the cold-finger, the sublima-
tion apparatus is brought into a dry box where B(C6F5)3 (6.73 g, 13 mmol,
38.2%) is isolated and stored.

Characterization Data mp (visual) 128 ◦C, DTA: 128 ◦C (Tmax, endothermal),
363 ◦C (Tmax, exothermal dec.). 11B NMR (CH2Cl2) � 59 (s) ppm. 13C NMR
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(CH2Cl2) � 148.6 (m, C2,6), 145.2 (br, C4), 137.8 (m, C3,5), 113.3 (br, C1) ppm.
19F NMR (CH2Cl2) � –129.6 (m, F2,6), –146.6 (s, F4), –161.5 (m, F3,5) ppm.
IR (KBr, cm−1): �̄ 1652, 1524, 1380, 1293, 1108, 974. MS (EI): m/z 513 (M+ ,
100%).

Waste Disposal Waste solvents (ether, n-hexane) have to be collected in the
corresponding labeled containers for disposal.

Application Important applications of B(C6F5)3 are the use as

a. strong Lewis acid, especially in catalyzed reactions (addition of silyl enol
ethers to aldehydes, alkyl chlorides, �,�-unsaturated ketones; hydrosily-
lation of carbonyl functions)

b. starting material for adducts with bases of different donor strength (for-
mation of tamed Lewis acids)

B(C6F5)3 + P(C6H5)3 → B(C6F5)3 · P(C6H5)3

With bulky ligands in the base, substitution of a para-fluorine atom in one
C6F5 group becomes favored over adduct formation:

B(C6F5)3 + P(Mes)2H → para-(+P(Mes)2H)C6F4B(C6F5)2F−

In the following step, the zwitterion can be converted into para-
(+ P(Mes)2H)C6F4B(C6F5)2H-, which principally allows hydrogen stor-
age [10, 11].

c. acceptor of anionic groups from polar bonds under formation of elec-
trophilic cations and weakly nucleophilic anions:

B(C6F5)3 + (C5H5)2Zr(CH3)2 → [(C5H5)2ZrCH3][B(C6F5)3CH3]

B(C6F5)3 + (C6F5)2IF → [(C6F5)2I][B(C6F5)3F]

d. reagent for F/C6F5 substitution in hypervalent element fluoride moieties:

B(C6F5)3 + XeF2 → [C6F5Xe][B(C6F5)2F2]

B(C6F5)3 + IF3 → [(C6F5)2I][B(C6F5)4−nFn]

10.2 PREPARATION OF CESIUM
TETRAKIS(PENTAFLUOROPHENYL)BORATE

Apparatus Two-necked, 100-mL, round-bottom flask, 250-mL round-bottom
flask, two Teflon stoppers with two drill holes for inserting Teflon tubes, mag-
netic stirrer.

Chemicals C6F5Br, dry diethyl ether, butyllithium/n-pentane solution,
B(C6F5)3, dry n-pentane, CsOH·H2O.
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Attention and Caution Safety glasses and protective gloves must be used at all
times. All reactions must be carried out in a well-ventilated hood. C6F5Li must
be handled at the given low temperature (≤ –25 ◦C) to avoid LiF elimination
in an explosive manner.

Experimental Procedure Preparation of the pentafluorophenyl lithium solu-
tion: Under an atmosphere of dry Ar, bromopentafluorobenzene (1.783 g,
7.22 mmol) is dissolved in dry Et2O (25 mL) and cooled to –78 ◦C. A
butyllithium/n-pentane solution (2.5 M, 5 mL, 12.50 mmol, 20 ◦C) in a gastight
syringe is added drop by drop on the cold upper part of the wall of the two-
necked flask. The –78 ◦C cold mixture is stirred for 2 h. The completeness
of the lithiation can be proven by 19F NMR spectroscopy. In addition, a sa-
mple of defined volume (e.g. 250 �L) can be solvolyzed at –40 ◦C in an NMR
tube with an excess of CH3OH (∼250 �L) and the amount of C6F5H can be
determined by integration (19F NMR) relative to the internal integral standard
benzotrifluoride (10.0 �L, 0.082 mmol). Caution: Pentafluorophenyl lithium
in Et2O is unstable at temperatures higher than –25 ◦C and must be handled
at lower temperatures! In a second round-bottom flask, B(C6F5)3 (2.896 g,
5.66 mmol) is suspended in dry n-pentane (50 mL) and cooled to –78 ◦C. The
–78 ◦C cold C6F5Li/Et2O/n-pentane solution is added to the cold B(C6F5)3/n-
pentane suspension through a Teflon tube (Di = 0.7 mm) by a slight pressure
of dry Ar. The mixture is stirred in sequence for 15 min at –60 ◦C, for 60 min
at –40 ◦C, and finally for 30 min at 20 ◦C. A white solid precipitates. The
mother liquor is separated and the solid is washed three times (20 mL) with
n-pentane. The white solid is dried for 8 h at 20 ◦C under vacuum, yielding
[Li(Et2O)x][B(C6F5)4] (x � 4). The solid is dissolved in H2O (30 mL) and H2O
is subsequently removed under vacuum. This treatment is repeated twice to
remove coordinated Et2O. A vacuum dried (20 ◦C, 2 h) white solid correspond-
ing to [Li(H2O)]x[B(C6F5)4] (x = ∼1) (3.42 g, 5 mmol; yield 88%, calculated
for x = 1) is isolated. A portion of [Li(H2O)x][B(C6F5)4] (3.02 g, 4.3 mmol) is
dissolved in water (50 mL). After addition of a saturated solution of CsOH·H2O
(1.854 g, 11.0 mmol) in H2O (40 mL), a white solid precipitates immediately.
The suspension is stirred for 2 h and finally the mother liquor is separated. The
solid product is washed with H2O until the pH becomes neutral. The white
solid is dried for 6 h under vacuum at 20 ◦C, yielding 2.777 g (3.4 mmol, 79%)
of Cs[B(C6F5)4].

Characterization Data 11B NMR (acetone) � –16.4 (s, br) ppm. 19F NMR
(acetone) � –131.0 (s, br, F2,6), –162.4 (t, 3J = 21 Hz, F4), –166.3 (m, F3,5)
ppm. IR (AgCl, cm−1): �̄ 1646, 1517, 1473, 1458, 1413, 1277, 1086, 1032,
983, 775, 758, 726, 685, 662, 611, 602, 573.

Waste Disposal Waste solvent mixtures and aqueous Li+ - and Cs+ -containing
solutions have to be collected in the corresponding labeled containers for
disposal.

Application Cs[B(C6F5)4] is a suitable reagent for metathesis reactions.
Acetonitrile-soluble tetrafluoroborate salts can be converted with Cs[B(C6F5)4]
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into the corresponding [B(C6F5)4]− salts accompanied by precipitation of
Cs[BF4]. In case of highly electrophilic cations, this procedure can be dis-
advantageous due to CH3CN coordination on the cation. In such cases, an
alternative reagent to Cs[B(C6F5)4] may be [N(CH3)4][B(C6F5)4] (in a less co-
ordinating solvent), which can be obtained in an analogous procedure starting
from [Li(H2O)x][B(C6F5)4] and [N(CH3)4]Cl.
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CHAPTER 11

Pentafluorophenyldifluoroborane,
C6F5BF2, and
Pentafluorophenyltrifluorosilane,
C6F5SiF3, Versatile Reagents for
Fluorine/Pentafluorophenyl
Substitution Reactions in Strongly
Oxidizing Hypervalent Nonmetal
Fluorides

HERMANN-JOSEF FROHN

Perfluoroorganylmagnesium halides and perfluoroorganyllithium are the most fre-
quently used reagents to introduce perfluoroorganyl groups into electrophilic sites
of nonmetal and metal compounds. Because of the distinct carbanionic charac-
ter of their organyl group, they do not resist to strong oxidizers. To perform flu-
orine substitution reactions on strongly oxidizing nonmetal molecules such as no-
ble gas fluorides or halogen fluorides, alternative reagents are required. In such
cases, perfluoroorganylfluoroboranes and -silanes are often the reagents of choice.
The multistep syntheses of pentafluorophenyldifluoroborane and -trifluorosilane are
described here. Pentafluorophenyldifluoroborane [1, 2] and its precursor potassium
pentafluorophenyltrifluoroborate are prototypes of perfluoroorganyldifluoroboranes
and -borates. The corresponding perfluorinated alkynyl, alkenyl, and alkyl boron
compounds can be obtained in a similar manner [2, 3].

Pentafluorophenyldifluoroborane is a stronger Lewis acid than pentafluorophenyl-
trifluorosilane [4]. With fluorine atoms in hypervalent bonds, which carry a high
partial negative charge, both reagents interact and enable acid-assisted nucleophilic
fluorine/pentafluorophenyl substitutions. Examples are given next (see Application).

Efficient Preparations of Fluorine Compounds, First Edition. Edited by Herbert W. Roesky.
c© 2013 John Wiley & Sons, Inc. Published 2013 by John Wiley & Sons, Inc.

65



66 C6F5BF2 AND C6F5SiF3

With the more acidic reagent, products of the onium type result. In principle, onium
cations allow the electrophilic transfer of the perfluoroorganyl group to central atoms
with an electron lone pair. With the reagent C6F5SiF3, neutral molecules such as
C6F5IF2, C6F5BrF2, or C6F5IF4 are obtained, which are suitable, relatively mild flu-
orinating agents. They can add two fluorine atoms to central atoms with an electron
lone pair and give a practical inert co-product (C6F5Br or C6F5I).

11.1 PREPARATION OF POTASSIUM
PENTAFLUOROPHENYLTRIFLUOROBORATE

Apparatus Three-necked, 100-mL, round-bottom flask, jacketed coil condenser
with P4O10 drying tube, dropping funnel, magnetic stirrer, 100-mL flasks,
100-mL polypropylene (PP) beaker, safety glasses, laboratory coat, protective
gloves.

Chemicals C6F5Br, Mg turnings, dry diethyl ether, freshly distilled B(OCH3)3,
K[HF2].

Attention and Caution Safety glasses and protective gloves must be used at all
times. All reactions must be carried out in a well-ventilated hood. Contact of
the skin with K[HF2] is dangerous.

Experimental Procedure Potassium pentafluorophenyltrifluoroborate is pre-
pared via pentafluorophenylmagnesium bromide, pentafluorophenyldi-
(methoxy)borane, and pentafluorophenylboronic acid.

C6F5MgBr: In a three-necked, 100-mL, round-bottom flask with a magnetic stir-
ring bar, a dropping funnel, and a condenser with a drying tube, C6F5Br (4.9 g,
19.8 mmol) diluted with 15 mL ether is added drop by drop to Mg turnings
(0.5 g, 20.6 mmol) in 25 mL ether under an atmosphere of dry Ar. To complete
the reaction, the mixture is finally stirred under reflux for 1 h.

C6F5B(OH)2: After cooling the C6F5MgBr reaction mixture to 0 ◦C, the mother
liquor is transferred slowly to a cold stirred solution (0 ◦C) of freshly distilled
B(OCH3)3 (4.2 g, 40 mmol) in 20 mL ether in a 100-mL flask under an atmo-
sphere of dry Ar. After stirring for 1 h at 0 ◦C, the suspension is poured into a
stirred 5% HClaq solution (50 mL). The ether phase is separated and the aque-
ous is extracted twice with 10 mL ether. The three ether phases are combined
and dried with MgSO4. After separation from MgSO4, the solvent is removed.
Finally, the product is treated under vacuum to yield crude C6F5B(OH)2 (3.8 g)
with small admixtures of (C6F5)2BOH.

K[C6F5BF3]: Crude C6F5B(OH)2 is dissolved in methanol (5 mL) and added to a
stirred solution of K[HF2] (4.7 g, 60.2 mmol) in 30 mL of water in a 100-mL
PP beaker. A suspension is formed. After stirring for 4 h, the precipitate is
filtered-off and washed with water (2 × 3 mL) and ether (2 × 3 mL). After
drying in vacuum, K[C6F5BF3] is obtained as colorless solid (3.8 g, 13.9 mmol,
70.2%).
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Characterization Data DSC: 327 ◦C (Tonset, exothermal dec.), 11B NMR
(CH3CN) � –1.6 (q, 1J = 43 Hz) ppm, 13C NMR (acetone) � 148.9 (C2,6),
139.9 (C4), 137.4 (C3,5), 119.2 (br, C1) ppm, 19F NMR (CH3CN) � –133.3 (qt,
1J = 43 Hz, 4J = 12 Hz, BF3) –135.1 (m, F2,6), –160.9 (t, 3J = 19 Hz, F4),
–165.2 (m, F3,5) ppm. IR (KBr, cm–1): � 1656, 1532, 1466, 1388, 1312, 1144,
1004, 956, 816, 760, 636.

Waste Disposal Waste solvent (ether) has to be collected in the corresponding,
labeled container for disposal. Aqueous F–-containing solutions are treated
with a CaO suspension and CaF2 is separated and stored for disposal.

Application K[C6F5BF3] is a well-storable source of the weakly nucleophilic
C6F5 group. With substituted iodobenzenes p-IC6H4-R, it undergoes efficiently
Pd-catalyzed cross-coupling reactions to polyfluorinated biphenyls [5].

K[C6F5BF3] + p-IC6H4-R → C6F5C6H4-R

R = NO2, C(O)OC2H5, F, H, CH3, OCH3

Substituted benzenediazonium salts can also be used as electrophiles in
catalyzed coupling reactions with K[C6F5BF3] [6].

11.2 PREPARATION OF PENTAFLUOROPHENYLDIFLUOROBORANE

Apparatus Two FEP traps (Di = 23 mm, Do = 25 mm), two Teflon stoppers
with two drill holes for inserting Teflon tubes.

Chemicals K[C6F5BF3], dry CH2Cl2, BF3 gas, NaF.

Attention and Caution Safety glasses and protective gloves must be used at all
times. All reactions must be carried out in a well-ventilated hood. Contact of the
skin with BF3 gas or C6F5BF2 (formation of HF by hydrolysis) is dangerous.

Experimental Procedure Under an atmosphere of dry Ar, K[C6F5BF3] (1.62 g,
5.9 mmol) is suspended in CH2Cl2 (5 mL) in an FEP trap (Di = 23 mm)
equipped with a magnetic stirring bar and a Teflon stopper with two drill holes
for inserting Teflon tubes and cooled to –50 ◦C. Five equivalents of BF3 from
a stainless steel line with a reservoir are passed first a stirred NaF/CH2Cl2 sus-
pension at 20 ◦C in an FEP trap before being slowly (ca. 1.5 h) bubbled into the
K[C6F5BF3]/CH2Cl2 suspension. At the end, the drilled stopper is exchanged
against a Teflon stopper under protection of dry Ar, and the stirred reaction
mixture is warmed to 20 ◦C. During this step, it is necessary to release the
increased pressure of BF3 several times. Subsequently, the suspension is stirred
for further 1.5 h before still dissolved BF3 gas is removed by pumping under dy-
namic vacuum at –78 ◦C for 15 min. The suspension is centrifuged at 20 ◦C and
the mother liquor is separated under protection of dry Ar. The residue, K[BF4],
is extracted three times with CH2Cl2 (1 mL). The amount of borane in the
combined C6F5BF2/CH2Cl2 phases is determined by 19F NMR spectroscopy



68 C6F5BF2 AND C6F5SiF3

using the internal integral standard C6H5CF3. The C6F5BF2/CH2Cl2 solution
can be used directly for reactions, for example, for F/C6F5 substitutions.

This protocol is also applicable to other types of perfluoroorganyldifluoro-
boranes.

Neat C6F5BF2 can be obtained when instead of CH2Cl2 the more volatile
solvent CCl3F is used. In a flame-dried glass distillation apparatus, the solvent
is distilled-off followed by the borane in a yield of 1.80 g (8.3 mmol, 83.4%).

Characterization Data Bp 104–105 ◦C. 11B NMR (CH2Cl2) � 21.8 (s, br) ppm.
13C{19F} NMR (CH2Cl2) � 151.8 (C2,6), 146.2 (C4), 138.2 (C3,5), 98.7 (br, C1)
ppm. 19F NMR (CH2Cl2) � –74.4 (s, br, BF2), –129.0 (m, F2,6), –143.9 (tt,
3J = 20 Hz, 4J = 7 Hz, F4), –161.3 (m, F3,5) ppm.

Waste Disposal Waste solutions of C6F5BF2 have to be treated with a CaO/H2O
suspension in the hood. Precipitated CaF2 and K[BF4] have to be collected in
labeled containers for disposal.

Application C6F5BF2 is a unique reagent to perform F/C6F5 substitution in
hypervalent fluorine moieties of noble gas [7–9] and halogen fluorides [10–12]:

C6F5BF2 + XeF2 → [C6F5Xe][BF4]

C6F5BF2 + XeF4 → [C6F5XeF2][BF4]

C6F5BF2 + C6F5IF2 → [(C6F5)2I][BF4]

C6F5BF2 + C6F5IF4 → [(C6F5)2IF2][BF4]

2C6F5BF2 + 2BrF3 → [(C6F5)2Br][BF4] + BrF3 + BF3

C6F5BF2 + C6F5BrF2 → [(C6F5)2Br][BF4]

Formally, one fluorine of the hypervalent bond is substituted by a C6F5 group
and the second fluorine is abstracted by the co-product BF3. Thus, always
electrophilic onium cations result in combination with the weakly coordinating
anion [BF4]–.

11.3 PREPARATION OF PENTAFLUOROPHENYLTRIFLUOROSILANE

Apparatus Three-necked, 250-mL, round-bottom flask, 250-, 100-, and 50-mL,
round-bottom flasks, jacketed coil condenser with a P4O10 drying tube, drop-
ping funnel, magnetic stirrer, short-path distillation apparatus with a Vigreux
column.

Chemicals Mg turnings, C6F5Br, freshly distilled tetraethoxysilane,
(Si(OC2H5)4), dry diethyl ether, dry n-hexane, freshly distilled SOCl2,
Py·HCl, freshly sublimed SbF3.

Attention and Caution Safety glasses and protective gloves must be used at all
times. All reactions must be carried out in a well-ventilated hood. Contact of
the skin with C6F5SiF3 (formation of HF by hydrolysis) is dangerous.
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Experimental Procedure Pentafluorophenyltrifluorosilane [13] is obtained
in three steps via pentafluorophenyltri(ethoxy)silane and pentafluorophenyl-
trichlorosilane.

Pentafluorophenyltri(ethoxy)silane: In a dried, 250-mL, three-necked, round-
bottom flask with a magnetic stirring bar, a jacketed coil condenser topped
with a P4O10 drying tube, Mg turnings (1.325 g, 54.5 mmol), C6F5Br (12.35 g,
50 mmol), and Si(OC2H5)4 (freshly distilled, 41.6 g, 199.7 mmol) are mixed
under an atmosphere of dry Ar. (C2H5)2O (dry, 30 mL) is added drop by drop
under stirring. The start of the exothermic reaction is indicated by a change of
the colorless suspension to gray. If the reaction does not start spontaneously,
warming with a water bath (50 ◦C) is recommended. To complete the reaction,
the mixture is refluxed for approximately 20 h. The Mg salts are precipi-
tated by addition of dry n-hexane (70 mL) at 20 ◦C. After sedimentation, the
mother liquor is separated and collected in a 250-mL flask under protection of
dry Ar. A short-path distillation apparatus combined with a Vigreux column
allows to separate ether, n-hexane, and Si(OC2H5)4. Finally under vacuum
(43 hPa), C6F5Si(OC2H5)3 is distilled-off at 138 ◦C. The sticky residue con-
tains mainly (C6F5)nSi(OC2H5)4 – n (n ≥ 2). The yield of the colorless liquid
C6F5Si(OC2H5)3 is 7.37 g (22.3 mmol, 44.6%).

Pentafluorophenyltrichlorosilane: A 100-mL, round-bottom flask with a magnetic
stirring bar and a jacketed coil condenser topped with a P4O10 drying tube
is charged in sequence with Py·HCl (1.6 g, 13.8 mmol) and freshly distilled
SOCl2 (48 mL, 658 mmol) under protection of dry Ar. C6F5Si(OC2H5)3 (35.7 g,
108.1 mmol) is added in one portion under stirring. The exothermic reaction
starts within the first hour. To complete the reaction, the mixture is stirred
under reflux (bath ca. 100 ◦C) for 1 day. The excess of SOCl2 is distilled-off
and C6F5SiCl3 is isolated by vacuum distillation (2 hPa; bp = 45 ◦C) in a yield
of 27.2 g (90.2 mmol, 83.4%).

Pentafluorophenyltrifluorosilane: Freshly sublimed SbF3 (12.3 g, 68.8 mmol) is
added in one portion to C6F5SiCl3 (17.02 g, 56.5 mmol) under protection
of dry Ar in a 50-mL, round-bottom flask with a magnetic stirring bar and
a jacketed coil condenser topped with a P4O10 drying tube. The exothermic
reaction starts after some minutes. The reaction mixture is stirred under reflux
for 1 h. The product is distilled-off at slightly reduced pressure and redistilled
to yield C6F5SiF3 (13.47 g, 53.4 mmol, 94.5%).

Characterization Data bp 44 ◦C at 85 hPa. 13C NMR (CH2Cl2): � 151.2 (C2,6),
146.9 (C4), 139.1 (C3,5), 96.1 (C1) ppm. 19F NMR (CHCl3): � –134.3 (dt,
1J = 248 Hz, 4J = 10 Hz SiF3), –125.1 (m, F2,6), –142.9 (tt, 3J = 19 Hz,
4J = 7 Hz, F4), –159.0 (m, F3,5) ppm. 29Si NMR (CHCl3): � –77.8 (q,
1J = 248 Hz, SiF3) ppm.

Waste Disposal Waste solvents (ether, n-hexane) have to be collected in the
corresponding labeled containers for disposal. Waste of Si(OC2H5)4 and SOCl2
has to be hydrolyzed in small portions in the hood and neutralized before
depositing in labeled containers. Solutions of C6F5SiF3 have to be treated with
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a CaO/H2O suspension in the hood, and CaF2 has to be filtered-off and stored
in the labeled container for disposal. Residues that contain SbF3/SbCl3 mixture
have to be collected in the corresponding labeled container for disposal.

Application C6F5SiF3 is a weaker Lewis acid than C6F5BF2. In acid-assisted re-
actions with halogen fluorides only one fluorine is substituted and C6F5HalFn – 1

molecules are formed [14–16]. The fluoride affinity of the co-product SiF4 is
too weak to abstract a fluorine atom from the molecule C6F5HalFn – 1 and form
an onium fluorosilicate salt.

It is worth mentioning that C6F5SiF3 does not facilitate F/C6F5 substitution
in XeF2.

C6F5SiF3 + BrF3 → C6F5BrF2 + SiF4

C6F5SiF3 + BrF5 → C6F5BrF4 + SiF4

C6F5SiF3 + IF5 → C6F5IF4 + SiF4
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CHAPTER 12

Iodine(III and V) Fluorides:
Interesting Fluorinating Agents

HERMANN-JOSEF FROHN

Hypervalent fluorides are potential fluorinating agents. They allow the addition of
two fluorine atoms to central atoms of molecules in a low valence state that possess an
electron lone pair, for example, fluorination of phosphanes to difluorophosphoranes.
More important than this fluorine addition are often other types of fluorinations, such
as the selective substitution of one hydrogen in an organic moiety or the addition of
fluorine to carbon–carbon multiple bonds. During the past two decades, Yoneda and
Hara investigated the application of iodine(III and V) fluorides for such purposes.
Following we offer a convenient preparative access to iodine(III and V) fluorides
(without using elemental fluorine) by oxygen/fluorine substitution (without using
chlorine and/or mercury salts [1,2] in a two-phase system involving hydrogen fluoride
of different concentration [3].

12.1 PREPARATION OF 4-FC6H4IF2, 4-FC6H4IF4, AND IF5

BY OXYGEN/FLUORINE SUBSTITUTION

Apparatus FEP traps (blockpolymer of perfluoroethylene and -propylene, Di =
3.5 mm, Do = 4.1 mm; Di = 8 mm, Do = 9 mm; or Di = 23 mm, Do =
25 mm) with Teflon stoppers, two Teflon stoppers with two drill holes for in-
serting Teflon tubes, magnetic stirrer, polyethylene (PE) syringe, safety glasses,
laboratory coat, protective gloves suitable for working with HF.

Chemicals 4-FC6H4IO, CH2Cl2, NaF, 48% HFaq for 4-FC6H4IF2; 4-FC6H4IO2,
CH2Cl2, NaF, anhydrous HF for 4-FC6H4IF4; I2O5 or NaIO3, CH2Cl2, NaF,
anhydrous HF for IF5.

Attention and Caution Safety glasses and protective gloves must be used at all
times. All reactions must be carried out in a well-ventilated hood. Contact of
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the skin with HFaq or anhydrous HF is very dangerous. Inhalation of HF vapor
is extremely critical and must be avoided.

Experimental Procedure Preparation of 4-fluoro(difluoroiodo)benzene from
4-fluoroiodosobenzene: 4-FC6H4IO (11.0 g, 46.2 mmol) is suspended and in-
tensively stirred in 15–20 mL CH2Cl2 in an FEP trap (Di = 23 mm, Do = 25
mm). HF (12 mL; 48%, 334 mmol) is added with a PE syringe. Solid iodosoben-
zene dissolved, and a two-phase system (a CH2Cl2 solution of 4-FC6H4IF2 and
a HFaq phase) resulted that is stirred for further 15 min. The upper aqueous
HF phase is separated and extracted two times with CH2Cl2 (2 × 5 mL). The
solvent of the combined CH2Cl2 phases is distilled off. The white solid residue
is dried in vacuum at 20 ◦C for 3 h. p-FC6H4IF2 is obtained in a yield of 9.7 g
(37.3 mmol, 80.7%).

Characterization Data Mp 101 ◦C. 1H NMR (CH2Cl2): � 8.0 (m, H2,6), 7.4 (m,
H3,5) ppm. 13C{1H} NMR (CH2Cl2): � 164.5 (d, C4, 1J = 253 Hz), 132.6 (dt,
3J = 9 Hz, 3J = 4 Hz, C2,6), 118.7 (d, 2J = 23 Hz, C3,5), 117.9 (td, 2J = 12 Hz,
4J = 3 Hz, C1) ppm. 19F NMR (CH2Cl2): –108.9 (ttt, 3J = 8 Hz, 4J = 5 Hz,
6J = 2 Hz, F4), –174.4 (s, IF2) ppm.

In analogy, the 2- and 3-FC6H4IF2 isomers can be prepared.

Preparation of 4-fluoro(tetrafluoroiodo)benzene from 4-fluoro(iodyl) benzene:
4-FC6H4IO2 (156 mg, 0.614 mmol) is suspended in 0.3 mL CH2Cl2 (–30 ◦C)
and intensively stirred in an FEP trap (Di = 8 mm, Do = 9 mm). Cold
anhydrous HF (0.15 mL, 7.61 mmol) is added drop by drop from a small
FEP trap (Di = 3.5 mm, Do = 4.1 mm, –78 ◦C) by means of a Teflon tube (Di

= 0.7 mm) and a slight pressure of Ar. 4-FC6H4IO2 dissolves and a two-phase
system results. The temperature is raised in two steps to 0 ◦C and 20 ◦C. After
cooling to –30 ◦C, the upper HF phase is separated and NaF (100 mg) is added
to the lower 4-FC6H4IF4/CH2Cl2 phase to remove traces of HF. After 15 min
of stirring, the solution phase is separated from solid NaF. NaF is extracted
twice with CH2Cl2 (0.15 mL). The solvent is evaporated from the combined
CH2Cl2 phases in an FEP trap and the white solid is treated in vacuum at 20 ◦C
for 3 h. 4-FC6H4IF4 is isolated in a yield of 0.115 mg (0.386 mmol, 63%).

In analogy, the 2- and 3-FC6H4IF4 isomers can be prepared.

Characterization Data mp 89 ◦C. 1H NMR (CH2Cl2): � 8.3 (td, 3J = 9 Hz,
4J = 4 Hz, H2,6), 7.6 (td, 3J = 9 Hz, 3J = 9 Hz, H3,5) ppm. 13C{1H} NMR
(CH2Cl2): � 165.6 (d, 1J = 257 Hz, C4), 154.8 (quin, 2J = 9 Hz, C1), 130.2 (d,
3J = 10 Hz, C2,6), 117.6 (d, 2J = 24 Hz, C3,5) ppm. 19F NMR (CH2Cl2): –24.3
(s, IF4), –102.8 (m, F4) ppm.

Preparation of iodine pentafluoride from diiodine pentoxide: In an FEP trap (Di =
8 mm, Do = 9 mm) with a suitable magnetic stirrer, I2O5 (200 mg, 0.599 mmol)
is suspended in CH2Cl2 (0.8 mL) and stirred at –78 ◦C. Cold anhydrous HF
(0.15 mL, 7.61 mmol) is added drop by drop from a small FEP trap (Di =
3.5 mm, Do = 4.1 mm, –78 ◦C) by means of a Teflon tube (Di = 0.7 mm) and
a slight pressure of Ar. Within 0.5 h, the temperature is raised to –30 ◦C. The
solid disappeared. The upper CH2Cl2 phase is separated at –30 ◦C from the
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lower HF phase and treated with NaF (400 mg) and stirred for 15 min in an
FEP trap. The CH2Cl2 solution is separated from solid NaF. NaF is extracted
twice with CH2Cl2 (0.15 mL, 20 ◦C). The CH2Cl2 phases are combined and the
solvent is removed in vacuum at –78 ◦C. Colorless IF5 (93.3 mg, 0.42 mmol,
70.1%) is obtained.

In an analogous procedure, IF5 is obtained from NaIO3 (213 mg,
1.076 mmol), CH2Cl2 (0.6 mL), and anhydrous HF (0.3 mL, 16.5 mmol)
in a yield of 170.9 mg (0.77 mmol, 71.6%).

Characterization Data mp 9–10 ◦C. 19F NMR (CH2Cl2): –52.9 (quin, 2J =
89 Hz, IFax), 12.0 (d, 2J = 89 Hz, IF4) ppm.

Waste Disposal Inside an intensively ventilated hood, HF and solutions of HF
(see Attention and Caution) are poured in small portions on ice followed
by treatment with an aqueous CaO/H2O suspension. CaF2 is filtered off and
collected in the labeled container for disposal. Waste solvent (CH2Cl2) has to
be collected in the corresponding labeled container for disposal.

Application Difluoroiodobenzenes, such as 4-CH3C6H4IF2, in combination
with N(C2H5)3·nHF have a wide range of applications as fluorinating agents
for

a. fluorination of iodoalkanes [4]:

ArIF2/N(C2H5)3 · 4HF + I − (CH2)n − X → F − (CH2)n − X

X = CH3, CO2CH3, OAc, Cl, OTs

b. [E]-�-fluoroalkenes from terminal alkynes [5]:

ArIF2/N(C2H5)3 · 5HF + R − C ≡ CH → [E]−F(R)C = CHI(F)Ar

c. selective vicinal difluorination of terminal and cyclic alkenes [6]:

ArIF2/N(C2H5)3 · 5HF + RCH = CH2 → RCHF − CH2F

d. selective �-fluorination of �-ketoesters [7]:

ArIF2/N(C2H5)3 · nHF + R1 − C(O) − CHR2 − C(O)OR3

→ R1 − C(O) − CFR2 − C(O)OR3

Even the combination IF5/N(C2H5)3·3HF offers a wide range of fluorination
reactions [8]:

IF5/N(C2H5)3 · 3HF + n-CnH2n+1 − CO2H → n-CnH2n+1 − COF

IF5/N(C2H5)3 · 3HF + n-CnH2n+1 − OH → n-CnH2n+1 − F

IF5/N(C2H5)3 · 3HF + p-Tol − SCH3 → p-Tol − SCHF2

IF5/N(C2H5)3 · 3HF + Ph − S − CH2CO2C2H5 → Ph − S − CF2CO2C2H5

IF5/N(C2H5)3 · 3HF + Ph2C = NNH2 → Ph2CF2
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CHAPTER 13

Tetramethylammonium Fluoride,
[N(CH3)4]F, a Widely Applicable
Reagent to Introduce Fluoride Ions
and a Suitable Nucleophile to Initiate
the Transfer of Perfluoroorganyl
Groups to Electrophiles

HERMANN-JOSEF FROHN

Traditionally, alkali metal fluorides are often used as fluoride donor sources. Their
disadvantage is the insolubility in most organic solvents. Thus, reactions with CsF,
which possesses the lowest lattice energy of the alkali metal fluorides, proceed
predominantly at the surface of the salt. In contrast to CsF, [N(CH3)4]F [1] is soluble
in some common organic solvents such as CH2Cl2 or CH3CN [2]. The stability of
such solutions depends strongly on the temperature. Already at –40 ◦C, [N(CH3)4]F
attacks CH3CN in a noticeable quantity after 5 min. In the first step, abstraction
of H+ proceeds slowly: F− + CH3CN → HF + [CH2CN]−, followed by the fast
reaction of F− with HF to [HF2]−. [CH2CN]− ends with trans-amino-2-butenenitrile,
CH3C(NH2)=CHCN [1]. CH2Cl2 solutions of [N(CH3)4]F are stable over few hours
at –40 ◦C. In the non-common solvent CF3CH2CHF2, [N(CH3)4]F shows a better
stability even at 20 ◦C, but a lower solubility than in CH2Cl2. To avoid reactions
with the solvent, it is often useful to prepare the [N(CH3)4]F solution directly in the
presence of the reactant, the fluoride acceptor.

Apparatus FEP traps (blockpolymer of perfluoroethylene and -propylene, Di =
8 mm, Do = 9 mm and Di = 23 mm, Do = 25 mm) with Teflon stoppers, glass
trap with a stopcock adapter, safety glasses, laboratory coat, and protective
gloves.
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Chemicals [N(CH3)4]F·4H2O, dry i-propanol.

Attention and Caution! Safety glasses and protective gloves must be used at
all times. All reactions should be carried out in a well-ventilated hood. Contact
of the skin with fluoride ions must be avoided.

Experimental Procedure Six small FEP traps (Di = 8 mm, Do = 9 mm), each
of them filled with [N(CH3)4]F·4H2O till a height of ca. 20 mm, together
with 6.686 g (40.5 mmol) [N(CH3)4]F·4H2O, are deposited in a glass trap
with a 29/32 joint and a stopcock adapter on top. Under vacuum, the samples
are heated for 1 h at 40–50 ◦C. Melting takes place and with the loss of
water solidification proceeds. The first heating step is followed by further steps
for 3 h at 80 ◦C, for 2 h at 120 ◦C, and finally 8 h at 140–150 ◦C. After
cooling to 20 ◦C, the glass trap is pressurized by dry Ar and inside a glove
box the solid product is transferred into a larger FEP trap (Di = 23 mm, Do =
25 mm). The salt is dissolved in dry i-propanol. Still present water is removed
(i-propanol–water azeotrope) under reduced pressure (ca. 10 hPa), followed
by a final treatment at 80 ◦C and 10−2 hPa for 8 h. [N(CH3)4]F is obtained
as a white, very electrostatic powder in yields of 2.5–3.2 g (26.8–34.4 mmol,
70–85%).

Instead of using [N(CH3)4]F·4H2O as starting material, it is possible to
neutralize an aqueous [N(CH3)4]OH solution with an aqueous HF solution in a
PFA flask and to remove water under reduced pressure till a solid [N(CH3)4]F
hydrate is obtained, which is further treated as described above.

An alternative preparation—a metathesis reaction—of potassium fluoride
and tetramethylammonium tetrafluoroborate is based on the insolubility of
potassium tetrafluoroborate in methanol.

Solid tetramethylammonium tetrafluoroborate (6.77 g, 42.1 mmol) is added
under stirring and protection of dry Ar to a solution of potassium fluoride (2.56
g, 44.1 mmol) in 50 mL dry methanol in a 100 mL centrifuge trap. After some
minutes, solid K[BF4] is precipitated. The suspension is centrifuged and the
mother liquid separated. Methanol is removed from the solution and the solid
residue is finally dried in vacuum at 140 ◦C for 5 h. 2.86 g (0.31 mmol, 73%)
[N(CH3)4]F is obtained.

Characterization Data 19F NMR (CH2Cl2, –40 ◦C) –97.8 (s) ppm. {Traces of
[HF2]−: 19F NMR (CH2Cl2, –40 ◦C): –151.0 (d, 1J = 121 Hz) ppm.} 1H NMR
(CH2Cl2, –40 ◦C): 3.4 (s) ppm.

Waste Disposal Fluoride ions containing solutions can be treated with aqueous
CaO/H2O suspension. CaF2 has to be collected in the labeled container for
disposal. Waste solvent (i-C3H7OH) has to be collected in the corresponding
labeled container for disposal.

Application Two main reactivities, which are important for applications, will
be mentioned here:

a. The addition of fluoride ions to cationic [3], neutral, and anionic [4]
fluoride acceptors:
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[N(CH3)4]F + [C6F5Xe][BF4] → C6F5XeF + [N(CH3)4][BF4]

[N(CH3)4]F + B(C6F5)3 → [N(CH3)4][B(C6F5)3F]

[N(CH3)4]F + [N(CH3)4][IF4] → [N(CH3)4]2[IF5]

b. The interaction of catalytic amounts of [N(CH3)4]F with fluoroorganyl
element compounds, which form no stable fluoroanion, instead the
intermediate fluoroanion releases a fluoroorganyl group—a weak
nucleophile—as carbanion, which is trapped by a suitable electrophile
[5–8]. This F−-catalyzed reaction is a methodical approach to introduce
different types of perfluoroorganyl groups into molecules:

(CH3)3SiCF3 + R1R2CO
[F−]−→ R1R2(CF3)COSiMe3

2(CH3)3SiC6F5 + XeF2
[F−]−→ Xe(C6F5)2 + 2(CH3)3SiF
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CHAPTER 14

Preparation of Transition Metal
Sulfide Fluorides

MICHAEL GERKEN

The chemistry of transition metal oxide fluorides has been studied extensively. A
wide range of synthetic routes to such oxide fluorides is available, including the
exchange of oxygen by fluorine, starting from the oxide precursor, or fluorine–oxygen
exchange, starting from a fluoride precursor. The synthetic routes to sulfide fluorides
are more limited. Few sulfide transfer agents have been used to introduce a sulfide in
a controlled way. High-temperature reactions using Sb2S3, B2S3, or elemental sulfur
in autoclaves were used for the preparation of WSF4 [1, 2], ReSF4 [2, 3], ReSF5

[3], and MoSF4 [4]. However, in some cases, significant amounts of side products
were observed. In a solution synthesis, hexamethyldisilathiane, [(CH3)3Si]2S, has
been used in the preparation of WSF4 [5] and MoSF4 [6]. A different approach to
transition metal sulfide fluorides uses chloride–fluoride exchange starting from the
respective sulfide chloride. Salts of WSF−

5 have been synthesized and isolated by this
route [7].

The use of Sb2S3 in anhydrous HF serves as a controlled way of introducing
sulfide into WSF4 [8], ReSF4 [3], and ReSF5 [3].

14.1 PREPARATIONS OF TRANSITION METAL SULFIDE FLUORIDES
USING Sb2S3 IN ANHYDROUS HF AS A SULFIDE TRANSFER AGENT

Preparation of WSF4

Apparatus T-shaped reactor built of 1/4-in. outer diameter FEP (copolymer
of perfluoroethylene and perfluoropropylene) equipped with a valve, metal
vacuum line system, safety glasses, laboratory coat, and protective gloves.

Chemicals WF6, Sb2S3, anhydrous HF.
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Attention! Safety glasses and protective gloves must be used at all times. The
experiment has to be conducted under strictly anhydrous conditions in well-
dried apparatus, because the reactant (WF6), as well as the product (WSF4),
hydrolyzes on contact with traces of moisture.

Caution! Because of its toxicity, corrosive nature, and volatility, anhydrous HF
has to be handled with extreme caution in closed, leak-checked systems. Skin
contact with anhydrous HF and its inhalation have to be excluded. Calcium
gluconate gel has to be available during this reaction for initial treatment of
HF burns. Detailed information about the serious health effects of HF and the
appropriate response to exposures are described in the literature, which has to
be consulted before handling HF [9]. The apparatus has to be thoroughly dried,
because traces of moisture will hydrolyze WF6, generating HF.

Experimental Procedure Anhydrous HF is carefully dried using (a) the reaction
with elemental fluorine [10], (b) the reaction with BiF5 [11], or (c) the reaction
with K2NiF6 [8]. In the latter method, K2NiF6 also serves as an indicator for
the absence of water, because it dissolves in anhydrous HF giving a purple
solution. A T-shaped FEP reactor equipped with a Kel-F or stainless steel
valve is carefully dried and charged with Sb2S3 (0.136 g, 0.400 mmol) inside
a dry box. On a vacuum manifold constructed from metal and fluoroplastic,
anhydrous HF (1.76 g) and WF6 (0.326 g, 1.09 mmol) are vacuum distilled
onto the Sb2S3 at –196 ◦C. The mixture is warmed to room temperature and
allowed to react for approximately 12 h. During this time, the solution slowly
turns yellow. The bright yellow solution is decanted into the empty arm of
the T-shaped reactor. Volatiles are removed under dynamic vacuum, yielding
0.258 g (79.3%) WSF4.

Characterization Data Mp 89–90 ◦C. 19F NMR: � 77.4 (s) ppm, 1J(183W-19F) =
42 Hz (anhydrous HF solvent); � 85.4 (s) ppm, 1J(183W-19F) = 33 Hz (CH3CN
solvent). Raman (cm−1): v̄ 707, 687, 578, 568, 535, 513, 248, 236, 225. IR
(KBr, cm−1): v̄ 695, 630, 576, 556, 514, 463.

Application Tungsten sulfide tetrafluoride acts as a Lewis acid toward fluoride
ions and nitrogen bases. The reaction with acetonitrile yields the hexacoordinate
WSF4·CH3CN adduct [8]. Depending on the ratio of WSF4 toward F−, the
WSF−

5 and W2S2F−
9 anions are obtained [12].
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CHAPTER 15

Transition Metal Carbonyl Sulfur
Dioxide and Thiazylfluoride
Complexes: Reactions at the Metal
Center and at the Ligand

RÜDIGER MEWS

Looking for possibilities to introduce thiazylfluoride, N≡SF, and thiazyltrifluoride,
N≡SF3, as ligands into organometallic chemistry, it seemed to be necessary to gener-
ate coordinatively unsaturated highly reactive species in a chemically very resistant,
only weakly interacting solvent. Liquid SO2 seemed to be suitable; it is chemically
relatively inert and shows good solubility for many salts. Therefore, only small
amounts of solvent are needed in these reactions.

Two different routes for the preparation of organometallic SO2 complexes have
been developed: The reaction of organometallic halides with silver salts of large, only
weakly interacting anions (e.g., AsF−

6 , SbF−
6 ) in liquid SO2 at room temperature [1]

and the oxidation of organometallic species containing metal–metal bonds by AsF5

in liquid SO2 at low temperature [2]. The safer route is the first method. AgAsF6

or AgSbF6 is readily prepared from the oxidation of silver by AsF5 or SbF5 [3],
respectively. In the second approach, these steps are skipped, but the reaction is more
difficult to handle. On the other hand, this method is carried out at low temperature
and allows the preparation of thermally labile species. Starting materials might be
all organometallic halide complexes, resistant toward SO2, with halides (Cl−, Br−)
suitable for abstraction by silver salts with almost not interacting counterions (e.g.,
AgAsF6, AgSbF6).

15.1 PREPARATION OF [M(CO)5(SO2)]+ [AsF6]− (M = Mn, Re) [1]

M(CO)5Br + AgAsF6
SO2−→ [(CO)5M(SO2)]+[AsF6]− + AgBr (M = Mn, Re)
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Apparatus Special pressure-resistant Schlenk vessels [4] or Y-shaped glass ves-
sels with Teflon valves, vacuum line, glove box, glass flask with Teflon valve
(for SO2 storage at room temperature).

Chemicals Mn(CO)5Br, Re(CO)5Br, AgAsF6, SO2 (dried over P4O10 at room
temperature).

Attention! Because the reaction vessel is under pressure, safety glasses must be
used at all times.

Caution! SO2 and the metal carbonyl compounds are very toxic, inhalation or
contact with skin should be strictly avoided. Because the valves might leak or
the vessel might break, all manipulations must be carried out in a well-ventilated
hood.

Experimental Procedure In a glove box, equimolar amounts of M(CO)5Br
and AgAsF6 are filled separately in the two arms of the Y-shaped vessel, the
silver salt in the straight arm and the carbonyl halide in the side arm. At a
vacuum line, at −196 ◦C, SO2 is condensed onto the silver salt (about 5 mL
solvent for 10 mmol of each reactant). After warming to room temperature,
the AgAsF6 solution is transferred onto the carbonyl halide by tilting the
vessel. By cooling the straight arm with cold water, SO2 recondenses. This
procedure is repeated until the silver salt is transferred quantitatively to the
side arm. The reaction mixture is stirred at room temperature for 20 h. After
the AgBr precipitated, the clear yellow brown (Mn) or yellow (Re) solutions
are carefully decanted from the side arm to the straight arm. By recondensing
SO2 back to the side arm, the residue can be washed. These washings are
repeated until a colorless solution in the side arm indicates quantitative transfer
of the product. Finally, the SO2 is recondensed to the side arm and the reaction
vessel is connected to two condensation traps cooled to −80 ◦C. The solvent
is evaporated at room temperature by opening the valve carefully, leaving
behind brown yellow [Mn(CO)5SO2]+ [AsF6]−. When the yellow solution of
[Re(CO)5(SO2)]+ BF−

4 evaporates, a colorless residue is formed, indicating the
loss of SO2.

Characterization Data [Mn(CO)5(SO2)]+ [AsF6]−: IR (cm−1) 2167 (vw),
2161 (vs), 2040 (vs), 1311/1305 (s), 1115 (m). Re(CO)5(SO2)]+ [AsF6]−:
IR(cm−1) 2177 (w), 2059 (vs), 2075 (s), 1313/1307 (vs), 1148 (m).

15.2 PREPARATION OF [CpFe(CO)2(SO2)]+ [AsF6]− [4]

[CpFe(CO)2]2 + 3AsF−
5

SO2−→ 2[CpFe(CO)2(SO2)]+[AsF6]− + AsF3

Apparatus A special Schlenck flask [4], or more simple, a Y-shaped, pressure-
resistant glass vessel with Teflon valve, a metered vacuum line, pressure-
resistant glass flasks with Teflon valves for storage of SO2 over P4O10 at
room temperature.
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Attention! Because the reaction vessel is under high pressure, safety glasses
must be used at all times.

Caution! SO2 and the metal carbonyl compounds are very toxic, inhalation or
contact with skin should be strictly avoided. Because the valve might leak or
the vessel might break, all manipulations must be carried in a well-ventilated
hood.

Experimental Procedure Onto 0.907 g (2.56 mmol) of [CpFe(CO)2]2 at
−196 ◦C, 10 mL of SO2 and a slight deficiency of AsF5 (1.32 g, 7.77 mmol)
are condensed. The reaction mixture is slowly warmed to room temperature
and stirred for 5 h. The clear solution is decanted from a small residue from the
side to the straight arm. By cooling the side arm with cold water, the solvent is
recondensed. This procedure is repeated until the soluble product is quantita-
tively transferred. Then the solvent is completely condensed into the side arm.
Then the flask is connected to two condensation traps. By slow opening of the
valve, the solvent is evaporated, and the product remains at the bottom of the
flask as green-black crystalline solid.

Characterization Data IR (Nujol, Kel-F) (cm−1): 3140 (s), 2114 (vs), 2080
(vs), 2018 (s), 1430 (s), 1356 (s), 1143 (vs), 1122 (w), 882 (s), 700 (vs), 676
(m), 582 (m), 574 (m), 546 (s), 520 (s), 474 (w), 394 (s).

Application of SO2 Complexes The synthesis of cationic organometallic sulfur
dioxide complexes from the appropriate halides and silver salts with weakly
coordinating anions is a general method for the preparation of this class of
compounds. The applicability of the oxidative cleavage of metal–metal bonds
by AsF5 in liquid SO2 depends on the resistance of the co-ligands toward
oxidation.

The stability of the SO2 complexes [Lx−1M(SO2)]+ [MF6]− depends on
the nucleophilicity of the anions [MF6]−, the Lewis acidity of the metal center
M in the organometallic fragment, and the bonding mode. At room tempera-
ture, [Mn(CO)5(SO2)]+ [AsF6]− is converted to [(CO)5MnFAsF5] within 36
h, while [Re(CO)5FAsF5] is quantitatively formed at 40–50 ◦C after 20 h [1].
The nucleophilicity of the anions increases with decreasing Lewis acidity of the
acids from which the anions are formed. For example [Re(CO)5(SO2)]+ [BF4]−

is present only in solution, indicated by a yellow color. The precipitate from this
solution is colorless and contains no SO2. The SO2 uptake and loss is reversible.
Under the same conditions, [CpFe(CO)2(SO2)]+ [AsF6]− is completely stable
due to the high �-basicity of the CpFe(CO)2 fragment, interacting strongly
with a sulfur �-acceptor orbital. In [(CO)5MFAsF5], the fluoro Lewis acid and
the organometallic Lewis acid are bridged by a fluoride; in other words, the
empty coordination site of the strong organometallic Lewis acid [M(CO)5]+

is occupied by the weakly interacting [AsF6]− anion. Other pathways to strong
organometallic Lewis acids with different weakly interacting anions as excel-
lent leaving groups have been developed [5]. Besides their acceptor properties
toward inorganic donors, their tremendous potential as acceptor for organic s-
and p-donors, their use as catalysts, etc. have been reported [5].
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15.3 [Re(CO)5(NSF)]+ [AsF6]− [6]

[Re(CO)5SO2]+[AsF6]− + NSF → [Re(CO)5(NSF)]+[AsF6]− + SO2 (15.1)

Apparatus Glass vessel with stirring bar and valve, vacuum line, glove box.

Chemicals [Re(CO)5(SO2)]+ [AsF6]−, NSF, dry SO2.

Attention! Safety glasses and protective gloves must be used at all times.

Caution! SO2 and metal carbonyls are toxic, inhalation or contact with skin has
to be strictly avoided. The reaction must be carried out in a well-ventilated
hood.

Experimental Procedure In a glove box, 2.64 g (4.56 mmol) of
[Re(CO)5(SO2]+ [AsF6]− is filled into a 200-mL glass flask with a Teflon
valve. At −196 ◦C, 0.297 g (4.56 mmol) of NSF and 10 mL SO2 are condensed
to it. The reaction mixture is warmed to −30 ◦C to give a clear orange-yellow
solution. After stirring for 1 h at this temperature, all volatile components are
removed under vacuum. The orange-red crystalline solid remaining is analyti-
cally pure [Re(CO)5(NSF)]+ [AsF6]− in quantitative yield, mp 115 ◦C (dec).

Characterization Data 19F NMR: � (SF) 219.7; � (AsF) 100.0 ppm, 1J (AsF) =
930 Hz. IR(Nujol, (cm−1): 2179 (m), 2046 (vs, br), 1390 (vw), 702 (vs), 675
(vw), 647 (m), 585 (s), 450 (w), 400 (s), 341 (w).

Application In the absence of moisture, [Re(CO)5(NSF)]+ [AsF6]− is stable
at room temperature, while NSF itself—due to the highly polar N(�−)≡S(�+ )
bond—rapidly decomposes (oligomerization, polymerization, etc.) under these
conditions. Coordination to a metal center blocks the negative end of the dipole;
the reactivity of the sulfur–fluorine bond is not affected. Nucleophilic exchange
reactions lead to new thiazyl derivates, not observable in the free state. By
fluoride abstraction with AsF5, dicationic species are formed.

This chemistry is not restricted to the [Re(CO)5]+ fragment, further exam-
ples are the ions [Mn(CO)5]+ , [FeCp(CO)2]+ , and [(CrCp(NO)2]+ . Instead
of NSF, other labile donors might be stabilized at cationic metal centers.

Two different methods showing the different reaction possibilities of coor-
dinated NSF are illustrated by the following equations:

Nucleophilic exchange [7, 8, 12]

[Re(CO)5(NSF)]+[AsF6]− + Me2N − SiMe3

→ [Re(CO)5(NSNMe2)]+[AsF6]− + Me3SiF [7] (15.2)

2[Re(CO)5(NSF)]+[AsF6]− + MeN(SiMe3)2

→ [(OC)5ReNS − N(Me) − SNRe(CO)5]2+[AsF−
6 ]2 + 2 Me3SiF [7]

(15.3)



86 TRANSITION METAL CARBONYL SULFUR DIOXIDE AND THIAZYLFLUORIDE COMPLEXES

4[Re(CO)5(NSF)]+[AsF6]− + SiX4

→ 4[Re(CO)5(NSX)]2 + [AsF6]− + SiF4 [8, 12] (15.4)

(X = Cl, Br)
F− abstraction

[Re(CO)5(NSF)]+[AsF6]− + AsF5 → [Re(CO)5(NS)]2+[AsF−
6 ]2 [6] (15.5)

[Re(CO)5(NS)]2 + [AsF−
6 ]2 was the first dicationic carbonyl complex [cf.9]

reported in the literature. In a similar way, [Mn(CO)5(NS)]2 + [AsF6]2,
[CpFe(CO)2(NS)]2 + [AsF−

6 ]2, and [CpCr(NO)2(NS)]2 + [AsF−
6 ]2 were pre-

pared [10].
Another route to the dications is the exchange of the SO2 ligand in mono-

cationic complexes by [NS][AsF6]− [11].
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CHAPTER 16

Cesium, Mercury, and Silver Salts with
Sulfur–Nitrogen–Fluorine Anions:
Useful Transfer Reagents for NSF
Building Blocks

RÜDIGER MEWS

CsF is the classical catalyst in fluorine chemistry for additions to multiple bonds. For
the addition to element–nitrogen bonds, HgF2 might be even more efficient. Primary
step in this catalysis is the transfer of a fluoride with intermediate formation of anionic
species. Only a few of them were isolated as salts, in many cases a stronger fluoride
ion donor than CsF or HgF2 (e.g., Tris(dimethylamino)sulfonium “fluoride (TASF)”,
[(Me2N)3S]+ [Me3SiF2]−) is necessary.

Three different synthetic approaches have been used to generate Cs, Hg, or Ag
salts of NSF anions:

a. Cleavage of an element–nitrogen bond by transfer of the fluoride to the element
under formation of a leaving group, for example:

FC(O)N = SF2 + F− → OCF2 + NSF−
2 [1, 2] (16.1)

Me3SiN = S(O)F2 + F− → Me3SiF + NS(O)F−
2 [3, 4] (16.2)

b. Addition of F− to NS multiple bond systems, for example:

NSF + F− � NSF−
2 (16.3)

R − N = SF4 + F− → RNSF−
5 [5, 6] (16.4)

c. Reaction of persistent NSF acids with metal oxides or carbonates, for example:

Ag2CO3 + 2HN(SO2F)2 → 2 AgN(SO2F)2 + CO2 + H2O [7] (16.5)
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c© 2013 John Wiley & Sons, Inc. Published 2013 by John Wiley & Sons, Inc.

88



MERCURY SULFUR NITROGEN FLUORINE DERIVATIVES 89

Fluoride ion transfer and formation of stable salts occur, if three-coordinated
(or pseudo-three) sulfur centers can be transformed to tetracoordinated systems
(Eq. 16.3); or tetra- and pentacoordinated precursors to penta- and hexacoordinated
systems, respectively (Eq. 16.4). With reagents containing an almost naked fluoride,
for example, TASF ([(Me2N)3S]+ [Me3SiF2]−) [8], transfer of the fluoride occurs, if
the NS multiple bond system is a stronger acceptor than Me3SiF [9]. By this transfer,
several tetra- ([RNS(O)F]−, [(RN)2SF]−) [10]), penta- ([RNSF3]−, [RNSOF3]−)
[11], and hexacoordinated anions ([R–N–SF5]−) [5,6] have been prepared. Although
it was shown that HgF2 catalyzes addition to the NS triple bond of NSF3 [12], all
attempts to transfer NSF3 to the pentacoordinated anion NSF4

−, isoelectronic with
OSF4, failed.

The third method (c) is restricted to persistent NSF acids. These acids are persistent
with sulfur(VI) substituents. Readily available are HNS(O)F2 [13] and HN(SO2F)2

[14], while (F5S)2NH [15] and (F5S)(FSO2)NH [6] are difficult to prepare. For
the generation of N metal bonds, the reaction of their precursors F5S–N=SF4 [16]
and FSO2N=SF4 [17] with a fluoride donor according to (b) is the method of
choice.

Examples for methods (a) and (b) will be given.

16.1 MERCURY SULFUR NITROGEN FLUORINE DERIVATIVES BY
CLEAVAGE OF AN ELEMENT – NITROGEN – BOND BY HgF2

Preparation of Hg(NSF2)2 [18a]

HgF2 + 2FC(O)NSF2 → Hg(NSF2)2 + 2OCF2

Apparatus A 250-mL glass flask, magnetic stirrer, 100-mL dropping funnel,
reflux condenser, two condensation traps, 50-mL syringe, source of nitrogen,
T-shaped N2 inlet, safety glasses, laboratory coat, protective gloves.

Chemicals HgF2, FC(O)NSF2 [19] (prepared from Si(NCO)4 [20] and SF4).

Attention! Safety glasses and protective gloves must be used at all time.

Caution! Because of the high toxicity and volatility of FC(O)NSF2, inhalation
or contact with skin must be strictly avoided.

The reaction should be carried out in a well-ventilated hood. Decomposition
products of NSF might react explosively with water.

Experimental Procedure In a stream of dry N2, two oven-dried, hot conden-
sation traps and a reflux condenser are cooled to room temperature. In a dry
box a two-necked, 250-mL glass flask with magnetic stirring bar is filled with
11.0 g (0.046 mol) of HgF2. The flask is connected to the condenser, and to
the second neck a 100-mL dropping funnel is added. The funnel is closed by
a stopcock, while simultaneously the N2-T is opened. After cooling down the
traps by liquid air, 35.4 g (0.27 mmol) of FC(O)NSF2 is filled through a N2-T
with a syringe into the dropping funnel. Then, FC(O)NSF2 is slowly added
to the HgF2 and stirred for 24 h at room temperature. After the reaction is
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finished, the reaction vessel is cooled to 0◦C, excess of FC(O)NSF2 is removed
under vacuum, leaving behind 17.0 g of a colorless solid (80% yield rel. to
FC(O)NSF2). The purity of the product depends on the reaction conditions,
higher temperature and lower pressure lead to the loss of NSF.

At room temperature, Hg(NSF2)2 decomposes slowly. The compound
should be stored in a refrigerator at −30◦C. With H2O, it reacts vigorously
to give SO2, F−, and NH3.

Characterization Data IR (Nujol, cm−1) 1313 (vs), 680 (vs), 574 (s), 550 (m).
Hg(NSF2)2 crystallizes in the space group C2/c with a = 10.033 Å, b =

10.697 Å, c = 6.924 Å, � = 121.96◦, V = 630.2 Å3 [21].

Applications

a. Preparation of NSF [18b]
Hg(NSF2)2 is the best source of pure NSF. At room temperature, the NSF
pressure above the solid is small, but quantitative decomposition by heating to
110◦C under high vacuum quickly occurs.

Hg(NSF2)2
110 ◦C−→

HV
HgF2 + 2NSF

b. Synthesis of N-halogen sulfur difluoride imides XNSF2 (X = F [22], Cl, Br, I
[2,18c])
Hg(NSF2)2 reacts at room temperature with Cl2 in a flow system and with
bromine in an autoclave to give the corresponding N-chloro derivative ClNSF2

in 80% yield and the N-bromo derivative BrNSF2 in 70% yield. The N-fluoro
derivative FNSF2, the isomer of N≡SF3, was also obtained, but in very low
yield.

Hg(NSF2)2 + X2 → HgX2 + XNSF2

c. Cycloaddition of NSF to 1,3-dipolar reagents [23]
Hg(NSF2)2 might be considered as “tamed” NSF. With (CF3)2CN2 Hg(NSF2)2

reacts smoothly to give (CF3)2C=N–SF, an unusual stable sulfenyl fluo-
ride. The direct reaction of the diazo compound with NSF leads to vigorous
explosions.
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d. Nucleophilic transfer of the NSF2 group [24]
Only a few attempts to transfer the NSF2 group by nucleophilic exchange

are reported in the literature, for example:

S2Cl2 + Hg(NSF2)2 → HgCl2 + F2S = N − S − S − N = SF2

Mostly, the resulting sulfur difluoride imide looses NSF. The result is a Cl–F ex-
change. NSF2

− acts as a fluorinating agent similar to the isoelectronic fluorosulfinate
SO2F−.

16.2 MERCURY AND CESIUM SULFUR NITROGEN FLUORINE
DERIVATIVES BY ADDITION OF THEIR FLUORIDES TO S=N
DOUBLE BONDS

Preparation of Hg(N(SF5)2)2 [5]

HgF2 + 2 SF5N = SF4 → Hg (N(SF5)2)2

Apparatus A 50-mL Kel-F vessel with a valve, vacuum system, glove box,
sublimation apparatus, glass bulb with Teflon valve.

Chemicals HgF2, SF5N=SF4 (prepared from NSF3 and fluorine [16]).

Attention! Safety glasses and protection gloves must be used at all times.

Caution! Mercury compounds are highly toxic, inhalation and contact with the
skin must be strictly avoided. The toxicity of SF5–N=SF4 is not known, but
one should assume, that it is highly toxic. Therefore, all manipulations should
be carried out in a well-ventilated hood.

Experimental Procedure At a vacuum line onto 6.9 g of HgF2 (28.9 mmol)
(filled into a Kel-F vessel in a glove box) 11.2 g of SF5–N=SF4 (45.0 mmol)
is condensed. The reaction mixture is heated to 50 ◦C for 14 days. Excess of
SF5NSF4 is recondensed to a storage vessel. The remaining residue is trans-
ferred to a sublimation apparatus in a glove box. Sublimation under static
vacuum gave 8.4 g (11.4 mmol) of Hg(N(SF5)2)2 (yield 51%), mp 79◦C.

Characterization Data IR (Nujol, cm−1): 945 (vs), 893 (vs), 855 (s), 831
(s), 757 (s), 670 (s), 610 (m), 580 (m), 565 (m). 19F NMR: � FA 83.14, �

FB4 ∼ 81.95 ppm. MS (70 eV): m/z = 738 [M+ ], 489 [FHgN(SF5)2
+ ], 343

[FHgNSF4
+ ], 324 [HgNSF4

+ ].

Preparation of Cs(N(SO2F)(SF5)) [6]

CsF + FSO2N = SF4 → Cs(N(SO2F)(SF5))

Apparatus A 200-mL glass flask with Teflon valve, magnetic stirring bar, glove
box, vacuum line.

Chemicals FSO2N=SF4, dried CsF, dry CH3CN (solvent).
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Attention! Safety glasses and protective gloves must be used at all times.

Caution! FSO2N=SF4 is moisture sensitive and hydrolyzes readily under for-
mation of HF, HN(SO2F)2. Inhalation and contact with skin must be strictly
avoided.

Experimental Procedure In a glove box, a 200-mL glass flask with Teflon valve
is filled with 1.69 g (11.1 mmol) of rigorously dried CsF. To it by a vacuum
line at −196◦C, 2.52 g (18.3 mmol) of FSO2NSF4 and 5 mL of dry CH3CN are
condensed. Within 1 h, the reaction mixture is warmed to room temperature.
After stirring for 24 h at this temperature, all volatiles are removed. About
3.93 g of analytically pure Cs(N(SO2F)(SF5)) (99% yield) remain as residue,
mp 67◦C.

Characterization Data IR (Kel-F/Nujol) (cm−1): 1348 (vs), 1327 (sh), 1295
(m), 1210 (vs, br), 1124 (vs), 839 (vs,br), 818 (vs,br), 721 (vs), 704 (s), 613
(s), 598 (m), 589 (m), 578 (s), 565 (vs). 19F NMR (CD3CN/CFCl3; 75 MHz;
+ 35◦C): � 100.59 (FA), 83.15 (FB4), 52.45 ppm (SO2F); 2JFA-FB = 155.93,
4JFB4-SO2F = 10.87, 4JFA-SO2F = 0.84 Hz.

Application Hg[N(SF5)2]2 and Cs[N(SF5)(SO2F)] and also CsN(SF5)2 might
be used for introducing the NSF building blocks into inorganic and organic
molecules, either directly or by the indirect way via N-halo amines.

Hg[N(SF5)2]2 + 2CH3I → 2 CH3N(SF5)2 + HgI2

Hg[N(SF5)2]2 + 2 CF3SCl → 2 CF3SN(SF5)2 + HgCl2
CsN(SF5)2 + ClF → ClN(SF5)2 + CsF

ClN(SO2F)(SF5) + H2C = CH2 → ClCH2CH2N(SO2F)(SF5)

Salts of the N(SO2F)− anion and their perfluoroalkyl analogs [N(SO2Rf)2]
have found broad application in electrochemistry (batteries, fuel cells) and
as end groups in liquid crystal chemistry. Similar applications could find the
[N(SF5)2]− and the [N(SF5)(FSO2)]− ions and their organo derivatives.
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CHAPTER 17

Laboratory-Scale Synthesis of Gold
Trifluoride and Uranium Hexafluoride

THOMAS M. KLAPÖTKE

Binary d- and f-block metal fluorides are versatile reagents for the preparation of
various coordination compounds and can also be used as fluorinating or oxidizing
agents. However, some of these metal fluorides are either commercially not available
or can only be purchased in bulk quantities. As examples for such metal fluorides,
here we describe the small-scale laboratory synthesis of gold trifluoride, AuF3, and
uranium hexafluoride, UF6.

17.1 PREPARATIONS OF AuF3 AND UF3 USING ELEMENTAL
FLUORINE AS A FLUORINATING AGENT

Preparation of AuF3

Au(s) + 3/2 F2(g) → AuF3(s)

Apparatus A 100-mL, thick-walled quartz reaction vessel connected via a
Swagelok glass-steel (Whitey) valve to a metal (Monel or steel) fluorine vacuum
line, safety glasses, helmet with face shield, laboratory leather coat, protective
leather gloves.

Chemicals Au wire with 0.25 mm diameter, dry fluorine gas.

Attention! Safety glasses, a helmet with a polycarbonate face shield, a thick
leather coat, and protective gloves must be used at all times.

Caution! Fluorine and chlorine trifluoride are powerful oxidizers; all these ma-
terials (including AuF3) are toxic. Suitable shielding is required, and protective
clothing and face masks should be worn all times. Extensive care must be taken
to avoid contact between fluorine, fluorides, and oxidizable materials.

Efficient Preparations of Fluorine Compounds, First Edition. Edited by Herbert W. Roesky.
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FIGURE 17.1 A 100-mL, thick-walled quartz reaction vessel for the preparation of AuF3.
a, one of the nozzles cooling the Whitey valve with compressed air. b, to initiate the reaction,
the bottom of the quartz reaction vessel is rapidly heated for 10 s with a Bunsen burner.

All apparatus (including the quartz reaction vessel) were rinsed several times
with CFCl3 (Freon-11), dried and deactivated with ClF3 at 100 ◦C and 2 bar
for 8 h.

Experimental Procedure A gold wire (Aldrich, �99.9%, 0.25 mm diame-
ter; 0.50 g, 2.54 mmol) was transferred into the passivated reactor (100-mL,
thick-walled quartz reaction vessel closed by a Monel needle valve (Whitey)
(Figure 17.1). Fluorine (Solvay, 0.42 g, 11.0 mmol, dried over KF) was con-
densed at −196 ◦C on the Monel vacuum line, and the mixture was warmed to
room temperature. The bottom of the quartz reaction vessel was rapidly heated
for 10 s to 800 ◦C with a Bunsen burner to ignite the gold wire in the fluorine
atmosphere. After the reaction was complete, the vessel was re-cooled to room
temperature. During the heating and the exothermic reaction, the needle valve
was cooled with compressed air by a system of three nozzles. All material
volatile at 20 ◦C was pumped off (through a soda lime absorber). The quartz
vessel was taken into a dry box (N2, 99.999%), opened, and the light orange-
yellow AuF3 was immediately transferred into flamed-out ampoules of Pyrex
that were then flame-sealed. Because AuF3 is very sensitive to atmospheric
moisture and water, all handling and storage must be done under the utmost
anhydrous conditions. Isolated yield: 0.42 g (62%) [1].
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Characterization Data Tsubl 300 ◦C. AuF3 [253.96] F 22.8 (Calcd. 22.4) %.
MS (EI, 70 eV, 150 ◦C) m/z: 508 (Au2F6), 254 (AuF3), 235 (AuF2), 216 (AuF),
197 (Au).

Waste Disposal The residues of AuF3 have to be hydrolyzed with water and
have to be collected in a labeled container for toxic heavy metal waste that has
to be properly deposited.

Application Gold(III) fluoride is commercially not available but a useful starting
material, for example, for the preparation of gold azides that themselves are
suitable binary Au–N compounds for the preparation of ultrapure gold catalysts
(thermal decomposition of gold azides) [2–6]:

AuF3 + 3 Me3SiN3 → Au(N3)3 + 3 Me3SiF

Au(N3)3 → Au + 4.5 N2

Preparation of UF6

Method I : U(s) + 3 F2(g) → UF6(s)

Method II :→ U(s) + 3 ClF3 → UF6(s) + 3 ClF(g)

Apparatus A 120-mL Monel high-pressure bomb (Parr, series 4740) equipped
with a Monel gage block assembly and rupture disk, connected via a Swagelok
steel-steel (Whitey) valve to a metal (Monel or steel) fluorine vacuum line,
safety glasses, helmet with face shield, laboratory leather coat, protective leather
gloves.

Chemicals U turnings, dry fluorine gas.

Attention! Safety glasses and a helmet with a polycarbonate face shield, a thick
leather coat and protective gloves must be used at all times.

Caution! Fluorine gas and uranium hexafluoride are powerful oxidizers; all
these materials are toxic. Suitable shielding is required, and protective clothing
and face masks should be worn all times. Extensive care must be taken to avoid
contact between fluorine, uranium hexafluoride, and oxidizable materials.

All apparatus (including the Monel high-pressure bomb) were rinsed several
times with CFCl3 (Freon-11), dried and passivated with ClF3 at 100 ◦C and
2 bar for 24 h.

Experimental Procedure Method I: In the dry box (N2 99.999%), the Parr
high-pressure Monel bomb is loaded with 7.5 g degreased and activated (rinsed
with HNO3) thick uranium chunks (Cerac, �99.7%). Fluorine (Solvay, 4.8 g,
126 mmol, dried over KF) was condensed at −196 ◦C on the Monel vacuum
line, and the mixture was warmed to room temperature. The reactor was then
heated to 280 ◦C for 12 h. After this time, the high-pressure bomb was re-
cooled to room temperature. All material volatile at 20 ◦C was pumped off
(through a soda-lime absorber). The UF6 was purified by sublimation and
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FIGURE 17.2 Raman spectrum of UF6 (647.09 nm, 20 mW, 20 ◦C, 2 s/p).

stored in a passivated steel gas-mouse (40 mL). Because UF6 is very sensitive
to atmospheric moisture and water, all handling and storage must be done under
the utmost anhydrous conditions. Isolated yield: 7.8 g (70%) [7, 8].

Characterization data Raman (647.09 nm, 20 mW, 20 ◦C, 2 s/p, � � in cm−1):
211 (1) and 223 (1) (�-FUF, �5), 517 (3) (�-UF, �2), 663 (10) (�-UF, �1)
(Figure 17.2).

Method II: In the dry box (N2 99.999%), the Parr high-pressure Monel bomb is
loaded with 8.8 g degreased and activated (rinsed with HNO3) thick uranium
chunks (Cerac, �99.7%). Chlorine trifluoride, ClF3 (Air Products, 12.0 g,
130 mmol), was condensed at −196 ◦C on the Monel vacuum line, and the
mixture was warmed to room temperature. From outside, the reactor was cooled
with compressed air by a system of three nozzles. Caution: The generated heat
warms the outside surface of the bomb substantially. After 1 h all material
volatile at −78 ◦C (generated ClF: mp −155.6 ◦C; bp −100.1 ◦C) was pumped
off. The bomb was then warmed to −50 ◦C and traces of unreacted ClF3 (ClF3:
mp −76.3 ◦C; bp + 11.8 ◦C) were pumped off. The reactor was taken into the
dry box, opened, and the white volatile UF6 (UF6: mp 64.05 ◦C/1139.6 Torr;
subl. 56.5 ◦C) was immediately transferred into a flamed-out Pyrex vacuum
sublimation system. After sublimation, white crystalline UF6 was recovered.
Isolated yield: 12.0 g (85%) [7, 8].

Characterization data Raman (neat solid, 647.09 nm, 30 mW, 20 ◦C, 1 s/p,
� � in cm−1): 211 (4) and 223 (3) (�-FUF, �5), 519 (4) (�-UF, �2), 664 (10)
(�-UF, �1).

Raman (1.5 mol L−1 solution in ClCN, 647.09 nm, 40 mW, 20 ◦C, 1 s/p,
� � in cm−1): 205 (1) (�-FUF, �5), 395 (1) (�-ClCN), 527 (1) (�-UF, �2), 665
(10) (�-UF, �1), 726 (3) (�-Cl-CN) (Figure 17.3).

Waste Disposal The residues of UF6 have to be hydrolyzed with water and have
to be collected in a labeled container for toxic radioactive uranium waste that
has to be properly deposited.
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FIGURE 17.3 Raman spectra of neat UF6 and UF6 in ClCN solution.

Application Uranium hexafluoride is a good and mild oxidizing agent as shown
from the following equations [7, 9]:

Au + 2 CO + UF6 → [Au(CO)2][UF6]

Cp2NbCl2 + UF6 → [Cp2NbCl2][UF6]

Ag + 2 CH3CN + UF6 → [Ag(CH3CN)2][UF6]

UF6 is also a good Lewis acid for the coordination of nitrile Lewis bases
R–CN (R = H, Cl, CN, CH2CN) [10–17]:

UF6 + R − CN → [UF6(NC − R)] (R = H, Cl, CN, CH2CN)
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CHAPTER 18

Preparation of Transition Metal
Fluorides using ClF3

RALF HAIGES

General methods for the preparation of high oxidation state transition metal fluorides
and oxyfluorides involve reactions with elemental fluorine at elevated temperature and
pressure [1–4]. Handling of elemental fluorine can be difficult and special equipment
and techniques are required. In addition, reactions with pure fluorine, especially
at higher temperatures or pressures, require special safety precautions. Chlorine
trifluoride, ClF3, is a strong oxidizer and powerful fluorinating agent. At ambient
temperature, ClF3 is even more reactive than elemental fluorine. It is a liquid and can
easily be handled in stainless steel or Monel equipment. It can be transferred through
the vapor phase by condensation in a metal vacuum line.

Many metals react with ClF3 already at ambient temperature under formation
of the corresponding metal fluorides. With metal oxides, ClF3 reacts as a deoxy-
fluorinating reagent, resulting in the formation of binary metal fluorides or metal
oxyfluorides.

Rhenium oxypentafluoride, ReOF5, is conveniently obtained in a single step from
Re2O7 and ClF3. When ClF3 is used as solvent, no other rhenium-containing by-
products are formed and the reaction is quantitative.

2Re2O7 + 10 ClF3 → 4 ReOF5 + 5 FClO2 + 5 ClF

ReOF5 is volatile and can easily be separated from the only by-products ClF and
FClO2, and excessive ClF3 by fractional condensation on a stainless steel vacuum
line [5]. ReOF5 is an off-white, relatively volatile solid with a melting point of 41 ◦C
and boiling point of 73 ◦C and can be sublimed at room temperature [6]. It is an
oxidizer and hydrolyzes readily when exposed to air. The compound is soluble in an-
hydrous HF.

Re + 3 ClF3 → ReF6 + 3 ClF
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Rhenium hexafluoride, ReF6, is obtained in a similar way from rhenium metal and
ClF3. A slight excess of rhenium metal should be used in this reaction. Because of
the formation of an adduct, ReF6 and ClF3 cannot easily be separated by fractional
condensation. To simplify the isolation of pure ReF6, the use of an excess of ClF3

should be avoided. ReF6 is a light yellow compound with a melting point of 18.5 ◦C
and a boiling point of 33.7 ◦C [3]. It has a vapor pressure of 458 Torr (611 mbar) at
20.3 ◦C [3]. The compound is soluble in HF. ReF6 is mainly used for the deposition
of rhenium metal films in chemical vapor deposition processes for electronics and
semiconductors.

The reaction of ClF3 with molybdenum, tungsten, and osmium in anhydrous HF
results in the quantitative formation of MoF6, WF6, and OsF6, respectively. All three
compounds can be isolated from the reaction mixture by fractional condensation.

M + 3 ClF3
HF−→ MF6 + 3 ClF (M = Mo, W, Os)

When the less reactive metals ruthenium and iridium are treated with ClF3 in anhy-
drous HF, they are only oxidized to the oxidation state + 5 and hexafluorometalate(V)
salts of the ClF2

+ cation are formed.

2M + 7 ClF3 → 2 ClF2MF6 + 5 ClF (M = Ru, Ir)

After removing all volatiles from the reaction mixture in a vacuum, the salts
ClF2RuF6 and ClF2IrF6 are isolated as yellow solids.

18.1 PREPARATION OF ReOF5 FROM ReO3 OR Re2O7

Apparatus A 175-mL stainless steel cylinder with stainless steel valve (e.g.,
Hoke 3232M4S) (Figure 18.1), stainless steel vacuum line equipped with
Teflon/FEP U-tube vacuum traps (Figure 18.2) [5], glove box with an at-
mosphere of dry nitrogen, safety glasses, laboratory coat, protective gloves.

Chemicals ReO3 or Re2O7, ClF3, liquid nitrogen.

FIGURE 18.1 Stainless steel cylinder (V = 175 mL) with stainless steel valve. (For a color
version of the figure, please see color plates.)
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FIGURE 18.2 A stainless steel vacuum line. (For a color version of the figure, please see
color plates.)

Attention! Safety glasses and protective gloves must be used at all times. As a
safety precaution for the treatment of HF burns, calcium gluconate gel should
be kept on hand.

Caution! Chlorine trifluoride is a toxic, corrosive, and highly reactive liquefied
compressed gas packaged in cylinders as a liquid under its own vapor pressure
of 1138 Torr (1517 mbar) at 21 ◦C. It is a very strong oxidizer and will react
explosively with water and organic materials. Because of its high reactivity and
toxicity, care should be taken while handling it. Improper storage, handling, or
use of chlorine trifluoride can result in serious injury and/or property damage.
ReOF5 is a poisonous and corrosive strong oxidizer that can ignite organic
materials. When exposed to air, ClF3 and ReOF5 produce fumes of hydrogen
fluoride, a corrosive and poisonous gas that etches glass. Prolonged exposure
to fumes of ClF3, ReOF5, and HF may cause pulmonary edema. All reactions
should be carried out in a well-ventilated hood and behind safety shields.

Experimental Procedure A 175-mL stainless steel cylinder with a stainless
steel valve is attached to a stainless steel vacuum line and evacuated. After
about 5 min of pumping, the cylinder is filled with about 100 Torr of ClF3.
After 2–3 min, the cylinder is evacuated again and the gas passed through a
Teflon/FEP trap cooled with liquid nitrogen. The cylinder is then filled with
200 Torr of ClF3. After 2–3 more minutes, the cylinder is re-evacuated and the
gas passed through another empty Teflon/FEP trap at −196 ◦C. This procedure
is repeated until the collected solid in the Teflon/FEP trap is no longer orange.
This indicates that no chlorine oxides are formed anymore and the inside of
the steel cylinder is passivated by a coating with metal fluoride. The cylinder
is now charged with finely powdered ReO3 (9.37 g, 40.0 mmol) or Re2O7

(9.68 g, 20.0 mmol) in the nitrogen atmosphere of a dry box. The cylinder is
then reattached to the stainless steel vacuum line, evacuated, and cooled with
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FIGURE 18.3 Teflon/FEP U-trap with crystals of ReOF5. (For a color version of the figure,
please see color plates.)

liquid nitrogen. ClF3 (18.5 g, 200 mmol) is slowly and carefully condensed
into the cylinder. The amount of ClF3 can easily be metered by pressure and
temperature measurement using a calibrated volume of the vacuum line and a
pressure gauge. The cylinder valve is closed and the cylinder allowed warming
to ambient temperature. After 10 h, the content of the steel cylinder is pumped
out and fractionated through a series of cold traps at −10 ◦C, −64 ◦C, and
−196 ◦C. The trap at −10 ◦C remains empty and the one at −196 ◦C contains
a yellow-orange mixture of ClF, FClO2, and excess ClF3. The −64 ◦C trap
yields 11.5 g (97%) of colorless ReOF5 (Figure 18.3). The compound should
be stored in passivated stainless steel or Monel cylinders.

Characterization Data 19F NMR (in HF at 293 K): � −36.0 (Fa), 183.4 (Fe)
ppm [7, 8]. IR (5 cm cell with AgCl windows, 10 Torr, cm−1): v̄ 1973 (vw),
1451 (w), 1378 (w), 1279 (vw), 991 (s), 740 (m), 713 (vs), 641 (s) [9].

18.2 PREPARATION OF ReF6 FROM RHENIUM

Apparatus A 100-mL Monel cylinder with a Monel valve (e.g., Hoke
3732M4M) (Figure 18.4), stainless steel vacuum line equipped with Teflon/FEP
U-tube vacuum traps (Figure 18.2) [5], glove box with an atmosphere of dry
nitrogen, safety glasses, laboratory coat, protective gloves.
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FIGURE 18.4 Monel cylinder (V = 100 mL) with Monel valve. (For a color version of the
figure, please see color plates.)

Chemicals Re powder, ClF3, liquid nitrogen.

Attention! Safety glasses and protective gloves must be used at all times. As a
safety precaution for the treatment of HF burns, calcium gluconate gel should
be kept on hand.

Caution! Same as that described in the previous procedure for ReOF5.

Experimental Procedure A 100-mL Monel cylinder with a Monel valve is
passivated with ClF3 as described in the previous procedure for ReOF5. The
cylinder is now charged with finely powdered Re metal (9.31 g, 50.0 mmol) in
the nitrogen atmosphere of a dry box. At the stainless steel vacuum line, the
cylinder is evacuated and cooled with liquid nitrogen. ClF3 (12.9 g, 140 mmol)
is condensed into the cylinder very slowly. The cylinder valve is closed and the
cylinder warmed to ambient temperature. After 10 h, the content of the Monel
cylinder is fractionated through a series of cold traps at −31 ◦C, −64 ◦C,
−121 ◦C, and −196 ◦C. The trap at −31 ◦C remains empty and the one at
−196 ◦C contains a colorless solid of frozen ClF. The trap at −64 ◦C contains
yellow crystals of ReF6 (Figure 18.5). The content of the −121 ◦C is fractioned

FIGURE 18.5 Teflon/FEP U-trap with solid ReF6. (For a color version of the figure, please
see color plates.)
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two more times through traps at −64 ◦C and −196 ◦C. Combining the contents
of all traps at −64 ◦C results in a yield of 13.87 g (99 %) of yellow ReF6. The
compound should be stored in passivated stainless steel or Monel cylinders.

Characterization Data IR (5-cm cell with AgCl windows, 10 Torr, cm−1): v̄

1282 (vw), 717 (vs) [10].

18.3 PREPARATION OF MF6 (M = Mo, W, Os) FROM MOLYBDENUM,
TUNGSTEN, OR OSMIUM

Apparatus A 100-mL Monel cylinder with a Monel valve (e.g., Hoke
3732M4M), stainless steel vacuum line equipped with Teflon/FEP U-tube vac-
uum traps [5], glove box with an atmosphere of dry nitrogen, safety glasses,
laboratory coat, protective gloves.

Chemicals Mo, W, or Os powder, ClF3, anhydrous HF, liquid nitrogen.

Attention! Safety glasses and protective gloves must be used at all times. As a
safety precaution for the treatment of HF burns, calcium gluconate gel should
be kept on hand.

Caution! Chlorine trifluoride is a toxic, corrosive, and highly reactive liquefied
compressed gas packaged in cylinders as a liquid under its own vapor pressure
of 1138 Torr (1517 mbar) at 21 ◦C. It is a very strong oxidizer and will react
explosively with water and organic materials. Because of its high reactivity and
toxicity, care should be taken while handling it. Improper storage, handling, or
use of chlorine trifluoride can result in serious injury and/or property damage.
MoF6, WF6, and OsF6 are poisonous and corrosive. When exposed to air,
ClF3, MoF6, WF6, and OsF6 produce fumes of hydrogen fluoride. Anhydrous
hydrogen fluoride is a corrosive and poisonous gas that etches glass. Burns with
HF are usually very serious, with the potential for significant complications due
to fluoride toxicity. Areas of the skin that have been exposed to HF have to
be treated immediately with calcium gluconate gel. Concentrated HF liquid or
vapor may cause severe burns, metabolic imbalances, pulmonary edema, and
life-threatening cardiac arrhythmias. Even moderate exposures to concentrated
HF may rapidly progress to fatality if left untreated. All reactions should be
carried out in a well-ventilated hood and behind safety shields.

Experimental Procedure In the dry nitrogen atmosphere of a glove box, a
100-mL Monel cylinder with a Monel valve is loaded with Mo, W, or Os
powder (13.0 mmol), respectively. The cylinder is attached to a stainless steel
vacuum line, evacuated, and cooled with liquid nitrogen. Anhydrous HF (5.0 g,
250 mmol) and ClF3 (3.79 g, 41.0 mmol) are slowly condensed into the cylinder.
The cylinder valve is closed and the cylinder warmed to ambient temperature.
After 48 h, the volatile material from the cylinder is fractioned through traps at
−84 ◦C and −196 ◦C. The trap at −84 ◦C yields 12.5 mmol (96 %) of colorless
metal hexafluoride.
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Characterization Data MoF6: IR (5-cm cell with AgCl windows, 5 Torr, cm−1):
v̄ 913 (w), 745 (vs) [10]; WF6: IR (5-cm cell with AgCl windows, 10 Torr,
cm−1): v̄ 806 (w), 716 (vs) [11]; OsF6: IR (5 cm cell with AgCl windows, 10
Torr, cm−1): v̄ 960 (w), 732 (vs) [11].

18.4 PREPARATION OF ClF2MF6 (M = Ru, Ir) FROM METALLIC
RUTHENIUM AND IRIDIUM

Apparatus A 30-mL stainless steel cylinder with stainless steel valve (e.g.,
Hoke 3232M4S), stainless steel vacuum line equipped with Teflon/FEP U-tube
vacuum traps (Figure 18.2) [5], glove box with an atmosphere of dry nitrogen,
safety glasses, laboratory coat, protective gloves.

Chemicals Ru or Ir powder, ClF3, anhydrous HF, liquid nitrogen.

Attention! Safety glasses and protective gloves must be used at all times. As a
safety precaution, calcium gluconate gel should be kept on hand.

Caution! Chlorine trifluoride is a toxic, corrosive, and highly reactive liquefied
compressed gas packaged in cylinders as a liquid under its own vapor pressure
of 1138 Torr (1517 mbar) at 21 ◦C. It is a very strong oxidizer and will react
explosively with water and organic materials. Because of its high reactivity and
toxicity, care should be taken while handling it. Improper storage, handling, or
use of chlorine trifluoride can result in serious injury and/or property damage.
ClF2MF6 is poisonous and corrosive. It is a strong oxidizer that can ignite
organic materials. When exposed to air, ClF3 and ClF2MF6 produce fumes of
hydrogen fluoride. Anhydrous hydrogen fluoride is a corrosive and poisonous
gas that etches glass. Burns with HF are usually very serious, with the potential
for significant complications due to fluoride toxicity. Areas of the skin that have
been exposed to HF have to be treated immediately with calcium gluconate gel.
Concentrated HF liquid or vapor may cause severe burns, metabolic imbalances,
pulmonary edema, and life-threatening cardiac arrhythmias. Even moderate
exposures to concentrated HF may rapidly progress to fatality if left untreated.
All reactions should be carried out in a well-ventilated hood and behind safety
shields.

Experimental Procedure In the dry nitrogen atmosphere of a glove box, a
30-mL stainless steel cylinder with a stainless steel valve is loaded with Ir or
Ru powder (3.0 mmol), respectively. The cylinder is attached to a stainless steel
vacuum line, evacuated, and cooled with liquid nitrogen. Anhydrous HF (1.0 g,
50 mmol) and ClF3 (0.9 g, 10 mmol) are slowly condensed into the cylinder.
The cylinder valve is closed and the cylinder warmed to ambient temperature.
After 24 h, all volatile material is removed from the steel cylinder by pumping
at room temperature for 4 h. Recrystallization of the pale yellow solid residue
from HF at −20 ◦C yields 0.82 g (94%) of yellow ClF2RuF6 or 1.12 g (95%
yield) of pale yellow ClF2IrF6, respectively.
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Characterization Data ClF2RuF6 Raman (1064 nm, 200 mW, cm−1 [rel. in-
tensity]): v̄ 806 [2.9] (�3(B1) ClF2

+ ), 790 [7.5] (�1(A1) ClF2
+ ), 683 [10.0]

(�1 RuF6
–), 628 [3.5] (�3 RuF6

–), 556 [2.3]/540 [1.1] (�2 RuF6
–), 378 [0.5] (�2

(A1) ClF2
+ ), 271 [4.0] (�5 IrF6

–), 234 [0.3] [12].
ClF2IrF6 Raman (1064 nm, 200 mW, cm−1 [rel. intensity]): v̄ 800 [3.0]

(�3(B1) ClF2
+ ), 791 [6.0]/787 [4.8] (�1(A1) ClF2

+ ), 674 [10.0] (�1 IrF6
−),

653 [0.1]/645 [0.1] (�3 IrF6
–), 568 [1.8]/558 [3.5] (�2 IrF6

–), 383 [0.2] (�2 (A1)
ClF2

+ ), 259 [2.6]/253 [2.4]/241 [1.8] (�5 IrF6
–), 230 [0.5], 173 [0.4].
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CHAPTER 19

Preparation of Fluorine-Containing
Molecular Halides and Heteropolar
Salts with Elements of Group 15 and
Niobium and Tantalum Halides

LOTHAR KOLDITZ

One of the most efficient methods for preparing fluorine compounds is halogen
metathesis, in most of the cases exchange of chlorine with fluorine is the preferred
procedure. Proper fluorinating reagents have to be selected that do not result in
difficult product separations.

A convenient fluorinating reagent for phosphorus, arsenic, as well as niobium and
tantalum halides is arsenic trifluoride, AsF3. It can be handled in dry glass apparatus,
if moisture is strictly excluded. Herein, the preparation of well-defined halides of
group 15 as well as of Nb and Ta is described.

Pure HF is a powerful fluorinating agent and has the advantage of eliminating
volatile HCl but has the disadvantage of not allowing the use of glass apparatus.

Substances used and prepared herein are highly hygroscopic, and therefore ex-
periments have to be carried out in Schlenk flasks under inert dry gas atmosphere
(N2 or Ar) in airtight systems. Flasks have to be charged in a dry box, and glass
connections must be lubricated with fluorocarbon grease or polytetrafluoroethylene
(PTFE) coatings.

Caution: AsF3 is a dangerous and extremely toxic compound because of its skin-
damaging property. Skin contact and inhalation of AsF3 and AsCl3 have to be strictly
avoided. All experiments have to be carried out in a well-ventilated hood, and safety
glasses and protective gloves must be used at all times. Contact of AsCl3 and AsF3

with moist air has to be avoided due to the formation of HCl and HF. Chemical
residues after the preparation must be hydrolyzed, alkalized, and collected in labeled
containers for toxic waste.
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19.1 PREPARATION OF FLUORINE-CONTAINING COMPOUNDS
WITH GROUP 15 ELEMENTS USING AsF3 OR HF AS
FLUORINATING REAGENTS

Preparation of [PCl4] [PF6]

Apparatus Airtight glass equipment with three-necked, 500-mL glass flask, N2

inlet, dropping funnel, magnetic stirrer, glass filter, safety glasses, protective
gloves, laboratory coat.

Chemicals PCl5, AsCl3, AsF3.

Attention and Caution! Safety glasses and protective gloves must be used at
all times. Laboratory coat is necessary for protecting clothes. PCl5, AsCl3,
and AsF3 have to be handled in a well-ventilated hood. AsCl3 and AsF3 are
extremely toxic.

Experimental Procedure An oven-dried, three-necked, 500-mL glass flask is
charged in a dry box with PCl5 (46 g, 0.11 m [PCl4][PCl6]), and connected with
the apparatus. PCl5 is dissolved in AsCl3 (300 mL), then liquid AsF3 (29 g,
0.22 mol) is added drop by drop. [PCl4][PF6] immediately begins to deposit
as a white crystalline salt. The reaction mixture must be stirred and slightly
cooled to remain at room temperature. The deposit is filtered off by a glass frit
within the apparatus and washed with AsCl3. A stream of dry nitrogen is used
to remove excess of AsCl3. Yield: 35 g (100%; 0.11 m) [1].

Characterization Data [PCl4][PF6] is a very hygroscopic white crystalline
solid, subliming at 135 ◦C, soluble in CH3CN, and very slightly soluble in
AsCl3, PCl3, and POCl3. Anion [PF6]− is stable against hydrolysis even in
alkaline solution. Dissolving [PCl4][PF6] in 1 m KOH (0.78 g in 20 mL), evap-
orating in vacuo at 45 ◦C to about 3 mL, and washing crystals with ethanol
results in pure K[PF6]. Compound [PCl4][PF6] reacts with excess AsF3 to
give PF5.

Preparation of PF5

Apparatus Airtight glass equipment with three-necked, 500-mL glass flask,
magnetic stirrer, dropping funnel, glass traps.

Chemicals PCl5, AsCl3, AsF3.

Attention and Caution! Safety glasses and protective gloves must be used at
all times. Laboratory coat is necessary for protecting clothes. PCl5, AsCl3,
and AsF3 have to be handled in a well-ventilated hood. AsCl3 and AsF3 are
extremely toxic.

Experimental Procedure [PCl4][PF6] is produced as described in the previous
experiment. After slightly warming to 25 ◦C, AsF3 is added drop by drop in
stoichiometric amounts to the flask containing the [PCl4][PF6] [1].

3[PCl4][PF6] + 4AsF3 → 6 PF5 + 4 AsCl3
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This reaction is quantitative. The resulting PF5 is passed through a trap at –20 ◦C
to remove AsCl3 and AsF3 and collected in a second trap cooled with liquid
nitrogen.

Characterization Data PF5 is a moisture-sensitive gas, condensing at –85 ◦C,
with a mp at –92 ◦C.

Preparation of [PBr4][PF6]

Apparatus Airtight glass equipment with three-necked, 500-mL glass flask, N2

inlet, dropping funnel, magnetic stirrer, glass filter, safety glasses, protective
gloves, laboratory coat.

Chemicals PBr5, AsF3, dry CCl4.

Attention and Caution! Safety glasses and protective gloves must be used at all
times. Laboratory coat is necessary for protecting clothes. PBr5, AsF3, and CCl4
have to be handled in a well-ventilated hood. AsCl3 and PBr5 are extremely
toxic.

Experimental Procedure The suspension of PBr5 (64.6 g, 0.15 mol) in 150 mL
of dry CCl4 is rapidly stirred and treated drop by drop with AsF3 (22.2 g,
0.17 mol). The temperature of the suspension is kept between 30 ◦C and 50 ◦C.
After adding the significant amount of AsF3, the solution turned colorless; the
brown PBr5 has changed into a white crystalline compound. A yellow solution
may indicate that moisture was not completely excluded or the precursor PBr5

contains an excess of bromine. White reaction product is filtered off by a glass
frit within the apparatus, and washed with CCl4 to remove AsBr3. Vacuum is
used to remove excess of CCl4. Yield: 31.2 g (84%) [2].

Characterization Data [PBr4][PF6] is a white hygroscopic solid, soluble in
AsF3 at 0 ◦C, and less soluble in nonpolar solvents. Warming AsF3 solutions
of [PBr4][PF6] causes Br–F exchange of [PBr4]+ to give PF5. However, this
exchange is much slower when compared with the reaction of AsF3 with
[PCl4][PF6].

Preparation of SbCl4F

Apparatus Airtight glass equipment with two-necked, 250-mL glass flask, drop-
ping funnel, condenser, bulb tube.

Chemicals SbCl5, AsF3.

Attention and Caution! Safety glasses and protective gloves must be used at
all times. Laboratory coat is necessary for protecting clothes. SbCl5 and AsF3

have to be handled in a well-ventilated hood. AsF3 and SbCl5 are very toxic
chemicals.

Experimental Procedure When SbCl5 (29.1 g, 0.1 mol) is mixed with AsF3

(13.9 g, 0.1 mol), at once a slight raise of temperature occurs. The reaction
is completed by using an oil bath at a temperature of 110 ◦C for 1 h. Excess
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AsF3 and AsCl3 are removed in vacuum followed by distillation of the residue
in high vacuum (10−5 mm Hg). The resulting product is condensed into a bulb
tube. The bulb with the compound can be sealed off [3].

Characterization Data Colorless transparent square crystals, mp 83 ◦C.
SbCl4F crystallizes in the tetragonal system with lattice constants of a =

12.87 Å and c = 7.84 Å. The structure consists of cyclic (SbCl4F)4 units
with F bridges between SbCl4 groups [4]. The Sb–F bond lengths are longer
when compared with single bonds, suggesting a strong heteropolar character
in agreement with the Raman spectrum [5]. Cryoscopic molecular mass de-
terminations in AsF3 resulted in 138 (M/2 SbCl4F = 142) with the result that
Sb–F–Sb bridges are no longer existent in AsF3 solution giving solvated SbCl+4
and F− ions.

SbCl4F can be used for converting C–Cl into C–F bonds [6].

Preparation of SbF5

Apparatus PTFE, Monel equipment, reflux condenser (PTFE or Monel)

Chemicals SbCl5, HF (water-free).

Attention and Caution! Safety glasses and protective gloves must be used at
all times. Laboratory coat is necessary for protecting clothes. SbCl5 and HF
have to be handled in a well-ventilated hood. They are extremely toxic. Boiling
point of HF is 19 ◦C.

Experimental Procedure Higher fluorination of SbCl5 demands application of
hydrogen fluoride. SbCl5 is dissolved in HF at –75 ◦C to form H2F+ SbCl5F−.
The chlorine–fluorine exchange starts at –40 ◦C by metathesis of two chlorine
atoms in the temperature range between –40 ◦C and –10 ◦C. Further substi-
tution occurs at about 0 ◦C, and at the boiling temperature of HF (19 ◦C),
H2F+ SbClF−

5 is formed. The latter is only slowly converted to H2F+ SbF−
6

under refluxing condition with excess of HF. Before the excess of HF is re-
moved, the chlorine must be completely exchanged to yield SbF5, otherwise
Cl2 is formed that results in the formation of Sb(III)Sb(V) fluorides [7, 8].

An alternative preparation of SbF5 is the reaction of SbF3 with elemental
fluorine.

Characterization Data Hygroscopic colorless liquid, bp 50 ◦C, mp 7 ◦C.

Preparation of NbCl4F

Apparatus Airtight glass equipment with two-necked, 250-mL Schlenk flask,
graduated glass tube, glass frit, N2 inlet.

Chemicals PCl5·NbCl5, AsCl3, AsF3.

Attention and Caution! Safety glasses and protective gloves must be used at all
times. Laboratory coat is necessary for protecting clothes. PCl5, NbCl5, AsCl3,
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and AsF3 have to be handled in a well-ventilated hood. AsCl3 and AsF3 are
extremely toxic.

Experimental Procedure PCl5·NbCl5 is prepared according to the method de-
scribed by Gut and Schwarzenbach [10]. It is heated to 110 ◦C with a small
amount of AsCl3, then AsCl3 is added until the PCl5·NbCl5 is completely
dissolved. The resulting solution is passed through a glass frit. Cooling of the
solution resulted in the formation of crystals of composition PCl5·NbCl5·AsCl3.

AsF3 is added drop by drop to a solution of PCl5·NbCl5 in AsCl3 saturated
at room temperature (15 g/100 mL AsCl3). During the addition of AsF3, the
cooling bath is kept at –20 ◦C. The formed PF5 is immediately removed by
bubbling nitrogen through the reaction mixture. After the addition of 0.204 mL
AsF3 (4.18 mmol) per g PCl5·NbCl5 (2.09 mmol), the initially deposited NbCl5
is converted into NbCl4F. The latter is filtered off by means of a glass frit and
the adhering AsCl3 is removed in vacuum.

For this reaction, it is important to use PCl5·NbCl5 in statu nascendi.
Pure NbCl4F could not be produced when crystalline NbCl5 is used as a pre-
cursor [9].

Characterization Data Slight yellow hygroscopic powder, mp 201 ◦C, con-
ductivity of melt 8.08 × 10−6 �−1cm−1. NbCl4F crystallizes in the triclinic
system and forms cyclic tetrameric units of composition (NbCl4F)4.

Lattice constants are: a = 12.01 Å, � = 95.0◦, b = 13.36 Å, � = 92.7◦,
c = 8.13 Å, � = 93.2◦ [11].

Preparation of NbF5

Apparatus Same equipment as that for the preparation of NbCl4F.

Chemicals PCl5·NbCl5, AsF3.

The preparation of PCl5·NbCl5 as described in the previous experiment.

Attention and Caution! Safety glasses and protective gloves must be used at
all times. Laboratory coat is necessary for protecting clothes. PCl5·NbCl5 and
AsF3 have to be handled in a well-ventilated hood. They are extremely toxic.

Experimental Procedure PCl5·NbCl5 is directly treated with AsF3 without any
additional solvent to give NbF5. The formed AsCl3 is removed in vacuo (1 mm
Hg) at 25 ◦C. This method is more convenient than the reaction of elemental
fluorine with NbCl5 [9].

Characterization Data Colorless needles, mp 78 ◦C.

Preparation of TaCl4F

Apparatus Same equipment as that for the preparation of NbCl4F. Airtight glass
equipment with two-necked, 250-mL Schlenk flask, graduated glass tube, glass
frit, N2 inlet.

Chemicals PCl5·TaCl5, AsCl3, AsF3.
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Attention and Caution! Safety glasses and protective gloves must be used at all
times. Laboratory coat is necessary for protecting clothes. PCl5, TaCl5, AsCl3,
and AsF3 have to be handled in a well-ventilated hood. AsCl3 and AsF3 are
extremely toxic.

Experimental Procedure PCl5·TaCl5 is prepared according to the method de-
scribed by Gut and Schwarzenbach [10]. It is heated and is dissolved in AsCl3

with slightly warming. Colorless needles are deposited when the solution is
slowly cooled. The crystals are recovered by filtration. Washing the crystals
with AsCl3 and removing the solvent by dry nitrogen or argon gas result in the
pure compound of composition PCl5·TaCl5·AsCl3.

A 100-mL Schlenk flask is charged in a dry box with a weighed amount of
PCl5·TaCl5·AsCl3. Solvent AsCl3 is added (4 mL AsCl3 per g of compound
PCl5·TaCl5·AsCl3). A clear solution is received by slowly warming the flask.
Cooling the flask with wet ice produces a fresh suspension with reactive par-
ticles. AsF3 is then added drop by drop (2 mol AsF3 per mol PCl5·TaCl5 =
0.18 mL AsF3 per g PCl5·TaCl5). After the addition, the reaction mixture re-
mains for 12–15 h at room temperature. Adding a small amount of AsF3 is
favorable for completing the reaction. Cooling the solution to −10 ◦C results
in the formation of colorless crystals. The crystals are recovered by filtration,
washed with AsCl3, and dried in vacuum (1 mm Hg) at 25 ◦C, which results in
a 70% yield of TaCl4F.

TaCl4F can also be prepared using liquid SO2 as a solvent instead of AsCl3.
Under these conditions, PF5 is removed together with SO2 at room temperature
[12].

Characterization Data Hygroscopic colorless needles, mp 214 ◦C. TaCl4F is
isomorphic to SbCl4F and crystallizes in tetragonal system with constants a =
12.71 ± 0.08 Å and c = 7.84 ± 0.05 Å.

It forms tetrameric cyclic units of composition (TaCl4F)4 in the solid state
with fluorine bridges between the Ta atoms [13].

Preparation of TaF5

Apparatus Airtight glass equipment with two-necked, 250-mL Schlenk flask,
graduated glass tube, glass frit, N2 inlet.

Chemicals PCl5·TaCl5, AsCl3, AsF3.

Attention and Caution! Safety glasses and protective gloves must be used at all
times. Laboratory coat is necessary for protecting clothes. PCl5·TaCl5, AsCl3,
and AsF3 have to be handled in a well-ventilated hood. They are extremely
toxic.

Experimental Procedure Reaction of PCl5·TaCl5 or TaCl5 with excess of AsF3

at room temperature and slightly warming results in the formation of TaF5.
This reaction is more convenient than the preparation from TaCl5 and elemental
fluorine [12].

Characterization Data Colorless crystals, mp 97 ◦C.
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19.2 FLUORINE-CONTAINING MIXED HALIDES AS MOLECULAR
AND HETEROPOLAR ISOMERS

Molecular and heteropolar isomers are known of phosphorus and arsenic halides, es-
pecially those containing fluorine. On the one hand, the tendency to form heteropolar
salt structure increases with the formation of stable anions [PF6]− or [AsF6]−. On
the other hand, the stability of cations increases with chlorine containing cations of
coordination number 4.

Commonly, in solid-state structure, the heteropolar isomer is preferred. Solid
phosphorus(V) chloride exhibits the [PCl4][PCl6] structure. Solutions of [PCl4][PCl6]
in polar solvents such as CH3CN show ionic conductivity, whereas in nonpolar
solvents such as CCl4 the molecular form (PCl5) is dissolved. The latter solutions
show no ionic conductivity, if moisture is strictly excluded.

Preparation of PCl4F (molecular)

Apparatus Airtight glass equipment with two-necked, 100-mL Schlenk flask
and three connecting traps.

Chemicals [PCl4][PF6]

Attention and Caution! Safety glasses and protective gloves must be used at
all times. Laboratory coat is necessary for protecting clothes. [PCl4][PF6] has
to be handled in a well-ventilated hood. It is extremely toxic.

Experimental Procedure An oven-dried, 100-mL Schlenk flask is charged with
compound [PCl4][PF6] in a dry box and connected with three in-line arranged
traps. Vacuum (1 mm Hg) is kept in the equipment while warming the solid
to the sublimation temperature of 135 ◦C. The first trap is cooled to –60 ◦C,
the second one to –80 ◦C, and the third to –100 ◦C. In the first trap, molecular
PCl4F is deposited, in the second one PCl2F3 as a main product besides PF5,
and in the third trap PF5 [14].

Characterization Data Molecular PCl4F has a boiling point of ca. 67 ◦C and
melts at –62 ◦C. It is stable at –60 ◦C. On warming to room temperature, a
slow deposition of a white solid takes place, showing the same composition of
PCl4F.

Preparation of heteropolar [PCl4]F

Apparatus A 100-mL, three-necked Schlenk flask, N2 inlet, reflux condenser,
two cooling traps.

Chemicals [PCl4][PF6], AsCl3.

Attention and Caution! Safety glasses and protective gloves must be used at
all times. Laboratory coat is necessary for protecting clothes. [PCl4][PCl6] and
AsCl3 have to be handled in a well-ventilated hood. They are extremely toxic.

Experimental Procedure A three-necked Schlenk flask is charged in a dry
box with [PCl4][PF6] (23 g). After adding 38 mL of AsCl3, the equipment
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is arranged with a reflux condenser and three cooling traps. The suspension
is warmed to 70–85 ◦C for 3 h. Gaseous PCl2F3 and PF5 volatilize as gases.
PCl2F3 (condensing at 8 ◦C) and PF5 (bp –85 ◦C, mp –94 ◦C) are condensed
in the traps cooled to –20 ◦C and –100 ◦C.

In the vertical reflux condenser, molecular PCl4F is condensing. However,
the main amount is dropping back to the Schlenk flask. Some of the liquid
PCl4F is converted in the condenser to the solid compound [PCl4]F that is
contaminated with [PCl4][PF6] from the reverse reaction of PCl4F with PF5.

The hot reaction solution is filtered off from white flakes by means of
a glass frit and cooled in an ice bath for 12 h. The contamination of the
crystals with AsCl3 is removed in vacuum (1 mm Hg). Warming the crystals
to 80 ◦C in vacuo removes the contamination of [PCl4][PF6]. Yield of [PCl4]F
is 20% [14]. Its constitution may be [PCl4][PCl4F2].

Characterization Data Sublimation at about 175 ◦C, mp under pressure 177 ◦C,
soluble in AsCl3 and CH3CN.
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CHAPTER 20

Fluoro and Fluorohydroxy Complexes
of As, Sb, and Sn

LOTHAR KOLDITZ

The ions [PF6]− and [AsF6]− show remarkable stability; therefore, their tendency of
forming these ions in mixed fluorides is high with the consequence that heteropolar
structures are obtained. Generally, the coordination number of 6 is the preferred one
of halogen compounds of higher periods.

The reaction of tetracoordinate arsenates with hydrofluoric acid (40%) gives fluo-
rohydroxy arsenates having coordination number 6 at the arsenic atom. This type of
reaction is also possible with the corresponding compounds of Sb and Sn.

Replacing OH− in [AsF5OH]− by F− is not observed with hydrofluoric acid
(40%). Higher concentrations or at least water-free HF is necessary for substituting
the OH− group by a fluoride anion. This step for exchanging OH− group to give
the AsF−

6 complex is slightly hindered. The ions [SbF6]−, [GeF6]2−, and [SnF6]2− in
comparison to [PF6]− and [AsF6]− are not highly stable against hydrolysis. Therefore,
fluorohydroxy anions of these species can also be prepared by hydrolysis of the
fluoride complexes.

20.1 PREPARATION USING HYDROFLUORIC ACID
AND HYDROGEN FLUORIDE

Glass equipments are not useful for reactions in the presence of fluoride and HF.
Therefore, polytetrafluoroethylene (PTFE) is highly recommended.

Caution! Hydrofluoric acid and also water-free hydrogen fluoride should not
come into contact with the skin because this will produce harmful wounds.
In case of exposure to HF, plenty of water should be used immediately to
wash off the HF. Additionally, after treatment of the skin with water, a solution
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of calcium gluconate should be used. Safety glasses, protecting gloves, and
laboratory coat have to be used at all times in the laboratory. A well-ventilated
hood is necessary for avoiding inhalation. Residues of the preparations must be
hydrolyzed, alkalized, and collected in labeled containers for proper deposition.

Preparation of K[AsF5OH]

Apparatus Pt dish.

Chemicals KH2AsO4, hydrofluoric acid (40%).

Attention and Caution! Glass equipments may not be used for reactions in the
presence of fluoride and acid, but PTFE or Pt apparatus are necessary.

Hydrofluoric acid and also water-free hydrogen fluoride should not come
into contact with the skin because this will produce harmful wounds. Safety
glasses, protecting gloves, and laboratory coat have to be used at all times
during preparation. A well-ventilated hood is necessary for avoiding inhalation.
Residues of preparation must be hydrolyzed, alkalized, and collected in labeled
containers for proper deposition.

Experimental Procedure KH2AsO4 (45 g) is dissolved in hydrofluoric acid
(40%, 125 g) using a Pt dish. Caution: The reaction is exothermic. After
cooling to room temperature, water and HF is removed until few crystals are
formed. Further cooling results in the deposition of more crystalline material.
The crystals are separated by filtration and washed with a small amount of ice
water, then three times with ethanol, and finally twice with ethyl ether. Yield:
35 g, 62% [1].

Characterization Data Orthorhombic crystals, hydrolyzing in KOH.

Preparation of [N(C2H5)4][SbF6]

Apparatus Pt dish.

Chemicals Sb2O5, [N(C2H5)4]OH, hydrofluoric acid (40%).

Attention and Caution! Glass equipments may not be used for reactions in the
presence of fluoride and acid, but PTFE or Pt apparatus are necessary.

Caution! Hydrofluoric acid and also water-free hydrogen fluoride should not
come in contact with the skin because this will produce harmful wounds.
Safety glasses, protecting gloves, and laboratory coat have to be used at all times
during preparation. A well-ventilated hood is necessary for avoiding inhalation.
Residues of preparation must be hydrolyzed, alkalized, and collected in labeled
containers for proper deposition.

Experimental Procedure Preparation of [SbF6]− succeeds with hydrofluoric
acid (40%). Higher concentrations of HF are not necessary. A saturated solution
of [N(C2H5)4]OH is added drop by drop to a solution of Sb2O5 (16 g, prepared
by hydrolysis of SbCl5) with 25 g hydrofluoric acid (40%) until formation of
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[N(C2H5)4][SbF6] is complete. The solid precipitate is recovered by filtration
and followed by repeated washing with water, ethanol, and finally ethyl ether.
The crude product is dried in vacuum and recrystallized from a water–ethanol
mixture [7].

Characterizing Data White crystals, mp 328 ◦C.

Preparation of [N(C2H5)4][SbF5OH]

Apparatus Pt dish.

Chemicals [N(C2H5)4][SbF6].

Attention and Caution! Glass equipments may not be used for reactions in the
presence of fluoride and acid, but PTFE or Pt apparatus are necessary.

Hydrofluoric acid and also water-free hydrogen fluoride should not come
into contact with the skin because this will produce harmful wounds. Safety
glasses, protecting gloves, and laboratory coat have to be used at all times
during preparation. A well-ventilated hood is necessary for avoiding inhalation
of HF. Residues of preparation must be hydrolyzed, alkalized, and collected in
labeled containers for proper deposition.

Experimental Procedure [N(C2H5)4][SbF6] (1 g) is dissolved by heating in
50 mL of H2O. After evaporation of the solution to half of the volume, undis-
solved material is filtered off, and the solution further evaporated until crystals
of [N(C2H5)4][SbF5OH] are formed [7].

Characterization Data Thin white crystal plates.

Preparation of Na2[SnF5OH]

Apparatus Pt dish.

Chemicals Na2[Sn(OH)6], hydrofluoric acid (20%).

Attention and Caution! Glass equipments may not be used for reactions in the
presence of fluoride and acid, but PTFE or Pt apparatus are necessary.

Caution! Hydrofluoric acid and also water-free hydrogen fluoride should not
come into contact with the skin because this will produce harmful wounds.
Safety glasses, protecting gloves, and laboratory coat have to be used at all times
during preparation. A well-ventilated hood is necessary for avoiding inhalation.
Residues of preparation must be hydrolyzed, alkalized, and collected in labeled
containers for proper deposition.

Experimental Procedure Na2[Sn(OH)6] (5.35 g) is dissolved with 50 mL H2O,
then 10 g hydrofluoric acid (20%) is slowly added under stirring. Deposit at
the beginning is going in solution. After slow evaporation to half the previous
volume and cooling, Na2[SnF5OH] crystallizes from the solution. Yield: 4 g,
75% [12].

Characterization Data White crystals.
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CHAPTER 21

Trifluoromethyl Compounds via
Electrophilic and Nucleophilic
Reactions

JEAN’NE M. SHREEVE

The availability of effective electrophilic [1–3] and nucleophilic [4] trifluoromethylat-
ing reagents has enhanced the opportunity for the introduction of the trifluoromethyl
group(s) into inorganic or organic substrates via simple reactions to form a large
variety of useful inorganic and organic compounds. A trifluoromethyl group has
unique features, such as high electronegativity, stability, and lipophilicity. Thus,
trifluoromethylated inorganic and organic compounds are increasingly important for
developing new or more effective medicines and agricultural chemicals and new mate-
rials such as liquid crystals. The versatility of S-(trifluoromethyl)dibenzothiophenium
trifluorosulfonate (1) [1, 2] and (trifluoromethyl)trimethylsilane (2) [4] as excellent
examples of electrophilic and nucleophilic reagents is shown in reactions with inor-
ganic or organic nucleophiles and inorganic or organic electrophiles, respectively.

21.1 PREPARATION OF TRIFLUOROMETHYL-CONTAINING
COMPOUNDS USING S-(TRIFLUOROMETHYL)
DIBENZOTHIOPHENIUM TRIFLUOROSULFONATE (1)
AS A REACTIVE ELECTROPHILE

Preparation of trifluoronitromethane (CF3NO2) [5–9]

S

CF3
OSO2CF3

+ NaNO2

80 oC, 12 h

DMSO
CF3NO2

1
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Apparatus A 50-mL Pyrex Schlenk flask with standard taper joint and vacuum
stopcock, stir bar, magnetic stirrer, syringe (10 mL), vacuum transfer line, eye
protection, lab coat, gloves, low vapor pressure stopcock grease.

Chemicals NaNO2, S-(trifluoromethyl)dibenzothiophenium trifluorosulfonate,
dry dimethyl sulfoxide (DMSO).

Attention! Eye protection and gloves must be used at all times.

Caution! All reactions should be carried out in a well-ventilated hood. All
chemicals should be handled with extreme care assuming that they may be
toxic and volatile.

Experimental Procedure Into a dry Pyrex Schlenk flask equipped with a stan-
dard taper joint and a magnetic stir bar, NaNO2 (0.08 g, 1.2 mmol) and S-
(trifluoromethyl)dibenzothiophenium trifluorosulfonate, 1 (0.33 g, 1 mmol)
are placed. DMSO (10 mL) is added. The flask is closed with a vacuum stop-
cock attached to a standard taper outer joint. The reaction mixture is heated at
80 ◦C with stirring for 12 h. After cooling to ambient, the pure volatile product
(bp ∼ 30 ◦C) is transferred under vacuum to give (89.4%) colorless CF3NO2

(89.4%).

Characterization Data bp ∼ 30 ◦C. 19F NMR: � −72.3 (t, JF-N = 14.54 Hz)
ppm. IR (gas, KBr, cm−1): 1627 (vs), 1612 (vs), 1309 (vs), 1280 (vs), 1272
(vs), 1167 (s), 1153 (s), 870 (w), 862 (w), 854 (w), 758 (m), 751 (m), 744 (m).

Application Trifluoronitromethane, CF3NO2, especially in combination with
suitable small molecules gives compositions with chemical stability, low toxic-
ity, low or nonflammability, and efficiency in use while reducing or eliminating
the deleterious ozone depletion potential. Particularly attractive compositions
or as a single molecule are suggested for use in the generation of information
recording media, therapeutic delivery systems, gas and gaseous precursor-filled
microspheres, in heat transfer fluids applications, and as gaseous dielectrics.

Waste Disposal Standard procedures for disposal of organic solvents and or-
ganic and inorganic materials should be used.

Preparation of 2-trifluoromethyl pyrrole

S

CF3
OSO2CF3

+
80 oC, 1.5 h

1

N

H
DMF N

H

CF3

Apparatus A 50-mL, two-necked, round-bottom Pyrex flask, septum, T-shaped
nitrogen inlet, stir bar, magnetic stirrer, syringe (10 mL), eye protection, lab
coat, gloves.

Chemicals Pyrrole, S-(trifluoromethyl)dibenzothiophenium trifluorosulfonate
(1), dry dimethylformamide (DMF).
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Attention! Eye protection and gloves must be used at all times.

Caution! All reactions should be carried out in a well-ventilated hood. All
chemicals should be handled with extreme care assuming that they may be
toxic.

Experimental Procedure Into a dry, two-necked, 50-mL, round-bottom Pyrex
flask equipped with a magnetic stir bar, a septum, and a T-shaped N2 inlet con-
taining 2.5 mmol of pyrrole in 10 mL dry DMF, S-(trifluoromethyl)-
dibenzothiophenium trifluorosulfonate (1; 0.33 g, 1 mmol) is added. The
resulting mixture is stirred at 80 ◦C for 1.5 h. After cooling to ambient,
the mixture is extracted with diethyl ether to give a mixture of pyrrole and
2-trifluoromethyl pyrrole. Trifluoromethyl pyrrole is separated from the higher
boiling pyrrole (bp 129–131 ◦C) via fractional distillation to give 0.11 g (90%)
of colorless 2-trifluoromethyl pyrrole

Characterization Data bp 102–104 ◦C. 1H NMR: � 6.05 (1 H, dd, J = 3.5 and
2.5 Hz), 6.41 (1 H, dd, J = 3.5 and 2.4 Hz), 6.63 (1 H, dd, J = 2.5 and 2.4 Hz),
6.99 (1 H, s) ppm. 19F NMR (CFCl3): � −59.0 (s) ppm. IR (liquid, NaCl):
3300, 1580, 1260, 740 cm−1.

Application Various derivatives of 2-trifluoromethyl pyrrole have applications
in pharmacology, as light and bright colored antifouling agents, and as insecti-
cidal, acaricidal, and nematicidal agents.

Waste Disposal Standard procedures for disposal of organic solvents and or-
ganic and inorganic materials should be used.

21.2 PREPARATION OF TRIFLUOROMETHYL-CONTAINING
COMPOUNDS USING (TRIFLUOROMETHYL)TRIMETHYLSILANE (2)
AS A REACTIVE NUCLEOPHILE

Trifluoromethyl)trimethylsilane was prepared in 85% yield via condensation of
CF3Br and Me3SiCl with (Et2N)3P in benzonitrile at −78 ◦C [10].

Preparation of �-keto amide (4-[2-hydroxy-2-phenyl-
2-(trifluoromethyl)acetyl]morpholine) [4,10,11]

O

O
N O TBAF, THF

aq. HClO

CF3 N

O

O

SiMe3 OH

CF3 N

O

O

2
F3CSiMe3

Apparatus A 50-mL, round-bottom Pyrex flask, T-shaped inlet, stir bar, mag-
netic stirrer, syringe (10 mL), eye protection, lab coat, gloves.
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Chemicals 2-Morpholin-4-yl-2-oxo-1-phenylethanone (3), (trifluo-
romethyl)trimethylsilane, dry tetrahydrofuran (THF), ethyl ether, anhydrous
tetrabutylammonium fluoride, anhydrous MgSO4, 4 N HCl.

Attention! Eye protection and gloves must be used at all times.

Caution! All reactions should be carried out in a well-ventilated hood. All
chemicals should be handled with extreme care assuming that they may be
toxic.

Experimental Procedure Into a dry, two-necked, 50-mL, round-bottom flask
equipped with a magnetic stir bar, and a T-shaped N2 inlet containing 5 mL of
dry THF, 2-morpholin-4-yl-2-oxo-1-phenylethanone (3; 1.095 g, 5 mmol) and
(trifluoromethyl)trimethylsilane (0.852 g, 6 mmol) are added. Tetrabutylam-
monium fluoride (0.1 mL solution in THF, 0.1 mmol) is added drop by drop at
room temperature. The reaction is exothermic, and the solution changes from
colorless to yellowish brown. The mixture is stirred at 25 ◦C for 3 h and then
hydrolyzed with 4 N HCl (6 mL) with stirring for 2 h.

The reaction mixture is diluted with water (20 mL), and the products ex-
tracted with ethyl ether (25 mL). The extract is dried over anhydrous MgSO4

and filtered. Removal of ether at reduced pressure gives a colorless solid 4-[2-
hydroxy-2-phenyl-2-(trifluoromethyl)acetyl]morpholine (95% yield).

Characterization Data mp 150–151 ◦C. 1H NMR (CDCl3): � 3.45 (m, 8), 5.57
(1H, s, br), 7.38 (5H, m) ppm. 13C NMR (CDCl3): � 66.1, 78.9 (q, JC-C-F =
28 Hz), 123.6 (q, JC-F = 282 Hz), 126.2, 128.9, 129.3, 134.5, 166.2 ppm.
19F NMR (CDCl3): � −74.4 (s) ppm. MS (EI) m/z (species, relative intensity)
(cm−1): 289 (M+ , 38), 272 (M+ − OH, 27), 114 (CONC4H8O+ , 100). IR
(solid, KBr) 3295 (b), 1644 (s).

Application �-Hydroxy �-trifluoromethylated amides are attractive because of
their structural analogy to some of the antiandrogens, which have found appli-
cation in the treatment of prostate cancer in humans.

Waste Disposal Standard procedures for disposal of organic solvents and or-
ganic and inorganic materials should be used.

Preparation of hexa(trifluoromethyl)cyclotriphosphazene
(CF3)6P3N3 [12,13]

Hexafluorocyclotriphosphazene was prepared in good yield by refluxing hexachloro-
cyclotriphosphazene with sodium fluoride in acetonitrile at 80 ◦C.

N
P

N
P

N

P

FF

F
FF

F THF, 70 oC, 24 h
N

P

N
P

N

P

CF3F3C

CF3
CF3F3C

F3C

TMSCF3, CsF
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Apparatus A 100-mL, two-necked, round-bottom Pyrex flask, condenser, ni-
trogen inlet, stir bar, magnetic stirrer, syringe (25 mL), eye protection, lab coat,
gloves.

Chemicals Hexafluorocyclotriphosphazene, (trifluoromethyl)trimethylsilane (2),
dry THF, finely powdered anhydrous CsF (dried at 200 ◦C), dry trichloro-
methane.

Attention! Eye protection and gloves must be used at all times.

Caution! All reactions should be carried out in a well-ventilated hood. All
chemicals should be handled with extreme care assuming that they may be
toxic.

Experimental Procedure Hexafluorocyclotriphosphazene (4.98 g, 20 mmol)
and (trifluoromethyl)trimethylsilane (2; 19.88 g, 140 mmol) are dissolved in
25 mL of dry THF in a two-necked, 100-mL flask equipped with a condenser.
Anhydrous CsF (0.075, 0.5 mmol) is added directly from the oven to the stirred
mixture. The mixture is heated at 70 ◦C under dry nitrogen with stirring for
24 h. The desired product begins to precipitate at the end of the reaction. The
solvent is decanted at low temperature, and 25 mL of dry CHCl3 is added. The
flask is stoppered and warmed to room temperature with agitation. (Caution!
If the stopper is released for any appreciable time at room temperature, loss of
the product results because of its volatility.) The mixture is cooled to −50 ◦C
to precipitate the product. The residual THF and CHCl3 are decanted. The
process is repeated once more with an additional 25 mL of trichloromethane.
Purification is completed by a brief trap-to-trap distillation at −45 ◦C. Yield:
9.88 g (90%).

Characterization Data mp 64 ◦C (in sealed capillary). 31P NMR (CDCl3): �
3.12 (s, JP-F = 130 Hz) ppm. 19F NMR (CDCl3): � −73.65 (d, JP-F = 130 Hz)
ppm. 13C NMR (CDCl3): � 118.89 (dq, JC-P = 150 Hz, JC-F = 290 Hz) ppm.
MS (EI) m/z (%): 549 (1, M+ ), 480 (100, M+ – CF3), 69 (20, CF3

+ ). IR (gas
phase, KBr) (cm−1): � 1299 (s), 1212 (vs), 1164 (m), 1139 (s), 771 (m).

Application Fluoroalkyl-substituted phosphazenes possess useful properties as
fire retardants and as fire-resistant lubricants and hydraulic fluids. The fluo-
roalkyl group should decrease the flammability of phosphazene compared to
non-fluorinated aryl and alkyl derivatives.

Waste Disposal Standard procedures for disposal of organic solvents and or-
ganic and inorganic materials should be used.
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CHAPTER 22

Introduction of Fluorine into
Compounds via Electrophilic
and Nucleophilic Reactions

JEAN’NE M. SHREEVE

A large number of reagents may be used to introduce fluorine into inorganic and
organic substrates. While elemental fluorine and some of its more reactive deriva-
tives are useful in fluorinating a varied range of molecular types, it is often pos-
sible to prepare fluorinated derivatives using milder and more readily handled
reagents by the uninitiated by using off-the-shelf compounds. Fluorine itself is a
marvelous electrophilic reagent toward nucleophiles; however, it is becoming more
and more difficult to obtain even in small quantities and then to store to the satis-
faction of safety officers. Therefore, here we have selected only two reagents from
a cast of thousands that can be readily obtained, have reasonable shelf life, and
which are easily handled even by inexperienced undergraduates. 1-Chloromethyl-4-
fluoro-1,4-diazoniabicyclo[2.2.2]octane bis(tetrafluoroborate) (Selectfluor R©, Sigma-
Aldrich) (1) [1] as a reactive electrophile and bis(2-methoxyethyl)aminosulfur
trifluoride (Deoxo-Fluor R©, Sigma-Aldrich) (2) [2] as a reactive nucleophile.

22.1 PREPARATION OF FLUORINE-CONTAINING COMPOUNDS
USING 1-CHLOROMETHYL-4-FLUORO-1,4-DIAZONIABICYCLO-
[2.2.2]OCTANE BIS(TETRAFLUOROBORATE (SELECTFLUOR) (1)
AS A REACTIVE ELECTROPHILE

Preparation of tert-Butyldifluoroamine [(CH3)3CNF2] [3]

N
N

F

Cl

[BF4 ]2

1

+
0 − 80 oC

(CH3)3CNH2

DMF
(CH3)3CNF2
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Apparatus A 50-mL Pyrex flask, stir bar, magnetic stirrer, nitrogen T-tube,
vacuum apparatus to perform trap-to-trap separation, eye protection, lab coat,
gloves.

Chemicals tert-Butylamine, Selectfluor, anhydrous dimethylformamide (DMF)
(or dimethylacetamide (DMA)).

Attention! Eye protection and gloves must be used at all times.

Caution! All reactions should be carried out in a well-ventilated hood. All
chemicals should be handled with extreme care assuming that they may be
toxic and volatile.

Experimental Procedure To a solution of Selectfluor (1; 1.06 g, 3 mmol) in
3.5 mL of DMF or DMA in a dry, single-necked, 50-mL, round-bottom flask
equipped with a magnetic stir bar, tert-butylamine (0.985 g, 1.35 mmol) in
1.5 mL of DMF (or DMA) is added drop by drop at 0 ◦C. After stirring for
0.5 h, the reaction mixture is stirred for an additional 1.5 h at 25 ◦C. Low
temperature trap-to-trap distillation under vacuum allowed separation of the
solvent (trap at −20 ◦C) from the product, which may be stopped in a trap at
−78 ◦C or −100 ◦C (80% yield). tert-Butyldifluoroamine is stable in a sealed
Pyrex glass container under refrigeration for ∼3 months.

Characterization Data bp 56–57 ◦C. 1H NMR (200 MHz, CD3CN): � 1.24
(t, 9H, JHF = 1.6 Hz) ppm. 19F (188 MHz, CD3CN): � 28.7 (br s) ppm. 13C
NMR (50 MHz, CD3CN): 22.8, 70.6 (t, J = 6.8 Hz) ppm; IR (gas phase, cm−1):
2991 (vs), 2944 (s), 1485 (s), 1375 (vs), 1253 (m), 1222 (m), 980 (vs), 880
(vs), 587 (m).

Application Alkyl difluoroamines are valuable as high-energy oxidizing agents
in propellants for use in rockets and missiles. Their boiling points are consid-
erably higher than that of liquid oxygen, a commonly used oxidizer, and other
oxidizers for liquid fuels, which enhance storage in missiles to enable ready
firing as required.

Waste Disposal Standard procedures for disposal of organic solvents and or-
ganic and inorganic materials should be used.

Preparation of 3-Fluoro-3-methyloxindole [4]

N
N

F

Cl

[BF4 ]2

1

+
N
H

N
H

O

F

CH3CN:H2O, 1:1

Apparatus A 50-mL, Pyrex flask, nitrogen inlet, stir bar, magnetic stirrer, sy-
ringe (5 mL), eye protection, lab coat, gloves.

Chemicals 3-Methylindole, Selectfluor (1), acetonitrile, silica gel column,
Na2SO4, 4% HCl, NaHCO3, ethyl acetate.
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Attention! Eye protection and gloves must be used at all times.

Caution! All reactions should be carried out in a well-ventilated hood. All
chemicals should be handled with extreme care assuming that they may be
toxic and volatile.

Experimental Procedure To a dry, single-necked, 50-mL, round-bottom flask
equipped with a magnetic stir bar and T-shaped inlet that contains a stirring
solution of 3-methylindole (0.13 g, 1.0 mmol) in acetonitrile/water (1:1) (5 mL),
Selectfluor (1; 1.05 g, 3.0 mmol) is added. The reaction is stirred under nitrogen
at 25 ◦C for 12 h. The reaction mixture is diluted with ethyl acetate (50 mL),
washed with water (10 mL), 4% HCl (10 mL), a saturated solution of sodium
bicarbonate (10 mL), and brine (10 mL), and then dried over Na2SO4. The
solvent is removed under reduced pressure to give a residue that is purified by
column chromatography on silica gel eluting with ethyl acetate/hexane to give
the product in pure state (71% yield).

Characterization Data mp 87–89 ◦C. 19F NMR (254 MHz, CD3Cl): � −153.7
(q, JHF = 22.2 Hz) ppm. 1H NMR (270 MHz, CDCl3): � 8.33 (br s, 1H, NH),
7.42 (d, 1H, J = 7.6 Hz, ArH), 7.30–7.36 (m, 1H, ArH), 7.10 (t, J = 7.6 Hz,
1H, ArH), 6.92 (d, 1H, J = 7.5 Hz, ArH), 1.78 (d, 3H, J = 22.1, 13.5 Hz, CH3)
ppm. IR (KBr): 3208, 1734 cm−1.

Application Indoles are convenient precursors in the synthesis of many bio-
logically active molecules, and their derivatives are also useful probes for the
study of enzymatic mechanisms and metabolic pathways. Fluorinated analogs
containing indole moieties can be useful tools for the elucidation of various bio-
logical processes. 3-Fluorooxindoles are potential mimics of the corresponding
oxindoles, 2- and 3-hydroxyoxindoles, that are often found in natural products,
biologically active compounds, and metabolites of indoles.

Waste Disposal Standard procedures for disposal of organic solvents and or-
ganic and inorganic materials should be used.

Preparation of Ethyl 2,2-difluoroacetoacetate
(Microwave Assisted) [5,6]

N
N

F

Cl

[BF4 ]2

1

+ H3C OC2H5

OO

H3C OC2H5

OO

F F

Microwave
10 min, 82 oC

Apparatus Microwave tube with sealable septum, microwave apparatus
(100 W), eye protection, lab coat, gloves.

Chemicals Ethyl acetoacetate, Selectfluor, acetonitrile, tetrabutylammonium
hydroxide (TBAH) in methanol.

Attention! Eye protection and gloves must be used at all times.
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Caution! All reactions should be carried out in a well-ventilated hood. All
chemicals should be handled with extreme care assuming that they may be
toxic and volatile.

Experimental Procedure Into a septum-sealed microwave tube with stir bar,
ethyl acetoacetate (0.130 g, 1 mmol), Selectfluor (1; 1.05 g, 3 mmol), ace-
tonitrile (1 mL), and TBAH (1 M solution in CH3OH, 2 mL) are placed. The
reaction mixture is irradiated in a monomode microwave cavity at 82 ◦C for
10 min. The solution is cooled rapidly to room temperature by passing com-
pressed air through the microwave cavity. Any insoluble materials are removed
by filtration. The solvent is removed from the filtrate in vacuo, and the crude
products are purified directly by flash chromatography over silica gel (78%).

Characterization Data bp 75 ◦C (41 mm). 1H NMR (300 MHz, CDCl3): � 4.35
(q, J = 7.1 Hz, 2H), 2.39 (J = 1.5 Hz, 3H), 1.33 (J = 7.1 Hz, 3H) ppm. 19F
(282 MHz, CDCl3): � −113.7 (s, 2F) ppm. IR (cm−1): 1763 (CO2C2H5), 1738
(C=O).

Application This family of esters finds use as solvents or additives in lithium
battery electrolytes.

Waste Disposal Standard procedures for disposal of organic solvents and or-
ganic and inorganic materials should be used.

22.2 PREPARATIONS OF FLUORINE-CONTAINING COMPOUNDS
USING BIS(2-METHOXYETHYL)AMINOSULFUR TRIFLUORIDE
(DEOXO-FLUOR) (2) AS A REACTIVE NUCLEOPHILE

Preparation of Bis[2-(2-fluoroethoxy)ethyl] ether [7]

+N

SF3

OO
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O

O OH
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O
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O F
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Apparatus A 50-mL Pyrex flask, stir bar, magnetic stirrer, 10-mL dropper, silica
gel column, eye protection, lab coat, gloves.

Chemicals Tetraethylene glycol (bis[2-(2-hydroxyethoxy)ethyl] ether), methy-
lene chloride, Deoxo-Fluor, NaHCO3.

Attention! Eye protection and gloves must be used at all times.

Caution! All reactions should be carried out in a well-ventilated hood. All
chemicals should be handled with extreme care assuming that they may be
toxic and volatile.

Experimental Procedure To a stirred solution of tetraethylene glycol (0.777 g,
4 mmol) in 4 mL of CH2Cl2 at 0 ◦C in a dry, single-necked, 50-mL,
round-bottom flask equipped with a magnetic stir bar, Deoxo-Fluor (1.550 g,
8.2 mmol) is added drop by drop as a neat liquid. After 1 min, the cold bath is
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removed and the reaction mixture is stirred at room temperature for 15 h. The
progress of the reaction was monitored by thin layer chromatography (TLC).
On completion, the reaction is worked up by slowly adding saturated sodium
bicarbonate solution followed by washing with water. The pure product is
isolated by flash chromatography on silica gel using hexane/dichloromethane
mixture (91% yield).

Characterization Data Dense liquid. 1H NMR (200 MHz, CD3Cl): � 3.66–3.70
(m, 10H), 3.78 (t, 2H, J = 4.2 Hz), 4.55 (dt, 4H, J = 4.2 Hz, J = 47.7 Hz) ppm.
19F (188 MHz, CD3Cl): � −223.21 (tt, 2F, J = 47.7 Hz, J = 28.0 Hz) ppm. IR
(KBr film): 2952, 1458, 1351, 1296, 1247, 1118, 1047, 943, 873 cm−1.

Application The replacement of hydroxyl with fluorine is an extensively used
strategy for enhancement of biological activity in the design of biologically
important molecules.

Waste Disposal Standard procedures for disposal of organic solvents and or-
ganic and inorganic materials should be used.

Preparation of 1,1,2,2-Tetrafluoro-1,2-diphenylethane [8]

+N

SF3

OO

2

CH2Cl2

reflux
O

O F F

F F

Apparatus A 50-mL Pyrex flask, stir bar, magnetic stirrer, 5-mL dropper, sep-
aratory funnel, eye protection, lab coat, gloves.

Chemicals 1,2-Diphenylethane-1,2-dione (benzil), dichloromethane, Deoxo-
Fluor, NaHCO3, MgSO4, C2H5OH.

Attention! Eye protection and gloves must be used at all times.

Caution! All reactions should be carried out in a well-ventilated hood. All
chemicals should be handled with extreme care assuming that they may be
toxic and volatile.

Experimental Procedure 1,2-Diphenylethane-1,2-dione (0.420 g, 2 mmol) is
dissolved in dichloromethane (5 mL). Deoxo-Fluor (0.113 g, 6 mmol) is added
at room temperature and followed by the addition of two drops of ethanol (to
generate a catalytic amount of HF). The reaction mixture is heated at 60 ◦C
for 24 h. The reaction is quenched by the slow addition of aqueous saturated
NaHCO3 solution until effervescence is complete. The dichloromethane layer
is separated and dried over anhydrous MgSO4. It is filtered and removal of the
solvent leaves the product (75% yield).

Characterization Data mp 115 ◦C. 1H NMR (200 MHz, CD3Cl): � 7.3–7.5
(m, 10H) ppm. 19F (188 MHz, CD3Cl): � −112.26 (s, 4F) ppm. IR (KBr film):
1449, 1255, 1145, 1078, 933, 878, 751, 696, 657 cm−1.



132 INTRODUCTION OF FLUORINE INTO COMPOUNDS

Application The methodology required to convert ketones or diketones to diflu-
oro or tetrafluoro species is widely needed and often used to prepare compounds
with modified properties that are useful in a variety of systems.

Waste Disposal Standard procedures for disposal of organic solvents and or-
ganic and inorganic materials should be used.
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CHAPTER 23

The “Real” Iodine and Bromine
Monofluorides

SHLOMO ROZEN

23.1 ADDING XF (X = Br, I) ACROSS VARIOUS DOUBLE BONDS

Adding the elements of BrF or IF is an old procedure in organic chemistry. It has been
usually achieved by a two-step reaction performed by a mixture of two reagents, one
a source of an electrophilic bromine or iodine such as N-bromosuccinimide (NBS)
or N-iodosuccinimide (NIS), and the other a source of nucleophilic fluorine such as
HF or some HF/amine [1]. This combination of reagents is usually depicted by the
symbol [XF]. There are several limitations to this general method. One of them is the
prolonged reaction times and the other its potency. The reaction proceeds well with
isolated double bonds, but has problems with deactivated or acetylenic � centers.
These drawbacks are eliminated when the real XF made directly from the elements
is used.

When nitrogen-diluted fluorine was passed through a cold (−75 ◦C) suspension
of I2 or Br2 in CFCl3, the original color of the reaction mixture changed to a brown
suspension in the case of I2 and to a pale yellow one in the case of Br2. The main
reactive species resulting from these reactions are the known IF [2], and the never
fully described before BrF [3]. These two reagents are much more reactive than either
I2 or Br2 and practically react with any � systems in dark at −75 ◦C in a matter of
seconds [4].

The addition of IF across a double bond is a fully regiospecific process due to
the electrophilicity of the bromine or the iodine. Aliphatic olefins such as 1-octene
react with IF to give 1-iodo-2-fluoro derivatives in around 70% yield. Despite its high
reactivity, an aldehyde function may be present, because IF is not a strong oxidizer.
Thus, citronellal forms only one regiospecific adduct, 3,7-dimethyl-7-fluoro-6-iodo-
1-octanal, in good yield. The reaction is also stereospecific, and cyclohexene and

Efficient Preparations of Fluorine Compounds, First Edition. Edited by Herbert W. Roesky.
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CH2 CH(CH2)5CH3

C C(CH2)2
Me
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CH2 CH(CH2)5CH3
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F

I

F
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SCHEME 23.1 Adding IF to olefins.

the more hindered 1-menthenyl-4-i-propyl resulted exclusively in trans-1-fluoro-2-
iodocyclohexane and 1�-fluoro-�-methyl-2�-iodo-4�-isopropylcyclohexane respec-
tively (Scheme 23.1).

The iodine could serve as an entry for obtaining other fluorine derivatives.
Thus, for example, the 1-fluoro-2-iodocycloheptane obtained from cycloheptene
could be easily hydrolyzed on a silica gel to produce the corresponding fluoro-
hydrin. Using t-BuOK, which is a stronger base than water and not as nucle-
ophilic, causes an elimination of HI, and fluoroolefins were formed in excellent yield
(Scheme 23.2).

With solvents consisting only of CFCl3, CFCl3/CHCl3 (EtOH free), or CFCl3/dry
CH3CN, the reaction of BrF with olefins proved to be too uncontrollable and un-
selective even at −75 ◦C, and only bromine- and fluorine-containing tars were
obtained. When, however, a proton donor such as EtOH or i-PrOH was added to
the BrF suspension before the reaction with an olefin, a surprising taming effect
on the BrF was observed and the corresponding expected adducts were formed in
70–80% yield. Being more reactive than IF, bromine monofluoride was also readily
added across enones, where the adduct could eliminate HF and give bromo olefins
(Scheme 23.3).

IF
F I H2O

t-BuOK

F

F

OH

SCHEME 23.2 Reactions on the iodine of the fluoroiodo adducts.
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SCHEME 23.3 Adding bromine monofluoride across � centers.

Experimental Procedure A suspension of 25 g of I2 (100 mmol) in 450 mL
of CFCl3 was cooled to −75 ◦C. Nitrogen-diluted (10%) fluorine (total of
50 mmol F2) is bubbled into the mixture during a period of about 10 h. A
brown suspension of mixture of IF and I resulted in a 19F NMR resonance
of −161 ppm. A cold, 20-mL CHCl3 solution of 10–20 mmol of the olefin
is added in one portion to the IF mixture at −75 ◦C. After a few minutes at
that temperature, the reaction was stopped by pouring it into 500 mL of dilute
thiosulfate solution, washing with water until neutral, drying over MgSO4,
and evaporating. The crude product was usually purified by chromatography
on a short silica gel column and, if needed, also by high-performance liquid
chromatography (HPLC). In a similar way, BrF was also prepared possessing
a 19F NMR resonance at −158 ppm. About 200 mL of precooled CHCl3
containing a few milliliters of EtOH was added and stirred for 15 min resulting
in a clear solution. Subsequently, a cold (−78 ◦C) solution of 10 mmol of an
olefin in CHCl3 was added, allowed to react for a few minutes, and worked up
as described above.

Characterization Data for trans-1-fluoro-2-iodomenthan A cold CHCl3 so-
lution of 1.38 g of 1-menthenyl-4-i-propyl was allowed to react with IF for
5 min and then worked up as described above. Purification by chromatography
using petroleum ether as the eluent gave 1.28 g of the product (45% yield) as
an oil. 1H NMR: � 4.47 (1H, dt, JHH = 2.5 Hz, JHF = 9 Hz), 1.59 (3H, d,
J = 22 Hz), 0.89 (6H, d) ppm. 19F NMR: � −145 (m) ppm. MS m/z: 284 M+ ,
264 (M − HF)+ .

While the triple bond is usually resistant to various sources of [XF], it is not
a match for the real IF and BrF [5]. Reacting slightly more than twofold excess
of XF with 1-hexyne at −75 ◦C, 1,1-diiodo-2,2-difluorohexane was obtained
in good yield and in less than 5 min. The electrophilic iodine atom in IF attacks
initially the more electron-rich terminal carbon of 1-hexyne followed by attack
of the fluoride on the resulting secondary carbonium ion. The fluoroiodo olefin
thus obtained reacts immediately with a second molecule of IF, which adds in
such a way as to produce the more stable carbocation on the carbon attached
to the fluorine atom. As with olefins, BrF benefited from a small amount of
a proton donor such as EtOH. It enabled it to react with 1-hexyne forming
1,1-dibromo-2,2-difluorohexane in 60% yield. When only 1 equiv of BrF was
used, 1-bromo-2-fluoro-1-hexene was formed in 50% yield.

The addition of XF is not confined to terminal acetylenes. Thus, 2-butyne
reacts cleanly with IF to give 2,2-difluoro-3,3-diiodo butane in better than
85% yield. While many other acetylene derivatives reacted according to the
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SCHEME 23.4 Adding XF across acetylenic bonds.

pattern outlined above, dimethyl acetylenedicarboxylate gave some slightly
different results. This compound contains one of the most unreactive triple
bonds toward electrophilic attack. When it was treated with NBS/HF/Py, no
reaction was observed. The same was true when molecular IF was brought in
contact with it for 3 days at −75 ◦C. However, even this acetylenic derivative
was not resistant toward BrF and, after 12 h at −75 ◦C, dimethyl 2,2-dibromo-
3,3-difluorosuccinate was obtained in 70% yield (Scheme 23.4).

Experimental Procedure For the reaction of dimethyl acetylenedicarboxylate
with BrF; 2.8 g (20 mmol) of dimethyl acetylenedicarboxylate was dissolved in
50-mL cold CHCl3 and then added to more than 50 mmol of BrF dissolved in
a cold mixture of CFCl3 and CHCl3 (1:1). The reaction was monitored by gas
chromatography (GC) and after 5 min practically no reaction was observed.
The reaction mixture was stirred overnight at −75 ◦C, and then worked up
as described in the previous experimental procedure. Chromatography of the
crude product with 30% EtOAc in PE purified the dimethyl 2,2-dibromo-3,3-
difluorosuccinate that was obtained in 70% yield.

Characterization Data for Dimethyl 2,2-dibromo-3,3-difluorosuccinate IR:
1730 cm−1. 1H NMR: � 3.938 (s), 3.941 (s) ppm. 19F NMR: � −101.0
(s) ppm. 13C NMR: � 110.39 (t, 1JCF = 265 Hz), 55.0, 54.1, 53.64 (CBr2, t,
2JCF = 29 Hz) ppm. MS m/z: 296, 294, 292 [M–(CH3O)–(CH3)]+ , 218, 216,
214 (CBr2COO)+ .

Chemicals F2, CFCl3, CHCl3 I2, Br2, EtOH.

Attention! Safety glasses and well-ventilated area must be used at all times.

Caution! Fluorine is a strong oxidizer and corrosive material. An appropriate
vacuum line made from copper or Monel in a well-ventilated area should be
constructed for working with this element. If elementary precautions are taken,
then despite the mythical fears associated with this element, working with
diluted F2 is relatively simple and safe.

Waste Disposal During preparation of IF and BrF, unconsumed fluorine, some
HF which is always present, and traces of Br2 should be trapped with soda
lime producing harmless CaF2 and CaBr2. At the end, the reaction should be
poured into dilute thiosulfate solution (destroying any excess of BrF, IF, I2, Br2,
and HF).
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23.2 FROM THE CARBONYL TO THE CF2 GROUP

Iodine monofluoride was found to be useful as a mild reagent for converting carbonyls
into the important CF2 group [6]. The transformation was accomplished via various
hydrazones and oxime derivatives. The main idea of this subject was to use the fact
that the electrophilic iodine in IF should polarize the imine bond enabling the not
hydrated, and hence relatively strong nucleophilic fluoride, to form the desired carbon
fluorine bond. The procedure does not usually require a tedious purification of the
hydrazones, and the crude products were good enough substrates for the reaction.
Thus reacting acetophenone hydrazone with IF at −78 ◦C for an hour resulted in 80%
yield of 1,1-difluoro-1-phenylethane. Other benzylic hydrazones also provided very
satisfactory results. It should be mentioned though that in some cases small amounts
of the difluoroiodo derivatives were also formed. Those could be converted to the
desired difluoro compounds by treating the reaction mixture with reagents such as
LiAlH4 or Bu3SnH.

Aromatic aldehydes were also good candidates for this reaction as evident from
4-nitro- and 4-cyanobenzaldehyde, which were converted to the corresponding �,�-
difluorotoluenes.

The reaction with IF is not confined only to benzylic carbonyls. The cyclic deriva-
tive 4-t-butylcyclohexanone hydrazone, for example, is converted to the 4,4-difluoro-
t-butylcyclohexane in 65% yield. Steroidal ketones were also suitable substrates. It
should be mentioned that these reactions are slower than with the benzylic derivatives,
but raising the temperature to −10 ◦C or even to room temperature accelerates them
considerably. N,N-Dimethylhydrazones, dinitrophenylhydrazones (DNP), semicar-
bazones, and oximes could also react satisfactory (Scheme 23.5).

Experimental Procedure Between 5 and 20 mmol of the substrate in 30-mL
CHCl3 solution was added to IF suspension either cooled to −78 ◦C for benzylic
derivatives or to room temperature for all other hydrazones. The reaction was
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1. H2NNH2
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   IF
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SCHEME 23.5 CO to CF2 transformation using IF.
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carried under vigorous stirring using a vibromixer and usually with an excess
of about 4 mol/equiv of IF. The advancing reaction was monitored by either GC
or thin layer chromatography (TLC) after treating aliquots with thiosulfate. On
completion, the reaction was poured into 400 mL of 10% Na2S2O3 solution, and
stirred until colorless. The organic layer was washed with sodium bicarbonate
till neutral, dried over anhydrous MgSO4, and the solvent evaporated. The crude
product was usually purified by vacuum flash chromatography using silica gel
60 H (Merck) and mixtures of petrol ether/EtOAc as eluent.

Characterization Data for 4,4-difluoro-1-t-butylcyclohexane oil 1H NMR: �
1.0–2.2 (9H, m), 0.88 (9H, s) ppm. 19F NMR: � −92 (1F, d, J = 234 Hz),
−103.6 (1F, ddt, 1J = 234, 2J = 40, 3J = 11 Hz) ppm.
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CHAPTER 24

The Versatile Chemistry of Acetyl
Hypofluorite: The First Hypofluorite
Not Bonded to a Polyhaloalkyl Group

SHLOMO ROZEN

24.1 SYNTHESIS OF ACETYL HYPOFLUORITE

The OF group has been known for a long time. F–O–F could be made, for example, by
passing F2 over ice surface [1], although its synthetic use was quite limited [2]. Prager
and Thompson prepared several, quite useful at the time, perfluoroalkylhypofluorites
such as CF2(OF)2 and CF3CF(OF)2 [3]. Another family of hypofluorites consists of
perfluoroacyl hypofluorites [4], but the most important hypofluorite was the relatively
stable CF3OF, which found quite a few applications in organic chemistry mainly as an
electrophilic fluorinating agent [5]. The problem with all these hypofluorites was that
they were quite expensive, not easy to make, and not commercially available, except
CF3OF that could be purchased for a short time in the late 1960s. By examining all the
above reagents, it could be noticed that they have one thing in common. Their fluoroxy
group is attached to a perfluorinated alkyl because otherwise, it was believed, HF
elimination will take place instantaneously and the reagent will decompose. As with
many legends, this was also discredited, and it was found that passing dilute F2 through
sodium acetate solvated with water, or better with acetic acid in either CFCl3 or
CH3CN, produced an oxidizing solution of acetyl hypofluorite AcOF (Scheme 24.1)
in very good yields, which could be titrated to determine its concentration [6]. All
physical data on AcOF were measured and Appelman et al. even isolated it in its
pure form [7], but for any practical use its solution was used without any further
purification.

Experimental Procedure About 10% fluorine in nitrogen was bubbled through
a suspension of 8 g of solvated (with AcOH) sodium acetate in 400 mL solvent
(CFCl3/AcOH, 10:1) at −75 ◦C using an efficient vibromixer. The progress

Efficient Preparations of Fluorine Compounds, First Edition. Edited by Herbert W. Roesky.
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SCHEME 24.1 The formation of acetyl hypofluorite.

of the reaction was monitored by treating aliquots with KI and titrating the
liberated iodine.

Characterization Data for AcOF Although for synthetic purposes AcOF is
always used in a solution of CFCl3/CHCl3 or CH3CN, its spectral and physical
properties have been established. 1H NMR: � 2.12 (d, 4JHF = 3.6 Hz) ppm.
19F NMR: � + 168 (Wh/2 = 15 Hz) ppm. It fully decomposes thermally (in
the injector of a gas chromatography (GC)) to form CH3F and CO2 (positively
identified) in 1:1 ratio [8]. AcOF has a bp of −53 ◦C and mp of −96 ◦C. Its IR,
UV, and MS were also measured [7].

Chemicals F2, CFCl3, CHCl3 or CH3CN and AcOH, AcONa, or AcOK.

Attention! Safety glasses and well-ventilated area must be used at all times.

Caution! Fluorine is a strong oxidizer and a very corrosive material. An appro-
priate vacuum line made from copper or Monel in a well-ventilated area should
be constructed for working with this element. If elementary precautions are
taken, then despite the mythical fears associated with this element, working
with diluted F2 is relatively simple and safe.

In regard to AcOF Unless absolutely necessary, do not attempt to isolate and
purify it because it may be highly explosive when not in solution.

Waste Disposal During preparation of AcOF, unconsumed fluorine and some
HF, which is always present, should be trapped with soda lime producing harm-
less CaF2. After any use of AcOF, the reaction mixture should be poured into
dilute bicarbonate solution (destroying any excess of AcOF and HF) producing
AcONa and NaF.

24.2 ADDITION TO COMPOUNDS WITH DOUBLE BONDS

Most fluorinating agents possessing the OF moiety do not add satisfactorily across
the double bonds of olefins, but the milder acetyl with its electrophilic fluorine does.
For example, it adds itself across isolated double bonds such as cyclohexene in
60% yield, across benzylic ones such as dibenzosuberenone (55% yield), and even
across certain �,�-enones represented here by trans-ethyl cinnamate in 57% yield
(Scheme 24.2) [9].

Two main features should be noted. The regiochemistry clearly points to the fact
that the oxygen-bound fluorine is indeed the electrophilic part of AcOF, and that the
stereochemistry results from the dominantly syn addition. This somewhat surprising
fact stems from the ionic nature of the reaction where the intermediate is a cage
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SCHEME 24.2 Adding acetyl hypofluorite to olefins.

of pair of ions, one of them the very short living �-fluorocarbonium ion. Thus,
when AcOF reacted with trans-4-acetoxystilbene, practically only the threo-isomer
was formed in 50% yield. If, however, the �-fluorocarbocation is somewhat more
stabilized as in the case of trans-4-methoxystilbene, it had enough time to rotate
around the central C–C bond, and consecutively, the stereoselectivity was reduced
to only 4:1 threo/erythro ratio. These results also helped to discredit any 4-center
addition mechanism (Scheme 24.3).

Experimental Procedure Fluorination of dibenzosuberenone was carried out
with 6.2 g (30 mmol) dissolved in cold (−78 ◦C) CHCl3. Cold AcOF solution
(60 mmol) was added drop by drop. The reaction was completed after 5 min
and the crude product chromatographed using 20% EtOAc in petrol ether (PE)
as eluent. About 4.68 g (55% yield) of the adduct was isolated.

Characterization Data for Dibenzosuberenone mp 92 ◦C (from Et2O). IR:
1740, 1650 cm−1. MS m/z: 284 M+ 264 (M − HF)+ , 225 (M − OAc)+ . 1H
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SCHEME 24.3 Stereo- and regiospecific addition of acetyl hypofluorite to olefins.
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SCHEME 24.4 The first meaningful synthesis of [18]FDG.

NMR: � 7.1–8.0 (8H, m), 6.27 (1H, dd, 1J = 17.8, 2J = 0.7 Hz), 5.75 (1H, dd,
1J = 46.5, 2J = 0.7 Hz), 1.90 (3H, s) ppm. 19F NMR: � −174.5 (dd, 1J = 46.5,
2J = 17.8 Hz) ppm.

Application Probably the most important application of this reagent was its
immediate mobilization in favor of developing the area of positron emitting
tomography (PET). [18]Fluorodeoxyglucose ([18]FDG) with its positron emit-
ting isotope [18]F (half-life of 110 min) was badly needed because in many
cases the living body, and especially the brain, will not distinguish between
it and glucose itself. At the time, the problem was that the radiochemical
yield of the [18]FDG was not greater than 0.05%. Because [18]F[19]F could
be generated in good yield from neon and F2, the immediate conclusion was
that AcO[18]F could be prepared in almost 50% radiochemical yield. This
reagent was then added to deoxyglucose, mainly in a fast syn mode, forming
the [18]FDG in higher than 40% radiochemical yield, elevating the initial yield
by three orders of magnitude and helping to spread the PET all over the world
in becoming a standard tool for medical diagnosis (Scheme 24.4) [10].

24.3 REACTIONS WITH ENOL DERIVATIVES FORMING THE
�-FLUOROCARBONYL MOIETY

There are many sources for electrophilic fluorine. A partial list includes FClO3, XeF2,
RfOF, RfCOOF, and various NF derivatives all made with elemental fluorine. The
electrophilic fluorine in AcOF is probably the most affordable, as apart from F2 its
synthesis involves only common salts of acetic acid, and the technical procedure is
very simple. One of the basic reactions is the fluorination of enols forming the �-
fluorocarbonyl derivatives. Thus, for example, one could make �-fluorotetralone [11],
fluorovalium [12], and 2-fluoro-1,3-dicarbonyl derivatives [13]. Of special interest
was the construction of �-fluorocarboxylic acids, including �-fluoroibuprofen and
other fluorinated acids, which could not be made by any other method such as �-
fluoro-�,�,�-trimethylpropionic acid (Scheme 24.5) [14].

Experimental Procedure Methyl 3,3-dimethylbutyrate was converted to its
trimethylsilyl ketene acetal, oil, bp(12 mm): 60 ◦C. 1H NMR: � 3.72 (1H, s),
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SCHEME 24.5 Reacting acetyl hypofluorite with various enols.

3.49 (3H, s), 1.05 (9H, s), 0.21 (9H, s) ppm. 13C NMR: � 152.41, 96.67, 54.09,
31.01, 29.67, −0.4 ppm. That compound was then reacted with AcOF to give
methyl 3,3-dimethyl-2-fluorobutyrate in 83% yield as an oil.

Characterization Data for Methyl 3,3-dimethyl-2-fluorobutyrate IR:
1755 cm−1. 1H NMR: � 4.55 (1H, d, J = 49 Hz), 3.79 (3H, s), 1.03 (9H, s)
ppm. 19F NMR: � −194.18 (d, J = 49 Hz) ppm. 13C NMR: � 168.87 (d, J =
25 Hz), 95.46 (d, J = 187 Hz), 51.24, 34.32 (d, J = 19 Hz), 24.96 ppm. MS,
with supersonic GC–MS using electron ionization of the sample vibrationally
cooled in a supersonic molecular beam, reveals the molecular ion peak at m/z
148 M+ .

24.4 FLUORINATION OF AROMATIC COMPOUNDS

Possessing electrophilic fluorine, AcOF can fluorinate activated aromatic rings such
as phenol and aniline derivatives. The fluorination takes place mainly on the ortho
position. This considerable regioselectivity is a result of addition–elimination process
along the ipso-ortho position. In certain cases, it was possible to isolate the adduct
[15]. The reactions are fast and are used quite extensively for introducing the positron
emitting [18]F isotope in aromatic rings such as tyrosine and dopamine [16]. A
different route for achieving fluoroaromatics was through substitution of a metal
such as Sn, Ge, or Si already attached to an aromatic ring (Scheme 24.6) [17].
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SCHEME 24.6 Synthesis of fluoroaromatics using acetyl hypofluorite.

The reaction of substituting metals with fluorine could also be used on nonaromatic
compounds. Because the reaction is electrophilic in nature, it proceeds with a full
retention of configuration, as the electrophile attacks the electrons of the C–M bond
(Scheme 24.7).

Experimental Procedure A cold solution of anisole in CH2Cl2 was added in one
portion to AcOF solution (twofold excess). The ortho-fluoro derivative obtained
in 77% yield was separated from the para one (8% yield) by chromatography.
The physical data of both isomers matched those in the literature.

The fluorination of the �-methoxy-�-mercury derivative of benzalacetophe-
none was carried out on a 10-mmol scale using twofold excess of AcOF. No
reaction took place at −78 ◦C, but the starting material was fully consumed
when the reaction mixture was allowed to warm up to 0 ◦C. After flash chro-
matography using 10% EtOAc in PE as eluent, the corresponding fluoroether
was isolated as an oil in 80% yield.

Characterization Data for erythro-1,3-diphenyl-1-fluoro-2-methoxy-3-
propanone IR 1685 cm−1. 1H NMR: � 6.5–7.20 (10H, m), 5.40 (1H, dd,

AcOFHg(OAc)2/MeOH

NaCl
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HgCl
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F
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CH CHPh C

O
Ph CH CHPh C

O
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MeO F
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SCHEME 24.7 Synthesis of fluoro ethers using acetyl hypofluorite.
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1J = 50 Hz, 2J = 3.5 Hz), 4.72 (1H, dd, 1J = 24 Hz, 2J = 3.5 Hz), 3.23
(3H, s) ppm. 19F NMR: � −198.73 (dd, 1J = 50 Hz, 2J = 24 Hz) ppm.
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CHAPTER 25

Direct Fluorination of Organic
Compounds with Elemental Fluorine

SHLOMO ROZEN

25.1 FLUORINATION AT TERTIARY INACTIVATED CARBONS

Since Moissan’s first experiments with F2 and organic materials, which ended with the
decomposition of the reactants, no one in organic chemistry was interested in working
with this element. It was labeled as too reactive and hence very destructive, so it prac-
tically disappeared from the mind of chemists dealing with selective reactions. It was
a wrong attitude. Some years ago, it was shown that under suitable conditions, F2 can
indeed perform very specific electrophilic front attack reactions on relatively electron-
rich tertiary C–H bonds. Thus, when trans-4-methylcyclohexyl p-nitrobenzoate
(1) was treated with 3–4% fluorine in N2, a major product, identified as trans-4-
fluoro-4-methylcyclohexyl nitrobenzoate (2), was obtained in 60% yield. When the
cis isomer (3) was similarly treated, only the cis-4-fluoro-4-methylcyclohexyl p-
nitrobenzoate (4) was formed in 65% yield. The lack of any isomerization in these
reactions clearly indicated a nonradical mechanism. Similar results were obtained
with trans- and cis-4-t-butylcyclohexyl p-nitrobenzoate (5 and 6, respectively). The
tertiary hydrogen at C-4 was stereoselectively substituted by fluorine, forming the
corresponding fluoro derivatives 7 and 8 in 60% and 83% yield, respectively.

The ionic nature of the substitution could be further shown by monitoring the
fluorination of an equimolar mixture of 1 and 5, or 3 and 6. Despite considerable
steric hindrance of the bulky t-butyl group, the more electron-rich C4–H bonds
geminal to the t-Bu were substituted faster than the corresponding hydrogens geminal
to the methyl group in 1 and 3, forming first the fluorinated derivatives 7 and 8
(Scheme 25.1).

The mechanism through which this unusual substitution proceeds is the nonclas-
sical, two-electron, three-center carbonium ion, which inevitably leads to products
with full retention of configuration. The chloroform is important in this reaction.

Efficient Preparations of Fluorine Compounds, First Edition. Edited by Herbert W. Roesky.
c© 2013 John Wiley & Sons, Inc. Published 2013 by John Wiley & Sons, Inc.
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SCHEME 25.1 Fluorination of 4-alkylcyclohexanols.

It provides the necessary polar medium, acts as a radical scavenger, and supplies a
somewhat acidic hydrogen that serves as an acceptor through hydrogen bonding for
the emerging fluoride anion resulting in lower activation energy of the transition state
(Scheme 25.2) [1].

Experimental Procedure Fluorination of trans-4-methylcyclohexyl p-nitro-
benzoate (1) was performed with 0.5 g (1.9 mmol) using 5% F2 in N2. After
the reaction reached its best yield (monitored by gas chromatography (GC)), it
was poured into 500 mL of water; the organic layer was washed with NaHCO3

solution followed by water until neutral. The organic layer was dried over
MgSO4, and the solvent evaporated. The crude product was usually purified
by vacuum flash chromatography, using Silica gel 60-H (Merck) and if needed

C
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SCHEME 25.2 The two-electron, three-center mechanism of tertiary fluorination.
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SCHEME 25.3 Forming olefins through dehydrofluorination.

also by high-performance liquid chromatography (HPLC). If the crude reac-
tion mixture is not immediately purified, it is advisable to add a drop or two of
pyridine or hexamethyldisilazane to capture the small amount of HF that may
be formed with time. Without these bases, the small amount of HF will autocat-
alyze additional elimination, and the compounds will eventually decompose.
Pure 2 was thus isolated in 60% yield.

Characterization Data mp 115 ◦C (from MeOH). 1H NMR: � 8.24 (4H, AB,
J = 8 Hz), 4.95 (1H, m, Wh/2 = 24 Hz), 1.26 (3H, d, JHF = 21.4 Hz), 2.4-1.0
(8H, m) ppm. 19F NMR: � −151.3 (m, Wh/2 = 93 Hz) ppm. 13C NMR: � 92.54
(d, J = 167.6 Hz), 26.60 (d, J = 19 Hz), 34.75 (d, J = 22 Hz), 27.04 (s),
73.5 (s), 123.54, 130.76, 136.09, 150.58, 164.23 ppm. MS: m/z 281 (M+ ), 261
[(M − HF)+ ].

Apparatus A standard vacuum line (brass or Monel) for diluting the pure com-
mercial fluorine (95%) with N2 should be constructed as described [2]. An
efficient mixing (preferably with a vibromixer for breaking the gas bubbles) is
essential. The reactors are standard glass vessels.

Application One of the important applications of this reaction is the easy dehy-
drofluorination that could be performed. This consists of a chemical activation
of a site that can hardly be approached because it is located far from any chem-
ical anchor, such as � center, heteroatom, and alike. Scheme 25.3 shows the
formation of a double bond at such center. Once one has the appropriate olefin
at hand, there are numerous ways allowing further chemical applications.

Dehydrofluorination Procedures Three methods could be used for the HF
elimination. Method A: The corresponding fluoro derivative (1.0 mmol) was
dissolved under nitrogen in dry benzene and cooled to about 10 ◦C. Freshly
distilled BF3·OEt2 (8 mL) was added in one portion, the reaction mixture
was allowed to warm to room temperature and stirred for additional 4 h.
Cold diluted HCl solution was added, the organic layer was washed with
bicarbonate and worked-up as described above. The resulting olefins were
usually chromatographed by HPLC. Method B: The fluoro compound (1 mmol)
was dissolved in dry ether and cooled to 0 ◦C under nitrogen. About 3 mmol of
MeMgI solution in ether was added, and the reaction mixture was stirred at room
temperature for 12 h. Work-up was as above. Method C: The corresponding
fluoride (1 mmol) was dissolved in ethylene glycol to which 2 g of aqueous
NaOH was added. The reaction mixture was stirred for 12 h at 105 ◦C, poured
into water, extracted with several portions of CH2Cl2, and worked-up as usual.
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SCHEME 25.5 Fluorination of bicyclic compounds.

Preparation of Other Types of Tertiary Monofluoro Compounds The flu-
orination procedure described above could be carried out with a wide array
of molecules such as straight chains [3], steroids [4], and bicyclic molecules
[5] (Schemes 25.4 and 25.5). In all cases, the stereospecificity is retained while
the regiospecificity, in the case of more then one tertiary hydrogen, is governed
by the electron density of the tertiary C–H bond. In other words, the higher the
hybridization on p, the easier the substitution. This hybridization is mainly gov-
erned by the distance of the relevant C–H bond from electronegative groups and
by geometrical consideration. The two-electron, three-center mechanism (non-
classical carbocation) will not result in eliminations and rearrangements with
the exception of [2.2.2]bicyclooctane, which is another proof for the unusual
front side attack.

25.2 ADDING FLUORINE TO HYDROCARBON � CENTERS

Addition of F2 to Olefins

Addition of halogens (Cl2, Br2, and in some cases I2) to double bonds has been a
standard procedure for almost two centuries. They all add in an anti mode. It is quite
surprising to find out that F2 does not share the same generality, the reason being the
high enthalpy release during the reaction. Low reaction temperature, high dilution of
the fluorine gas, and especially polar solvents (such as a few percent of EtOH) can
efficiently suppress radical reactions and are the key factors for successful addition
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SCHEME 25.6 Adding fluorine to C–C double bonds.

of F2 across various p centers. What is more unlike the other halogens, fluorine
adds itself almost exclusively via a syn mode. Such unique addition originates from
initial nucleophilic attack of the double bond on the fluorine atom of the somewhat
polarized F2 molecule (see Section 24.2 and 25.1). The resulting �-fluorocarbocation
is of course highly unstable, and the tight ion pair collapses before any rotation around
the C–C bond takes place. This is also supported by the fact that no nucleophilic attack
by the EtOH was detected, an attack that should have taken place if a loose ion pair
would have resulted (Scheme 25.6). In a typical reaction, trans-3-hexene-1-ol acetate
was fluorinated with 1–2% F2 in N2 until all starting material was exhausted. The
threo-difluoro derivative was obtained in 55% yield. When the reaction was repeated
with cis-3-hexene-1-ol acetate, only the erythro-difluoro derivative was formed in
50% yield [6].

Characterization Data for the erythro-Difluoro Derivative Oil; IR:
1720 cm−1. 1H NMR: � 4.59 (1H, dm, 2JHF = 48 Hz, 2JHH = 4 Hz), 4.43–4.17
(3H, m), 2.07 (3H, s), 1.05 (3H, t, JHH = 7.5 Hz), 2.0–1.2 (4H, m) ppm. 19F
NMR: � −196.1 (1F, m, Wh/2 = 105 Hz), −194.7 (1F, m, Wh/2 = 103 Hz)
ppm. 13C NMR: � 170.8 (CO), 94.67 (C-3, dd, 1JCF = 206 Hz, 2JCF = 25 Hz),
90.54 (C-4, dd, 1JCF = 186 Hz, 2JCF = 27 Hz), 60.29 (C1), 30.07 (C-2, dd,
2JCF = 25 Hz, 3JCF = 4 Hz), 23.82 (C-5, dd, 2JCF = 25 Hz, 3JCF = 4 Hz), 20.7,
9.19 ppm. MS m/z: 121 (M − OAc)+ .

Characterization Data for the threo-Difluoro Derivative Oil; IR: 1720 cm−1.
1H NMR: � 4.60 (1H, 4 dt, 2JHF = 48 Hz, 3JHF = 23 Hz, JHH = 3 and
9.5 Hz), 4.44–4.16 (3H, m), 2.07 (3H, s), 1.04 (3H, t, JHH = 7.5 Hz), 1.95–1.25
(4H, m) ppm. 19F NMR: � −201.3 (1F, m, Wh/2 = 99 Hz), −194.7 (1F, m,
Wh/2 = 100 Hz) ppm. 13C NMR: � 170.8 (CO), 94.42 (C-3, dd, 1JCF = 190 Hz,
2JCF = 20 Hz), 89.93 (C-4, dd, 1JCF = 190 Hz, 2JCF = 22 Hz), 60.31 (C1),
30.01 (C-2, dd, 2JCF = 23 Hz, 3JCF = 5 Hz), 23.58 (C-5, dd, 2JCF = 22 Hz,
3JCF = 4 Hz), 20.79, 9.27 ppm. MS m/z: 160 (M − HF)+ , 121 (M −OAc)+ .
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SCHEME 25.7 Adding fluorine to aryl acetylenes.

Addition of F2 to Aryl Acetylenes

Compounds with the general formula of ArCF2CF2Ar′ were obtained by several
indirect methods as direct addition of this halogen to triple bonds was described
to give “complicated mixtures” [7]. Other indirect approaches were the reaction of
Deoxo-Fluor R© with some benziles [8] or the use of combination of reagents such
as nitrosonium tetrafluoroborate (NO+ BF4

−) and pyridinium polyhydrogen fluoride
(PPHF) [9]. Adding F2 across aromatic triple bonds in a direct one-step reaction
is, however, possible. Again, as with olefins, a suitable solvent and efficient stirring
are of utmost importance. Thus, for example, when diluted fluorine (3–10% F2 in
N2) was bubbled slowly through a cold solution (−78 ◦C) of diphenylacetylene in
a mixture of CHCl3/CFCl3/EtOH as a solvent, 1,2-diphenyltetrafluoroethane was
formed in 75% yield (Scheme 25.7). Monoarylacetylenes are also suitable for this
reaction, but acetylenes with nonaromatic groups attached to the sp carbon did not
give satisfactory results [10].

Characterization Data for Diphenyltetrafluoroethane White crystals 75%
yield; mp: 120.3–121.0 ◦C. 1H NMR: 7.40–7.48 (10H, m) ppm. 13C NMR:
116.8 (tt, 1JC–F = 253 Hz, 2JC–F = 36 Hz), 127.1 (t, JC–F = 4 Hz) 128.2,
131.1 ppm. 19F NMR: −112.2 (4F, s) ppm. MS (EI) (m/z) (M)+ : 254.

25.3 RADICAL FLUORINATION OF POLYFLUORO ETHERS

Perfluorovinyl ethers (RfOCF=CF2) constitute of an important class of commercial
monomers that are used to modify crystallinity in fluoroplastics or are principal com-
ponents in fluoroelastomers. The first step toward the preparation of these compounds
was reacting tetrafluoroethylene (TFE) with polyfluoroalkoxides. The Achilles’ heel
of these monomers are the few remaining hydrogens in the molecules, because the
polymers that were to be prepared eventually were earmarked for some demanding
applications. The best way to eliminate this hurdle is to substitute these hydrogens
with fluorine atoms. Generally, such kind of transformation could be achieved by
using fluorine radicals generated from F2. It was clear, however, that before any fluo-
rination procedure could be applied, the double bonds would have to be protected and
later easily regenerated. The protection issue was solved by chlorinating the vinyl
with Cl2 at 5–15 ◦C in the absence of solvent to form the dichloro adducts in high
yields. These derivatives, which have only two hydrogens on the etheric methylene
group, were treated with fluorine under irradiation. The first hydrogen was easily
substituted by fluorine, but the second one required a longer time and an excess of F2.
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SCHEME 25.8 The synthesis of perfluorovinyl ethers.

Roughly speaking, 3–4 mol/equiv was enough for replacing the first hydrogen while
additional 5–6 mol/equiv was required for completion of the reaction. The yields of
the perfluoro derivatives were around 70%. The dechlorination step was easily ac-
complished with zinc dust in DMF. The whole reaction scheme (for heptafluoropropyl
trifluorovinyl ether (serving as an example)) is outlined in Scheme 25.8 [11].

Experimental Procedure NaH (60% oil suspension, 48 g, 1.2 mol) was sus-
pended in anhydrous 1,4-dioxane (600 mL). Pentafluoropropanol (135 g,
0.9 mol) was added slowly while the reaction was kept at 15–20 ◦C with
external cooling. After the addition was completed, the mixture was stirred
at ambient temperature for 1–2 h. The pentafluoropropanol salt solution was
then transferred into a 1-L autoclave, sealed, and heated for 20 h at 100 ◦C.
The autoclave was cooled, evacuated, and pressured with TFE to 300 psi. The
reaction was allowed to proceed for 40 h at 30–35 ◦C while the TFE pressure
was maintained at 300 psi. The neat 1-dihydropentafluoropropyl trifluorovinyl
ether was chlorinated with chlorine gas (bubbling into the substrate through
a gas inlet tube) at 10–15 ◦C. The reaction was stopped when the conversion
of the starting material was complete. The product was purified by distillation
and afforded a clear, colorless liquid of the dichloro derivative in 88% yield.
For the fluorination step, mixtures of 25–30% F2 diluted with nitrogen were
used. The appropriate substrate was dissolved either in perfluoro 2-butyl-THF
(FC-75) or in Krytox GPL 100 (a fluorinated oil) that also contained about
5 g of pulverized NaF to absorb the released HF. The reaction mixture was
cooled to −10 ◦C, stirred with the aid of a vibromixer, and irradiated with
a 450-W, medium pressure mercury lamp. The reactions were monitored by
GC/MS and were brought to completion; the mixture was poured into water,
washed with bicarbonate till neutral, and the organic layer separated and dried
over MgSO4. The product, heptafluoropropyl trifluorovinyl ether (70% yield),
was then distilled at 78–80 ◦C under atmospheric pressure.

Characterization Data for Heptafluoropropyl Trifluorovinyl Ether No pro-
tons were detectable in the 1H NMR. 19F NMR: � −71.5 (bs, 2F, CF2Cl),
−77.5 (narrow m, 1F, CFCl), −82 (t, J = 7 Hz, 3F), −85.5 (m, 2F,
CF2O), −130.7 (narrow m, 2F, CF3 CF2 CF2O) ppm; MS m/z: 300.9476
[(M − Cl)+ ], (calcd 300.9477); 168.9773 (CF3CF2CF2)+ (calcd 168.9888);
150.9251, (CFClCF2Cl)+ (calcd 150.9329).

Chemicals F2, CFCl3, CHCl3, and the corresponding organic substrate.
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Attention! Safety glasses and protective gloves must be used at all times. All
reactions should be carried out in a well-ventilated hood.

Caution! Fluorine is a strong oxidizer and a very corrosive material. An appro-
priate vacuum line made from copper or Monel in a well-ventilated area should
be constructed for working with this element. If elementary precautions are
taken, then despite the mythical fears associated with this element, working
with diluted F2 is relatively simple and safe.

Waste Disposal During the reaction, unconsumed fluorine and some HF are
trapped with soda lime producing harmless CaF2. At the end of the reaction,
the remaining HF is treated with bicarbonate.
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CHAPTER 26

The Surprising Chemistry
of Bromine Trifluoride

SHLOMO ROZEN

26.1 INTRODUCTION

Bromine trifluoride (BrF3) was, and still is, a somewhat problematic reagent mainly
because of certain mythical fears and prejudice associated with it. Under the right
conditions, however, it can perform very useful and unique reactions. These should
be carried out with solvents such as CHCl3, CFCl3, CCl4, CH2Cl2, or perfluoroethers.
BrF3 is commercially available, but can also be readily prepared in the laboratory
by passing fluorine through bromine at about + 5 ◦C. It can be stored indefinitely in
Teflon R© vessels.

BrF3 is essentially a nucleophilic fluorinating agent. It possesses nonsolvated, and
hence very reactive, fluorides along with a strong electrophilic bromine. Occasionally,
this presents certain problems for reactions with compounds having activated aromatic
rings because it can brominate them. The electrophilic bromine is also a soft acid,
a pivotal feature that governs most of its ionic reactions. It complexes itself around
soft bases such as sulfur and nitrogen, which brings the nucleophilic fluorides close
to their target as shown in Scheme 26.1.

Experimental Procedure BrF3 is a commercial reagent, but it could also be
readily prepared by anybody having a fluorine line. A typical procedure uses
0.2 mol bromine set in a copper reactor and cooled to 0– + 10 ◦C. Pure fluorine
(0.6 mol) was then slowly bubbled through bromine. Very little fluorine escapes
(and trapped by a soda-lime trap) indicating that the reaction is practically
quantitative. Under these conditions, BrF5 is not formed in any appreciable
amount. BrF3 thus obtained is used without further purification and can be
stored in Teflon vessels indefinitely.

Efficient Preparations of Fluorine Compounds, First Edition. Edited by Herbert W. Roesky.
c© 2013 John Wiley & Sons, Inc. Published 2013 by John Wiley & Sons, Inc.
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SCHEME 26.1 Reactions of BrF3 with sulfur- and nitrogen-containing compounds.

Characterization Data for BrF3 Mp 8.8 ◦C; bp 126 ◦C; dliq 2.49; pale yellow
when pure; commercially supplied in cylinders as a volatile liquid; orange red
colored crystals at low temperatures; decomposes at high temperature to Br2

and BrF5. All reactions with BrF3 are conducted in standard glass vessels.

Chemicals F2, Br2.

Attention! Safety glasses and well-ventilated area must be used at all times.

Caution! Fluorine is a strong oxidizer and a very corrosive material. An appro-
priate vacuum line made from copper or Monel in a well-ventilated area should
be constructed for working with this element. If elementary precautions are
taken, working with diluted F2 is relatively simple and safe.

In Regard to BrF3 It is a strong oxidizer and tends to react exothermically with
water and oxygenated organic solvents, such as acetone or tetrahydrofuran
(THF), as well as with paper, petroleum ether, and alike. Any work using
BrF3 should be conducted in a well-ventilated area, and caution and common
sense should be exercised. Suitable solvents are CFCl3, CHCl3, CH2Cl2, or if
solubility permits also perfluorinated ethers. Please note that BrF3 will react
with these solvents as well, but in a slow pace. Because its reactions with
substrates are fast, this does not pose a major problem.

Waste Disposal Any excess of BrF3 should be treated with care. Usually, the
best way to destroy it is to add it carefully to thiosulfate solution until full
decolorization.

26.2 FROM CARBONYLS, VIA IMINES, TO THE CF2 MOIETY

Transformation of carbonyl to the CF2 moiety could be achieved by IF (see Chapter
23), but it requires a large excess of IF that is not a commercial reagent and has to
be prepared just before its use. What is more, azines, oxime methyl ethers, and some
other imine derivatives are not reactive. BrF3 compensates for these limitations [1].

Thus, adamantanyl azine easily prepared from the parent adamantanone and hy-
drazine reacted immediately with BrF3 forming 2,2-difluoroadamantane in 95%
yield. When the same reaction was performed on adamantane oxime methyl ether or
adamantane dinitrophenylhydrazone (DNP), same product was obtained although in
somewhat lower yield.

Similar results were obtained with other cyclic as well as aliphatic straight chain
ketones such as 4-t-butylcyclohexanone, 2-decanone, and ketones with deactivated
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aromatic rings such as m-nitroacetophenone, producing 4,4-difluoro-t-butylcy-
clohexane, 2,2-difluorodecane, and 1,1-difluoro-m-nitroethylbenzene, respectively
(Scheme 26.2).

This reaction could, in special cases, lead to very surprising results [2]. Thus,
for example, when the oxime methyl ether of 1,1,1-trichloroethyl pyruvate was re-
acted with 1.5 mol/equiv of BrF3, the C to N migration of the carboxylic acid took
place (mechanism described in the original paper) forming N-(1,1-difluoroethyl)-N-
methoxy-2,2,2-trichloroethyl carbamate (Scheme 26.3).
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SCHEME 26.3 An unprecedented C to N ester group migration.

Experimental Procedure Cold (0 ◦C) solution of CFCl3 (25 mL) containing
6 mmol (0.3 mL) of BrF3 was slowly (10 min) added to a CFCl3 solution of
adamantanyl azine (1 equiv, 6 mmol), easily prepared from the parent adaman-
tanone and hydrazine. An immediate reaction took place forming the known
2,2-difluoroadamantane in 95% yield [3].

26.3 FORMATION OF ACYL FLUORIDES

BrF3 has found a use in converting carboxylic acids and derivatives into acyl fluorides
[4]. Many free carboxylic acids do react directly with BrF3 to form the corresponding
acyl fluorides. Thus, for example, cyclohexane carboxylic acid forms cyclohexanoyl
fluoride in 65% yield. Better results were obtained with acyl chloride serving as a
substrate as shown by the acyl chloride of dehydrocholic acid, which when treated
with BrF3 formed immediately the corresponding acyl fluoride in good yield. It
was found that t-butyl esters are also suitable and can serve as starting materials for
making acyl fluorides, although the yields are somewhat lower. This is exemplified
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with the t-butyl ester of 2-norbornyl acetic acid. When treated with BrF3, it was
converted to the respective acyl fluoride. t-Butyl esters are unique in this behavior
as other aliphatic esters are not affected. Methyl t-butyl glutarate, for example,
was converted to methyl glutaroyl fluoride in 55% yield, again in a fast reaction
(Scheme 26.4).

Another interesting and related reaction takes place with primary alcohols. The
reagent was able to oxidize the alcohol and convert it to the corresponding acyl
fluoride, although this time the symmetrical ester is also formed as a by-product
resulting from a secondary reaction of the acyl fluoride and unreacted alcohol
(Scheme 26.4) [5].

Experimental Procedure The reactants that may be carboxylic acids, acyl chlo-
rides, or t-butyl esters (1–10 mmol) were dissolved in 10–20 mL of CFCl3 and
cooled to 0 ◦C. About 1.1 mol/equiv of BrF3 dissolved in the same solvent and
cooled to the same temperature was added drop by drop. After the addition
was completed, the reaction mixture was washed with Na2S2O3 solution till
colorless. The aqueous layer was extracted with CH2Cl2 and the organic layer
was dried over MgSO4.

For Alcohol Oxidation BrF3 (1.6 mol/equiv, usually around 15 mmol) was
dissolved in CHCl3 (30 mL) and cooled to −5 ◦C. This solution was added drop
by drop (10–15 min) to a cold (10 ◦C) solution of 10 mmol alcohol in 50 mL of
either CHCl3 or CFCl3. After the addition was completed, the reaction mixture
was added to water, the organic layer was separated as quickly as possible,
dried over MgSO4, and the organic solvent was evaporated. The acyl fluoride
was then distilled under reduced pressure leaving the symmetrical esters as a
distillation residue.

Characterization Data for Methyl Glutaroyl Fluoride It was obtained in 60%
yield. IR: 1845 cm−1. 1H NMR: � 2.59 (1H, t, 1J = 7 Hz) ppm. 19F NMR: �
+ 45 (bs) ppm. MS m/z (CI): 149 (M + 1)+ .
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Characterization Data for Cyclohexylacetyl Fluoride from the Oxidation
Reaction It was obtained in 55% yield. IR: 1834 cm−1. 1H NMR: � 2.51
ppm (1H, tt, 1J = 10.5 Hz, 2J = 4 Hz) ppm. 19F NMR: � + 36.2 (bs) ppm.

26.4 REACTIONS OF BrF3 WITH THIOCARBONYLS

As stated above, BrF3 has a strong affinity to the soft basic sulfur atom. This helped in
devising the synthesis of �,�-difluoroethers starting from various esters. The carbonyl
moiety of an ester could be readily converted to thiocarbonyl using the Lawesson
reagent. A consecutive reaction with BrF3 at 0 ◦C provided after few seconds the
corresponding �,�-difluoroethers [6]. When instead of thioester dithioesters were
used, the whole carboxylic moiety could be replaced with the trifluoromethyl group.
It should be mentioned that the reaction proceeds well with aromatic and tertiary
acids, less effectively with secondary ones, and not at all with primary acids as they
produce mainly tars because of their equilibrium with the enthiol form [7]. Such
ideas found a very interesting use in the synthesis of the rare and most interesting
trifluoromethyl ethers. Starting with a variety of alcohols, the corresponding xan-
thates could be readily made. Those xanthates (aliphatic and aromatic) in their turn
were reacted with BrF3 to produce very good yields of the trifluoromethyl ethers
(Scheme 26.5) [8].

Experimental Procedure The xanthates (2–4 mmol) were dissolved in 30–
60 mL dry CFCl3 and cooled to 0 ◦C. A 3 mol/equiv of BrF3 was dissolved
in 30 mL of the same solvent, cooled to 0 ◦C, and added drop by drop to
the xanthate solution over a period of 5–10 min. The reaction mixture was
then washed with aqueous Na2SO3 until colorless, neutralized with aqueous
NaHCO3, extracted with CH2Cl2, dried over MgSO4, and evaporated. The
products were purified by fractional distillation.

Characterization Data for Octyl Trifluoromethyl Ether Octanoyl methyl xan-
thate (15 mmol) in 250 mL of CFCl3 was reacted with 45 mmol (2.5 mL) of
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SCHEME 26.5 Reacting BrF3 with various thioesters.
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BrF3 in 100 mL of CFCl3 according to the general procedure described earlier.
The product was isolated as a colorless oil, bp (171 mm) 95–97 ◦C in 82%
yield. 1H NMR: � 3.94 (2H, t, J = 6.5 Hz), 1.68 (2H, quin, J = 6.6 Hz),
1.5–1.2 (10H, m), 0.89 (3H, t, J = 6.5 Hz) ppm. 19F NMR: � −61.13 (s) ppm.
13C-NMR: � 122 (q, J = 251 Hz), 67, 32, 29, 28, 25, 23, 14 ppm. MS (m/z):
198 M+ , 99 (CH2OCF3)+ , 69 (CF3)+ .

Similar to the preparation of xanthates, alcohols in general can react with thiophos-
gene to form alkyl or aryl chlorothioformates. When these compounds were reacted
with BrF3, chlorodifluoromethyl ethers were formed in 60–85% yields. The reactions
proceed under mild conditions and short reaction times. Incorporation of this moiety
into organic molecules can often modify the biological and physiological activities
and properties. In addition, the interest in preparing the OCF2Cl moiety is also based
on its ability to serve as a starting point for further chemical transformations [9]. With
higher ratio of the aromatic and aliphatic alcohols to bromine trifluoride, thiocarbon-
ate derivatives were obtained in good yields. The thiocarbonates could be reacted with
BrF3 forming linear symmetric and asymmetric difluoromethylenedioxy compounds
in good yields under mild conditions [10]. The reaction with thiocarbonate was also
extended to catechol derivatives and 1,2-dihydroxy heterocyclic compounds. The re-
sulting difluoroaryldioxoles, many of them highly interesting for the pharmaceutical
industry, were obtained in very good yields (Scheme 26.6) [11].

Experimental Procedure 2,3-Dihydroxypyridine (6.3 mmol) was dissolved in
40 mL dichloromethane and 12.6 mmol of 4-dimethylaminopyridine (DMAP).
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SCHEME 26.6 Reacting BrF3 with various thiocarbonyls.



160 THE SURPRISING CHEMISTRY OF BROMINE TRIFLUORIDE

The suspension was cooled to 0 ◦C and 0.6 mL (7.8 mmol) thiophosgene was
added drop by drop and then stirred for 2 h. The 1,3-dioxolo-4,5-pyridine-2-
thione was isolated by filtration and purified by flash chromatography (90%
yield). This thione was dissolved in 25 mL of CHCl3 in a glass flask and
cooled to 0 ◦C. BrF3 (1 mol/equiv) was dissolved in 10 mL CFCl3, cooled to
0 ◦C, and added drop by drop (about 1 min) at the same temperature using
a glass dropping funnel. The reaction mixture was then washed with aqueous
Na2SO3 till colorless, the aqueous layer was extracted three times with CH2Cl2,
and the combined organic layers were dried over MgSO4. Evaporation of the
solvent followed by flash chromatography yielded the desired 2,2-difluoro-1,3-
dioxolo-4,5-pyridine in 95% yield.

Characterization Data for 1,3-Dioxolo-4,5-pyridine-2-thione White crystals,
mp 82.3–83.8 ◦C. 1H NMR: � 8.23 (1H, dd, 1J = 6 Hz, 2J = 1.5 Hz), 7.63
(1H, dd, 1J = 8 Hz, 2J = 1.5 Hz), 7.33 (1H, dd, 1J = 8 Hz, 2J = 6 Hz) ppm.
13C NMR: � 181.2, 155.6, 144.4, 138.9, 122.1, 118.5 ppm. MS (supersonic
molecular beam) molecular ion at m/z 153 M+ .

Data for 2,2-Difluoro-1,3-dioxolo-4,5-pyridine Colorless oil. 1H NMR: � 7.89
(1H, dd, 1J = 5 Hz, 2J = 1.5 Hz), 7.33 (1H, dd, 1J = 8 Hz, 2J = 1.5 Hz), 7.06
(1H, dd, 1J = 8 Hz, 2J = 5 Hz) ppm. 13C NMR: � 153.1, 141.2, 136.7, 129.5 (t,
J = 269 Hz), 119.7, 116.7 ppm. 19F NMR: � −50.5 (2F, s) ppm. This compound
is very volatile and unstable but the supersonic GC/MS method revealed a strong
molecular ion at m/z 159 (M)+ .

Application One of the important applications of the reaction leading to chlorod-
ifluoromethyl ethers is opening perspectives for further chemical transforma-
tion based on the chlorine atom. One of these perspectives is the reduction of
the chlorine atom to hydrogen (Scheme 26.7) [12].

Reduction Procedure Preparation of 3-chlorodifluoromethoxyaniline. To the
solution of m-nitrophenyl difluorochloromethyl ether (0.025 mol), sodium sul-
fide Na2S·9H2O dissolved in 20 mL of water and 2 g NaHCO3 were added.
When the carbonate has dissolved completely, 20 mL of methanol was added.
Filtration of the precipitated sodium carbonate left a methanol solution of
sodium hydrosulfide (NaSH). This solution was added to a solution of 2.6 g
(0.012 mol) of 1-chlorodifluoromethoxy-3-nitrobenzene in 20 mL of methanol
and refluxed for 1 h. Purification by flash chromatography led to the desired
3-amino difluorochloromethyl ether, yellow oil, 2 g, 90% yield.
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SCHEME 26.8 Synthesis of N-(trifluoromethyl)amides.

3-Chlorodifluoromethoxyaniline was then dissolved in 20 mL of anhydrous
toluene, and 350 mg of 1,1′-azobis(cyclohexanecarbonitrile) (1.5 mmol) and
2.2 mL of tributyltin hydride (8.1 mmol) were added. The solution was refluxed
for 8 h. After evaporation of the solvent, the product, 3-difluoromethoxyaniline,
was purified by flash chromatography.

Characterization Data for 3-Difluoromethoxyaniline It is prepared from the
difluorochloromethyl ether, 90% yield, yellow oil. 1H NMR: � 7.06 (1H, t, J =
8 Hz), 6.46–6.35 (3H, m), 6.43 (1H, t, J = 75 Hz) ppm. 13C NMR: � 116.2 (t,
J = 258 Hz), 152.5, 148.2, 130.4, 111.9, 108.4, 105.7 ppm. 19F NMR: � −80.6
(d, J = 75 Hz) ppm. MS (m/z): [MH]+ calcd for C7H8F2NO, 160; found, 160.

Another interesting reaction involving thiocarbonyl was developed with the
ultimate goal for constructing the trifluoromethyl group attached to a nitro-
gen atom [13]. The family of isothiocyanates proved to be the best general
method for N-(trifluoromethyl)amides. The isothiocyanate derivative (1) was re-
acted with ethanethiol to form ethyl alkyldithio carbamates (2) in almost quanti-
tative yield (Scheme 26.8). Next, this compound was treated with carboxylic acid
in the presence of N,N′-dicyclohexylcarbodiimide (DCC) and DMAP forming ethyl
alkyl(alkanoyl)dithiocarbamate (3) in good yield. This derivative was then reacted
with BrF3 resulting in N-butyl-N-(trifluoromethyl)hexane amide (4) (Scheme 26.8).
In many cases, the pentafluoro derivative of type 5 was also formed, but if needed it
could be hydrolyzed back to the N-trifluorocarbamide 4 raising the overall yield to
more than 80%.

Experimental Procedure A solution of the isothiocyanate (1) (26.0 mmol) was
reacted with ethanethiol (3.3 mL, 39.0 mmol) in 40 mL of dry THF in the
presence of Et3N (0.3 mL, 26.0 mmol) and refluxed for 20 h. Evaporation of
the solvent followed by flash chromatography yielded dithiocarbamate (2) in
95% yield. This product was reacted with 11 mmol of hexanoic acid in the
presence of 3.5 g (16.9 mmol) of DCC and 134 mg (1.1 mmol) of DMAP
in 50 mL of dichloromethane. The corresponding dithiocarbamate derivative
(3) was thus formed in 70–95% yield. After evaporation of the solvent and
short flash chromatography, 3 was used without further purification for the next
fluorination step. Dithiocarbamate derivative (3) (3 mmol) was dissolved in
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25 mL of CHCl3 or CFCl3 in a glass flask and cooled to 0 ◦C. The best result was
achieved when BrF3 (3 mol/equiv, 9 mmol) was dissolved in a few milliliters
of CFCl3, cooled to 0 ◦C, and added drop by drop to the reaction mixture
using a glass dropping funnel at 0 ◦C. The reaction mixture was then washed
with aqueous Na2SO3 till colorless, extracted with CH2Cl2, and dried over
MgSO4. Evaporation of the solvent followed by flash chromatography yielded
fluorinated 4. The smaller pentafluorinated fraction 5 was readily hydrolyzed
back to 4 increasing its total yield to 85%. If there is no interest in compound
5, the hydrolysis step could be performed on the crude mixture of 4 and 5.

Characterization Data for N-Butyl-N-(trifluoromethyl)hexanamide (4) Oil.
1H NMR: � 3.54–3.49 (2H, m), 2.45 (2H, t, J = 7.0 Hz), 1.67–1.59 (2H, m),
1.51–1.48 (2H, m), 1.31–1.22 (6H, m), 0.90–0.88 (6H, m) ppm. 13C NMR: �
172.5, 122.1 (q, J = 265 Hz), 43.3, 34.9, 31.3, 31.1, 24.5, 22.4, 19.8, 13.8, 13.5
ppm. 19F NMR: � −51.8 (3F, s) ppm. IR: 1703.2 cm−1. MS (CI) m/z: 240.2
(MH)+ .

26.5 REACTIONS OF BrF3 WITH NONCYCLIC SULFUR
ACTIVATORS LEADING TO THE IMPORTANT CF2- AND
CF3-CONTAINING COMPOUNDS

Because sulfur is a good coordinating anchor for BrF3, it was used frequently
to form fluorine-containing compounds. One of the promising derivatives is
tris(methylthio)methane, which possesses an acidic hydrogen. This compound read-
ily reacts under basic condition with alkyl halides such as bromodecane to form
tris(methylthio)undecane. It was then reacted with threefold excess of BrF3 resulting
in 1-methylthio-2-bromo-1,1-difluoroundecane in 70% yield. The reaction conditions
are mild and consist of reaction temperature of 0 ◦C for a few minutes. The difluori-
nated products can be transformed to the trifluoro one by applying another 3 equiv of
BrF3. In all cases, the bromine atom could be easily removed by either replacing it
with hydrogen or by elimination reactions (see later) [14]. The reaction between BrF3

and the tris(methylthio) derivatives can be applied to a number of aliphatic chains
with similar results (Scheme 26.9).

Experimental Procedure To a cold (−78 ◦C) THF solution of 1.8 mL (13.6
mmol) tris(methylthio)methane, 8.9 mL (14.24 mmol) of BuLi was added

C9H19CH2Br HC(SMe)3
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SCHEME 26.9 From RX to RCF3.
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under nitrogen. After stirring for 2 h at this temperature, 12 mmol of neat decyl
bromide was added, the reaction mixture was left for additional 2 h at −78 ◦C,
and stirred for another hour at room temperature. The usual work-up provides
the corresponding tris(methylthio) derivative pure enough for the next step.
This compound was dissolved in 10–15 mL of dry CFCl3 and cooled to 0 ◦C.
About 3 mmol (for obtaining the difluoromethylmethylsulfide products) or
10 mmol (for obtaining the trifluoromethyl compounds) of BrF3 was dissolved
in 10–15 mL of the same solvent, cooled to 0 ◦C, and added drop by drop
to the tris(methylthio) solution, at the same temperature, over a period of
up to 3 min. The reaction mixture was then washed with aqueous Na2SO3

till colorless and worked up as usual. Same procedure was applied when the
bromo difluoromethylmethylsulfide derivative was reacted with 3 mmol of BrF3

converting it to the corresponding trifluoromethyl one. To 1 mmol of the above
bromo compound (di- or trifluorinated), 6 mmol of NaBH4 dissolved in 15 mL
of DMSO was added. The reaction mixture was stirred at 110 ◦C for 1–2 h. It
was then acidified with aqueous HCl and worked up as usual.

Characterization Data for 1,1-Difluoro-1-methylthioundecane It was ob-
tained in 70% yield (for the reduction step): oil. 1H NMR: � 2.28 (3H, s),
2.20–1.96 (2H, m) ppm. 13C NMR: � 130.8 (t, J = 274 Hz), 38.9 (t, J = 23
Hz), 31.9, 29.6, 29.5, 29.4, 29.3, 29.1, 23.2, 22.6, 14.0, 10.1 ppm. 19F NMR: �
−76.74 (t, J = 15 Hz) ppm.

Application This reaction has an important potential for the field of positron
emitting tomography (PET) because no good method exists for the preparation
of [18]F CF3 group. A difluoro sulfur compound (RCF2SMe) could be oxidized
to the sulfone derivative (RCF2SO2Me) and then reacted with the readily made
Bu4N[18]F, providing an efficient route for synthesizing RCF2[18]F.

Moieties containing sulfur helped to construct and place the CF3 group � to a
primary carboxylate group of various carboxylic acids (1; Scheme 26.10) [15]. One
of the best methods to place a sulfur atom near the �-position of an ester group is to
react its corresponding enolate with carbon disulfide (CS2) followed by methyl iodide
(MeI) forming the disulfur compound 2 [16]. To substitute both sulfur atoms of the
resulting 2-carbomethoxy-1,1-bis(methylsulfide)-1-alkene, 5 mol/equiv of BrF3 had
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SCHEME 26.10 Constructing the CF3 group � to a primary carboxylic acid.
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to be used to form 2-bromo-2-trifluoromethyl carboxylate (3). The bromine atom
could then be removed by Raney nickel and the desired �-trifluoromethyl ester
(4) was obtained. However, the reaction was considerably improved, and the yields
more than doubled, when a somewhat different route was used. When only 2.5 mol/
equiv of BrF3 was reacted for less than a minute with the disulfide 2, a mixture of
more than 85% of methyl 2-bromo-2-[difluoro(methylsulfide)methyl]alkanoate 5, the
respective sulfoxide 6, and traces of the sulfone 7 were obtained. This mixture was not
resolved but treated “as is” with an oxygen transfer agent (HOF·CH3CN gave the best
results) at room temperature, transferring the sulfur-containing compound to the cor-
responding sulfone 6 in a few minutes. The latter was reacted with Bu4NF eliminating
both the bromine and the sulfone group to give the target �-trifluoromethylalkanoate
4 in overall yields of up to 70% based on the starting ester. It should be mentioned
here that this method is also very suitable for introducing the important isotope [18]F
into the CF3 group for PET purposes. Scheme 26.10 describes the above two routes
using butyl neopentanoate 1 as an example.

Experimental Procedure The general procedure for the preparation of 2-
carbomethoxy-1,1-bis(methylsulfide)-1-alkene derivative (compound 2 in
Scheme 26.10) had been described in Reference 16. This compound (1 mmol)
was dissolved in 10–15 mL of dry CFCl3. About 2.5 mmol of BrF3 was dis-
solved in 10 mL of the same solvent, cooled to 0 ◦C, and added drop by drop
for 1–2 min to compound 2. The reaction was quenched with saturated aque-
ous Na2SO3 and washed until colorless. The aqueous layer was extracted with
CH2Cl2 and the organic layer was dried over MgSO4. The oily crude product
that contained mainly the difluoromethylsulfide (5) and the difluoromethylsul-
foxide (6) derivatives was dissolved in 15 mL of CHCl3 and oxidized with
threefold excess of HOF·CH3CN [17] at 0 ◦C for 20 min. The reaction was ter-
minated with NaHCO3 solution, extracted with CH2Cl2, and dried over MgSO4.
After removing the solvent, the reaction mixture contained mainly the diflu-
oromethylsulfonyl derivative (7) which, if desired, could be isolated by flash
chromatography. The crude derivative 7 (300 mg) was dissolved in 15 mL of
THF and 1.05 mol/equiv of Bu4NF (1-M solution in THF) was added at room
temperature and stirred for 30 min. Evaporation of the solvent followed by
flash chromatography gave the desired butyl 2-trifluoromethyl-2-t-butylacetate
(4) in 70% overall yield.

Characterization Data for Butyl 2-trifluoromethyl-2-t-butylacetate (4) IR
1739 cm−1. 1H NMR: � 4.17 (2H, t, J = 7 Hz), 3.02 (1H, q, J = 9 Hz), 1.69–
1.62 (2H, m), 1.46–1.39 (2H, m), 1.14 (9H, s), 0.92 (3H, t, J = 7 Hz) ppm.
19F NMR: � −67 (d, J = 9 Hz) ppm. 13C NMR: 167.2, 125.1 (q, J = 282 Hz),
65.1, 59.3 (q, J = 25 Hz), 32.8, 30.4, 28.5, 19.0, 13.5 ppm. HRMS (CI) (m/z):
(MH)+ calcd for C11H19F3O2, 241.1415; found, 241.1406.

For placing the trifluoromethyl group at the �-position of a secondary carboxylic
acid, a somewhat different route had to be taken [18]. Ethyl cycloheptyl carboxylate
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SCHEME 26.11 Constructing the CF3 group � to a secondary carboxylic acid.

(1) could serve as an illustrative example. When this ester was reacted with lithium
diisopropylamide (LDA), CS2, and MeI, methyl 2-carboethoxydithiocycloheptanoate
(2) (Scheme 26.11) was obtained in very good yield. Unlike primary carboxylic acids,
the products here do not have an olefinic bond. Despite that, using a large excess (5
mol/equiv) of BrF3 resulted, after a few seconds, directly into the desired ethyl 2-
trifluoromethylcycloheptanoate (3), although in 35% yield only. It was accompanied
by 1-(difluoromethylene ethyl ether)-1-trifluoromethylcycloheptane (4) (45% yield).
This could be treated with an aqueous alcoholic mixture of HCl/HF for a few hours
regenerating the ester moiety in higher than 80% yield, raising the overall yield of
compound 3 to 70% (Scheme 26.11).

Experimental Procedure Ester 1 (10 mmol) was dissolved in 100 mL of dry
THF and cooled to −78 ◦C. LDA (12.5 mmol) (1.5-M solution in cyclohexane)
was added, the cooling bath was removed, and the mixture was stirred for 2 h.
The reaction mixture was cooled again to −78 ◦C and CS2 (about 40 mmol) was
added. The brown solution was stirred for another hour, cooled again to −78 ◦C,
and MeI (about 40 mmol) was added. After another 2 h, the reaction mixture
was warmed to room temperature, poured into water, extracted with ether,
dried over MgSO4, and the solvent was removed. Compound 2 was isolated
by flash chromatography as a brown-orange oil. Compound 2 (1 mmol) was
dissolved in 10–15 mL of dry CFCl3 and cooled to 0 ◦C. About 5 mmol of BrF3

was dissolved in 10 mL of the same solvent, cooled to 0 ◦C, and added drop
by drop, during 1–2 min, to the above solution. On completion, the reaction
was quenched with saturated aqueous Na2SO3 and washed until colorless. The
aqueous layer was extracted with CH2Cl2 and the organic layer was dried
over MgSO4. Evaporation of the solvent followed by purification by flash
chromatography gave the desired product 3 in 35% yield, and product 4 in 45%
yield. The pentafluoro derivative (4) was then transformed back to compound
3 by heating it to 100 ◦C for 6 h in 10 mL of the ethyl alcohol and 5 mL water
containing 0.5 mL of HCl (32%) and 0.5 mL HF (40%). The regeneration of
the ester was monitored by GC. The aqueous layer was extracted with ether, the
organic solvent dried over MgSO4, evaporated, and the residue was purified by
flash chromatography. The desired product 3 was thus obtained in 70% yield.

Characterization Data for Ethyl 2-trifluoromethylcycloheptanoate (3) It was
obtained in 70% overall yield: oil. IR 1731 cm−1. 1H NMR: � 4.22 (2H, q,
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SCHEME 26.12 Constructing �,�-difluoroacrylates.

J = 7 Hz), 1.24 (3H, t, J = 7 Hz) ppm. 19F NMR: � −73.3 (s) ppm. 13C NMR:
� 170.2, 127.7 (q, J = 283 Hz), 61.6, 55.8 (q, J = 23 Hz), 30.4, 30.0, 23.3,
13.8 ppm. HRMS (CI) (m/z): (MH)+ calcd for C11H18F3O2 239.1258; found,
239.1262.

The reaction leading to the construction of �-trifluoromethyl carboxylic acid
(Scheme 26.10) could also lead to various �-alkyl-�,�-difluoroacrylates. This was
achieved by treating compounds of type 7 with Raney nickel instead of Bu4NF
(Scheme 26.12) [19]. Methyl heptanoate can serve as an example. After the cor-
responding bromodifluoro sulfone was obtained and treated with Raney nickel, the
desired methyl 2-pentyl-�,�-difluoroacrylate was formed in 55% overall yield.

Experimental Procedure Following the preparation of the �-bromo-�-
difluoromethyl sulfone methyl heptanoate (as described in the section relevant
to Scheme 26.10), it was dissolved in 15 mL of THF and 3 g of Raney nickel
was added. The reaction mixture was stirred for 30 min at room temperature and
filtered through silica. The methyl 2-pentyl-�,�-difluoroacrylate was isolated
by flash chromatography in 60% yield.

Characterization Data for 2-Pentyl-�,�-difluoroacrylate Oil. IR 1718 cm−1.
1H NMR: � 3.78 (3H, s), 2.31–2.05 (2H, m), 0.90 (3H, t, J = 7 Hz) ppm. 19F
NMR: � −70.1 (1F, dm, J = 3 Hz), −75.0 (1F, dm, J = 3 Hz) ppm. 13C NMR:
� 167.3 (dd, 1J = 13 Hz, 2J = 6 Hz), 161.7 (dd, 1J = 310 Hz, 2J = 295 Hz),
90.6 (dd, 1J = 23 Hz, 2J = 5 Hz), 53.9, 33.1, 30.1, 26.3, 24.2, 15.8 ppm. MS
(CI) (m/z): 193 (MH)+ .

BrF3 is also a very useful reagent for transforming either aldehydes or ketones
into terminal difluoroolefins resembling the Wittig reaction, which leads to terminal
olefins. Thus, a lithium salt of the commercial bis(methylthio)methane was reacted
with trimethylsilyl chloride and then with 5-nonanone (1) (Scheme 26.13) to pro-
duce 2-butyl-1,1-bis(methylthio)hexene (2). Reacting this derivative with 2 mol/
equiv of BrF3 gave an oily mixture that contained 2-bromo-2-butyl-1,1-difluoro-1-
methylthiohexane (3, x = 0) as the main product along with some of the corresponding
sulfoxide and sulfone derivatives (3, x = 1 and 2 correspondingly). Because sulfone is
a better leaving group than sulfide or sulfoxide, the crude mixture 3 (x = 0, 1, 2) was
treated with the HOF·CH3CN complex, producing the sulfone derivative 1-bromo-1-
butyl-1-[difluoro-1-(methylsulfonyl)methyl]pentane (3, x = 2) in a few minutes. This
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SCHEME 26.13 The construction of terminal difluoroolefins.

derivative was then brought in contact with activated Zn eliminating both the sulfone
group and the bromine atom forming 1,1-difluoro-2-butylhex-1-ene (4) in 65% yield.

Experimental Procedure The preparation of 2-butyl-1,1-bis(methylthio)hex-1-
ene starts with 8 g of bis(methylthio)methane (74 mmol) dissolved in 100 mL
of dry THF and cooled to −78 ◦C under inert atmosphere. BuLi (53 mL,
1.6 M in hexane) was added and the mixture was allowed to warm slowly
(4 h) to 0 ◦C. The reaction mixture was cooled again to −78 ◦C and 17 g
(160 mmol) of trimethylsilyl chloride was added. The reaction mixture was
allowed to warm to room temperature and stirred for another 15 h at that
temperature. Water was added, the organic layer was separated, and the aque-
ous layer was extracted with pentane. The combined organic layers were
washed with water, dried over K2CO3, filtered, and evaporated. The prod-
uct bis(methylthio)trimethylsilylmethane can be isolated by distillation (75 ◦C/
10 mbar) in 90% yield. Four grams of it (27 mmol) in 100 mL of dry THF was
cooled to −78 ◦C under inert atmosphere and 16.9 mL of BuLi (1.6 M in hexane)
was added and the mixture allowed reaching 0 ◦C in 4 h. The reaction mixture
was cooled again to −78 ◦C and 27 mmol of 5-nonanone (1) was added. The
reaction mixture was allowed to reach room temperature and then stirred for
another 12 h. Water was added, the organic layer was separated, and the aqueous
one was extracted with pentane. The combined organic layers were washed with
water, dried over K2CO3, filtered, and evaporated. The intermediate 2 was iso-
lated by flash chromatography in about 90% yield. Compound 2 was dissolved
in 15 mL dry CFCl3 and cooled to 0 ◦C. About 10 mmol of BrF3 was dissolved
in 15 mL of the same solvent, cooled to 0 ◦C, and added drop by drop during 1–
2 min. The reaction was quenched with saturated aqueous Na2SO3 and washed
until colorless. The aqueous layer was extracted with CH2Cl2 and the organic
layer was dried over MgSO4. Evaporation of the solvent left the oily crude 2-
bromo-1,1-difluoro-1-methylthiononane (3, x = 0 + 1 + 2). It was dissolved
in 40 mL of CH2Cl2, oxidized with threefold excess of HOF·CH3CN at 0 ◦C for
10 min, and quenched with NaHCO3. The product was extracted with CH2Cl2,
dried over MgSO4, and evaporated giving an oily mixture containing the
2-bromo-1-[difluoro-1-(methylsulfonyl)methyl]nonane derivative (3, x = 2),
which could be isolated if needed by flash chromatography. This product (1 g)
was dissolved in 8 mL of ethanol and 1.2 g of activated zinc powder was added.
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The mixture was refluxed for 15–30 min. After filtration of the zinc, the solvent
was evaporated and the desired 1,1-difluoro-2,2-dibutylethane (4) was isolated
by flash chromatography in 65% yield.

Characterization Data for 1,1-Difluoro-2,2-dibutylethane (4) Oil. 1H NMR:
� 1.97–1.90 (4H, m), 0.93 (6H, t, J = 7 Hz) ppm. 19F NMR: � −97.2 (s) ppm.
13C NMR: � 153.2 (t, J = 282 Hz), 88.8 (t, J = 18 Hz), 29.6, 25.5, 22.5,
13.8 ppm. MS (supersonic GC/MS) (m/z): 176 (M)+ .

26.6 REACTIONS OF BrF3 WITH DITHIANES

Dithianes proved to be very effective complexation moiety for BrF3 bringing its
nucleophilic fluorine close to their target (the carbon attached to the two sulfur atoms).
The products are the corresponding 1,1-difluoromethyl alkanes (RCHF2) generally
obtained in 60–75% yield [20]. There are several ways of constructing dithianes
and one of them is the reaction of an alkyl bromide with the lithium derivative of
dithiane itself. The reaction proceeds well with primary alkyl halides. The limiting
step for secondary alkyl halides is the relatively low yield of the dithiane preparation,
although circumventing routes do exist and are described below (Scheme 26.14).

Experimental Procedure The procedure for reaction of the 2-alkyl-1,3-dithiane
[21] with BrF3 is as following: a 2-decane-1,3-dithiane (1 mmol) was dissolved
in 10–15 mL of dry CFCl3. About 3 mmol of BrF3 was dissolved in the same
solvent, cooled to 0 ◦C, and added drop by drop to the dithiane solution.
The reaction mixture was then washed with saturated aqueous Na2S2O3 till
colorless. The aqueous layer was extracted with CH2Cl2 and the organic layer
was dried over MgSO4. Evaporation of the solvent followed by purification by
flash chromatography gave the target 1,1-difluoroundecane.

Characterization Data for 1,1-Difluoroundecane It was obtained in 75%
yield. 1H NMR: � 5.79 (1H, tt, J = 57 Hz, J = 5 Hz), 1.77–1.84 (2H, m), 1.28
(16H, br s), 0.9 (3H, t, J = 7 Hz) ppm. 13C NMR: � 117.4 (t, J = 236 Hz), 34.0
(t, J = 20 Hz), 31.8, 29.5, 29.3, 29.0, 22.6, 22.0, 14.0 ppm. 19F NMR: � −116
(dt, J = 57 Hz, J = 17 Hz) ppm.

RBr   + S S
Li H

S S
R H

BrF3
RCHF2

BrF3
RR'CHMgBr

S S
Cl H

S S
RR'CH H

RR'CHCHF2

SCHEME 26.14 From RX to RCF2H via dithianes.
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SCHEME 26.15 From RX to RCF2COOH via dithianes.

This method could also be used for forming �,�-difluoroesters both primary and
secondary from the respective alkyl halides [22]. Thus, decylbromide was first reacted
with the lithium salt of the dithiane itself and then with ethyl chloroformate to produce
2-decyl-2-ethoxycarbonyl-1,3-dithiane. This compound was reacted for 1–2 min at
0 ◦C with threefold excess of BrF3 and the expected ethyl 2,2-difluorododecanoate
was formed in 75% yield. This method could be used for the formation of relatively
hindered difluoroesters as well. 2-Bromodecane, for example, was transformed to
its dithiane derivative and then reacted with BrF3 to produce ethyl 2,2-difluoro-3-
methylundecanoate in 70% yield. If needed the difluoroesters could be hydrolyzed to
the corresponding acids by refluxing with 5% KOH in EtOH/H2O for 1 h in nearly
quantitative yield (Scheme 26.15).

Experimental Procedure General procedure for preparing the 2-alkyl-1,3-
dithiane derivatives has been long developed [23]. 2-(2-Methyl)nonyl-2-
ethoxycarbonyl-1,3-dithiane (1 mmol) was dissolved in 10–15 mL of dry
CFCl3. About 3 mmol of BrF3 was dissolved in the same solvent, cooled
to 0 ◦C, and added drop by drop to the dithiane solution. The reaction mixture
was then washed with saturated aqueous Na2S2O3 till colorless. The aqueous
layer was extracted with CH2Cl2 and the organic layer was dried over MgSO4.
Evaporation of the solvent followed by purification by flash chromatography
gave the target ethyl 2,2-difluorododecanoate.

Characterization Data for Ethyl 2,2-difluoro-3-methylundecanoate It was
obtained in 70% yield. oil; IR: 1759 cm−1. 1H NMR: � 4.32 (2H, q, J = 7 Hz),
1.35 (3H, t, J = 7 Hz), 1.02 (3H, t, J = 7 Hz), 0.88 (3H, t, J = 7 Hz) ppm.
13C NMR: � 164.4 (t, J = 33 Hz), 117.8 (t, J = 250 Hz), 62.5, 37.7 (t, J =
22 Hz), 31.7, 29.5, 29.4, 29.3, 28.7, 22.5, 13.9, 13.2, 11.8 ppm. 19F NMR: �
−113.3 (dd, J1 = 40, J2 = 15 Hz) ppm. HRMS (CI) (m/z): (MH)+ calcd for
C14H27F2O2, 265.1979; found, 265.1983.

The �-position of a carboxylic acid is not the only position that could be difluori-
nated. As a matter of fact, any carboxylic acid possessing a keto group along its chain
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SCHEME 26.16 Formation of �,�-difluoroacids.

can serve as a substrate. Among these keto acids, the easier to make are �-ketoesters
via the well-known Claisen type of condensation reaction [24]. The 1,3-dithiane of
ethyl 3-oxohexadecanoate was prepared similarly to all other dithianes. It was then
reacted for 1–2 min at 0 ◦C with a threefold excess of BrF3 and the expected ethyl 3,3-
difluorohexadecanoate was formed in 75% yield. In the same way, the 1,3-dithiane of
diethyl 3-oxoglutarate was converted to diethyl �,�-difluoroglutarate in 60% yield.
Hydrolysis with concentrated HCl for 4 h gave the known 3,3-difluoro glutaric acid
in higher than 95% yield (Scheme 26.16).

Experimental Procedure The dithiane (5 mmol) was dissolved in 10–20 mL
of CFCl3 and cooled to 0 ◦C. About 3 mol/equiv of BrF3 was dissolved in the
same solvent, cooled to 0 ◦C, and added drop by drop to the reaction mixture
during 1–2 min. After the addition was completed, the reaction mixture was
washed with Na2S2O3 solution till colorless. The aqueous layer was extracted
with CH2Cl2 and the organic layer was dried over MgSO4. Evaporation of the
solvent followed by flash chromatography (using 5% ethyl acetate in petroleum
ether as eluent) gave the desired ethyl 3,3-difluoro glutarate.

Characterization Data for Diethyl �,�-difluoroglutarate It was obtained in
60% yield. IR: 1745 cm−1. 1H NMR: � 4.19 (4H, q, J = 7 Hz), 3.25 (4H,
t, J = 15 Hz), 1.28 (6H, t, J = 7 Hz) ppm. 13C NMR: � 167.3 (t, J = 9 Hz),
119.8 (t, J = 242 Hz), 61.4, 40.8 (t, J = 27.5 Hz), 14.2 ppm. 19F NMR: � −89.5
(quin, J = 14.7 Hz) ppm. HRMS (ESI–QqTOF) (m/z): (M + Na)+ calcd for
C9H14F2O4, 247.0752; found, 247.0668.

Another unique transformation, made possible by the dithiane moiety, was the
replacement of a carbonyl’s oxygen with the pharmaceutically important difluo-
romethyl group. The key step of the reaction is treating the carbonyl compounds with
2-(trimethylsilyl)-1,3-dithiane then reducing the resulting ketene dithioacetal and re-
acting the formed dithiane with BrF3 (Scheme 26.17) [25]. It should be noted that
2-(trimethylsilyl)-1,3-dithiane is readily available either commercially or through a
simple preparation using 1,3-dithiane and trimethylsilyl chloride. Its lithium salt re-
acts with aldehydes and ketones to form ketene dithioacetals, which can be reduced
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SCHEME 26.17 Replacing the carbonyl’s oxygen with the difluoromethyl group.
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with tetrafluoroboric acid and sodium borohydride to the corresponding 2-alkyl-1,3-
dithianes. Dodecanal can serve as an example.

Experimental Procedure 2-Trimethylsilyl-1,3-dithiane (4.81 g, 25 mmol) was
dissolved in dry THF (50 mL) under nitrogen. The solution was cooled to
−78 ◦C, and BuLi (12 mL, 30 mmol) was added. The reaction mixture was
allowed to warm to 0 ◦C over 5 h. It was then cooled again to −78 ◦C, and
dodecanal (30 mmol) was added. The solution was stirred overnight, allowed
to warm up to room temperature, poured into water (50 mL), and extracted
with CH2Cl2 (50 mL). The combined organic phases were dried over MgSO4,
the solvent was evaporated, and the crude residue was subjected to flash chro-
matography (using petroleum ether as eluent). There is no need for analytical
purification at this stage as the formed materials were clean enough for the
following reductive step that used tetrafluoroboric acid (3 mL, 54% in ether,
22 mmol). This acid was added at room temperature to the stirred solution of
the ketene dithioacetal (10 mmol) in dry acetonitrile (25 mL). A brown solu-
tion was obtained and after 30 min it was cooled to 0 ◦C and powdered sodium
borohydride (0.7 g, 18.5 mmol) was gradually added. The resulting suspension
of 2-dodecyl-1,3-dithiane was stirred overnight at room temperature, poured
into an aqueous ammonium chloride solution (10%, 100 mL), and extracted
with ether (100 mL). The combined organic phases were washed with water
(50 mL), dried over Na2SO4, and filtered. Evaporation of the solvent followed
by flash chromatography (using petroleum ether as eluent) gave the desired
dithiane pure enough for the final fluorination step. The resulting 2-dodecyl-
1,3-dithiane (3 mmol) was dissolved in 10–20 mL of CFCl3 and cooled to 0 ◦C.
BrF3 (2.5 mol/equiv) was dissolved in 20 mL of the same solvent, cooled to
0 ◦C, and added drop by drop to the reaction mixture during 1–2 min. After the
addition was completed, the reaction mixture was washed with Na2S2O3 solu-
tion till colorless. The aqueous layer was extracted with CH2Cl2 (50 mL) and
the organic phase was dried over MgSO4. Evaporation of the solvent followed
by flash chromatography (using petroleum ether as eluent) gave the desired
1,1-difluorotridecane.

Characterization Data for 1,1-Difluorotridecane It was obtained in 75% yield;
colorless oil. 1H NMR: � 5.79 (1H, tt, J = 57 Hz, J = 5 Hz), 1.97–1.66 (2H,
m), 1.26 (20H, br s), 0.88 (3H, t, J = 7 Hz) ppm. 13C NMR: � 117.4 (t, J =
239 Hz), 34.0 (t, J = 20 Hz), 31.8, 29.5, 29.4, 29.3, 29.1, 29.0, 28.7, 28.6,
22.6, 22.0 (t, J = 5 Hz), 14.0 ppm. 19F NMR: � −116.2 (dt, J = 57 Hz,
J = 17 Hz) ppm. MS (EI) (m/z): 220 M+ .
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CHAPTER 27

Preparation of Silicon- and
Sulfur-Based Fluorinated Methane
Derivatives as Versatile
Fluoromethylation Reagents

G.K. SURYA PRAKASH AND FANG WANG

Despite the fact that fluoromethylated compounds can be derived through C–F bond
forming reactions with fluorine gas (F2), SF4 derivatives, fluorides, and/or elec-
trophilic fluorinating reagents, the direct introduction of various fluoromethyl groups
using fluoromethyl synthons prevails under many synthetic regimes because of their
superior efficacy and functional group compatibility [1]. In principle, fluoromethy-
lations can be achieved via nucleophilic, electrophilic, radical, as well as carbene
pathways. Although seemingly feasible, the nucleophilic and the electrophilic flu-
oromethylating reactions, particularly the trifluoromethylations, were indeed quite
challenging for many years. For example, the trifluoromethyl anion has been found
to possess extreme lability due to the vicinal negative charge–lone pair repulsion,
which leads to the rapid decomposition of the anion into fluoride and singlet di-
fluorocarbene [2]. On the one hand, attempts to prepare trifluoromethyl analogs of
the organometallic reagents, such as the Grignard or lithium reagents, commonly
used in nucleophilic alkylations, have always failed. On the other hand, whereas the
trifluoromethyl cation has been frequently observed in mass spectrometric studies
[3], electrophilic trifluoromethylation was found to be unproductive using trifluo-
romethyl iodide and trifluoromethyl sulfonates [4]. This unusual inertness of the CF3

moiety toward nucleophiles can be attributed to (a) the reverse polarization of the
CF3–halogen and CF3–O bonds and (b) the steric inaccessibility of the CF3 group for
nucleophilic attack. To address these inherent synthetic challenges, extensive efforts
have been made on the development of highly efficient nucleophilic and electrophilic
fluoromethylation reagents. Over the past three decades, a series of silicon-based [5]
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and sulfur-based [6] fluorinated methane derivatives have been prepared and applied
in fluoromethylations of various organic frameworks as versatile reagents.

27.1 PREPARATION OF (TRIFLUOROMETHYL)TRIMETHYLSILANE
(TMSCF3, THE RUPPERT–PRAKASH REAGENT) AS A CF3

− ANION
EQUIVALENT AND A DIFLUOROCARBENE PRECURSOR

(Trifluoromethyl)trimethylsilane (TMSCF3) can be prepared through several syn-
thetic routes. The original procedure involves the reaction of chlorotrimethylsi-
lane (TMSCl) with a complex between trifluoromethyl bromide (CF3Br) and hex-
aethylphosphorus triamide [(Et2N)3P] in benzonitrile [7, 8]. To avoid the use of
ozone-depleting CF3Br, an alternative protocol has been developed, which uses
phenyl trifluoromethyl sulfoxide (PhSOCF3) as a trifluoromethyl source to trans-
fer the CF3 group to TMSCl in the presence of Mg(0) [9]. Other less frequently used
methods have also been shown [10].

Route 1. Preparation of TMSCF3 using TMSCl, CF3Br, and [(Et2N)3P]
(Scheme 27.1) [7,8]

Apparatus A 2-L, three-necked flask fitted with a sealed high-torque mechanical
stirrer, a cold-finger condenser (30 cm in length and 8 cm in diameter), a 500-
mL Ace dry ice gas condenser trap, a rubber septum, an oil bubbler, a 600-mL
pressure-equalizing dropping funnel, a glass stopper, a joint adapter, cooling
baths, a 50-mL separatory funnel, a distillation apparatus, a 15-cm column
packed with glass helices, safety goggles, laboratory coat, and protective gloves.

Chemicals CF3Br, TMSCl, anhydrous benzonitrile, hexaethylphosphorus tri-
amide, magnesium sulfate (MgSO4), acetone, potassium hydroxide, and cal-
cium hydride.

Attention! Safety glasses and protective gloves must be used at all times.

Caution! Because of their toxicity and/or volatility, care should be taken to avoid
inhalation of CF3Br, TMSCl, benzonitrile, hexaethylphosphorus triamide, and
acetone or contact of their solution with the skin. All reactions should be carried
out in a well-ventilated hood. Due the extreme coldness, acetone–dry ice baths
should be handled carefully.

Experimental Procedure A 2-L, three-necked flask is oven dried and equipped
with an efficient, overhead, sealed mechanical stirrer, a cold-finger condenser,
and a rubber septum. The top outlet of the condenser is attached to an oil bub-
bler. The flask is flushed with dry nitrogen and charged with TMSCl (118.8 g,

TMSCl + CF3Br
(Et2N)3P

PhCN
TMS-CF3

SCHEME 27.1 Preparation of TMSCF3 using TMSCl, CF3Br, and (Et2N)3P.
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FIGURE 27.1 Reaction setups for the preparation of TMSCF3 using CF3Br, TMSCl, and
hexaethylphosphorus triamide.

1.09 mol), which is distilled over calcium hydride just before use, in 100-mL
anhydrous benzonitrile. The septum is quickly replaced with a 500-mL dry ice
gas condenser trap under nitrogen protection. The outlet of the trap is con-
nected with a tube filled with potassium hydroxide to protect from moisture,
and the inlet is connected with a cylinder of CF3Br through Tygon tubing. The
2-L flask is immersed in a dry ice–acetone bath (−30 ◦C), and the condensers
are filled with dry ice–acetone mixture maintained at −78 ◦C (Figure 27.1,
Setup 1). CF3Br (250 mL as liquid, 485 g, 3.25 mol) is condensed into the
reservoir, and is gradually added to the reaction pot at −30 ◦C with rapid me-
chanical stirring, meanwhile the reservoir is slowly warmed to −45–50 ◦C. The
resulting white slurry is further cooled to −60 ◦C (the reaction mixture solid-
ifies if the temperature decreases below −60 ◦C). The dry ice gas condenser
trap is then disconnected under nitrogen and quickly replaced with a 600-mL
pressure-equalizing dropping funnel containing a solution of hexaethylphos-
phorus triamide (325.0 g, 1.31 mol, used as received) in 250-mL anhydrous
benzonitrile (Figure 27.1, Setup 2). This solution is added to the white slurry
mixture with stirring over a period of 2.5 h, and the reaction mixture is main-
tained at −60 ◦C. On completion of the addition, the reaction mixture is further
stirred at −60 ◦C for 1 h. The reaction mixture is allowed to warm to room
temperature (25 ◦C) over a period of 14 h, during which time a yellowish
mixture can be observed. The condenser and dropping funnel are replaced
with a glass stopper and a joint adapter with its glass tube connected to two
250-mL dry ice-acetone-cooled traps. Aspirator vacuum (∼20 mm Hg) is then
applied and the reaction mixture is gradually warmed to 50 ◦C to remove the
volatile materials over a period of 3 h. The cooling baths are removed and the
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material in the traps is brought to 0 ◦C. The colorless liquid is rapidly trans-
ferred to a 250-mL separatory funnel, and quickly washed with ice-cold water
(100 mL × 3). The organic layer is separated (on top). The product is dried
over anhydrous MgSO4 (5 g), and the liquid is decanted into a 250-mL
Erlenmeyer flask. The product is fractionally distilled through a 15-cm col-
umn packed with glass helices. Three fractions are collected. The first minor
fraction (bp 45–54 ◦C) and the second major fraction (bp 54–55 ◦C) are found
to contain the main quantity of TMSCF3. The third minor fraction (bp 55–
65 ◦C) mainly consists of hexamethyldisiloxane with just a small quantity of
TMSCF3. The first and second fractions are combined to yield 116.9 g (75%)
of clear liquid product, bp 54–55 ◦C.

Characterization Data 1H NMR (200 MHz, CDCl3, TMS reference): � 0.25 (s,
9H, Si(CH3)3) ppm. 13C NMR (50.0 MHz, CDCl3): � 131.7 (q, J = 321.9), −5.2
(CH3–Si) ppm. 19F NMR (188.0 MHz, CDCl3, CFCl3 reference): � −66.1 ppm.
29Si NMR (39.7 MHz, CDCl3): � + 4.7 (q, 2J(29Si–19F) = 37.9) ppm. MS (m/z):
123 (M+ −19).

Route 2. Preparation of TMSCF3 via Mg(0)-Mediated Reductive
Trifluoromethylation of TMSCl and PhSOCF3 (Scheme 27.2)

Apparatus A 250-mL Schlenk flask, a rubber septum, a 10-mL syringe with a
needle, a cooling trap (liquid N2), a magnetic stir bar, an ice bath, a 100-mL
separatory funnel, a fractional distillation apparatus, safety goggles, laboratory
coat, and protective gloves.

Chemicals TMSCl, PhSOCF3 (commercially available, otherwise can be pre-
pared via a known procedure [11]), Mg turnings, anhydrous dimethylformamide
(DMF), and activated 4-Å molecular sieves.

Attention! Safety glasses and protective gloves must be used at all times.

Caution! Because of their toxicity and/or volatility, care should be taken to avoid
inhalation of PhSOCF3, TMSCl, and DMF or contact of them. All reactions
should be carried out in a well-ventilated hood. Due the extreme coldness, the
liquid N2 trap should be handled carefully.

Experimental Procedure Into a 250-mL, oven-dried, Schlenk flask, Mg turn-
ings (1.14 g, 47.5 mmol) and TMSCl (11.8 g, 109 mmol) in 50-mL DMF were
added at 0 ◦C under inert atmosphere. The reaction mixture was stirred for
2 min before the slow addition of PhSOCF3 (4.62 g, 23.8 mmol) in 5-mL DMF
via a syringe. The reaction mixture was stirred at room temperature at 0 ◦C for
30 min, thereafter at room temperature for another 1.5 h until all the starting
material was converted into TMSCF3 (monitored by 19F NMR). The reaction

SCHEME 27.2 Reductive trifluoromethylation of TMSCl using PhSOCF3.
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SCHEME 27.3 Typical trifluoromethylation using TMSCF3.

flask was then connected to the liquid N2 trap before the application of vac-
uum. The low-boiling fractions were collected into the trap followed by warm-
ing to room temperature. The volatile fractions were washed with ice water
(50 mL × 3) and quickly dried over activated molecular sieves. The or-
ganic matter was fractionally distilled using a 30-cm-long column to afford
TMSCF3 (2.73 g, 81% yield). Under the similar reaction conditions, other
trifluoromethylsilanes can also be prepared.

Applications Prepared by Ruppert in 1984 [8], the synthetic application of
TMSCF3 as a trifluoromethyl anion (CF3

−) was first shown by Prakash and
coworkers in the nucleophilic trifluoromethylation of carbonyl compounds [12].
Initiated by catalytic amounts of fluorides, such as cesium fluoride (CsF) and
tetra-n-butylammonium fluoride (TBAF), TMSCF3 can readily react with ke-
tones and aldehydes to render the corresponding alcohols (from their silyl
ethers) in good yields. Since then, a broad spectrum of electrophiles was found
to react with TMSCF3, including aldehydes, ketones, esters, imines [13], nitriles
[14], nitrones [15], and alkyl halides [6,16] (Scheme 27.3). More importantly,
the use of the Ruppert–Prakash reagent further allows the efficient stereos-
elective synthesis of various chiral trifluoromethylated organic compounds
possessing unique biological and pharmaceutical properties [17]. Interestingly,
TMSCF3 has also been found to be a versatile difluorocarbene precursor [18]. In
the presence of anhydrous fluoride sources, TMSCF3 can release CF3

− anion,
which readily decomposes to fluoride and singlet difluorocarbene. In the pres-
ence of alkenes and alkynes, difluorocyclopropanes and difluorocyclopropenes,
respectively, can be obtained.
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Moreover, TMSCF3 has been used as a trifluoromethyl source for the prepa-
ration of CuCF3 and its ligated derivatives, which are capable of trifluoromethy-
lation of aromatic halides (Scheme 27.4, Eqs. 27.2, 27.8 and 27.10) [19], aryl
boronic acids (Scheme 27.4, Eq. 27.6) [20], terminal alkynes (Scheme 27.4,
Eq. 27.5) [21], and indole derivatives (Scheme 27.4, Eq. 27.9) [22]. In par-
ticular, (trifluoromethyl)triethylsilane, an analog of TMSCF3, has also shown
significant viability in transition metal-catalyzed–mediated aromatic trifluo-
romethylation reactions (Scheme 27.4, Eqs. 27.1, 27.3 and 27.4) [23].

27.2 PREPARATION OF TRIFLUOROMETHYL PHENYL SULFONE
(PhSO2CF3) AS A CF3

− ANION EQUIVALENT

Trifluoromethyl phenyl sulfone (PhSO2CF3) is usually prepared through the oxida-
tion of trifluoromethyl phenyl sulfide (PhSCF3) using various oxidizing reagents.
PhSCF3 can be prepared via several synthetic protocols. The original procedure
treated trichloromethyl phenyl sulfide (PhSCCl3) with antimony trifluoride (SbF3) to
yield the titled compound in 70% yield [24]. An improved method used triethylamine
trihydrofluoride as the fluoride source, which reacts with PhSCCl3 under microwave
irradiation [25]. Alternatively, PhSCF3 can be obtained in 60% yield by direct triflu-
oromethylthiolation of iodobenzene using methyl fluorosulfonyldifluoroacetate and
S8 [26]. A more feasible preparative method was achieved by reacting CF3

−, gener-
ated from the deprotonation of trifluoromethane (CF3H) with potassium tert-butoxide
(tBuOK) in DMF, with diphenyl disulfide (PhSSPh) [27]. PhSO2CF3 can also be di-
rectly prepared using TMSCF3 (the Ruppert–Prakash reagent) as a trifluoromethyl
source, which reacts with benzenesulfonyl fluoride (PhSO2F) [28] or methyl benzene-
sulfonate (PhSO3Me) [29] to render the trifluoromethylated product in high yields.

Route 1. Preparation of PhSO2CF3 using CF3H and PhSSPh
(Scheme 27.5) [27]

Apparatus A 1-L, three-necked, round-bottomed flask equipped with a dry ice
condenser, a magnetic stirring bar, and two rubber septa, a dry ice/ethylene
glycol/acetone bath, a long needle for bubbling CF3H, a vacuum distillation
apparatus, a 1-L separatory funnel, a distillation apparatus, a 30-cm-long distil-
lation column, a 250-mL, round-bottomed flask, a reflux condenser, a 250-mL
separatory funnel, a filter funnel, safety goggles, laboratory coat, and protective
gloves.

Chemicals CF3H, PhSSPh, tBuOK, anhydrous DMF, 30 wt% hydrogen perox-
ide, acetic acid, dichloromethane, ethyl acetate (EtOAc), acetone, MgSO4, and
sodium hydroxide (NaOH), brine.

Attention! Safety glasses and protective gloves must be used at all times.

Caution! Because of their toxicity, irritation, and/or volatility, care should be
taken to avoid inhalation of CF3H, PhSSPh, tBuOK, hydrogen peroxide, DMF,
dichloromethane, EtOAc, acetic acid, acetone, and NaOH or contact of their
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SCHEME 27.4 Transition metal-catalyzed–mediated trifluoromethylation of aromatics,
alkenes, and alkynes using TMSCF3 and TESCF3.
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SCHEME 27.5 Preparation of PhSO2CF3 using CF3H and PhSSPh.

solutions with the skin. All reactions should be carried out in a well-ventilated
hood. Due the extreme coldness, the cold bath should be handled carefully.

Experimental Procedure Step 1: Preparation of PhSCF3

Into a 1-L, three-necked, round-bottomed flask equipped with a dry ice
condenser, a magnetic stirring bar, and two rubber septa, PhSSPh (85 g,
0.39 mol) and tBuOK (60 g, 0.53 mol) were added under N2 protection. After
the addition of anhydrous DMF (600 mL), the reaction mixture was cooled to
−40 ∼ −50 ◦C using a dry ice/ethylene glycol/acetone bath. CF3H (70 g,
1.0 mol) was then slowly bubbled into the reaction mixture via a needle over
a period of 4 h. The flask was gradually warmed to room temperature over a
period of 5 h, and the reaction mixture was stirred overnight. Crude products
PhSCF3 and DMF were distilled from the reaction mixture under vacuum.
The distillate was poured into water (600 mL), and extracted with EtOAc
(200 mL × 2) in a 1-L separatory funnel. The combined organic phase was
washed with water and dried over MgSO4. Fractional distillation under vacuum
(bp: 55 ◦C/30 mmHg) using a 30-cm-long column gave PhSCF3 as a colorless
liquid (54.3 g, 81% based on PhSSPh used).

Characterization Data 1H NMR (500 MHz, CDCl3, TMS reference): � 7.40
(t, J = 7.8 Hz, 2H) ppm, 7.47 (t, J = 7.4 Hz, 1H), 7.65 (d, J = 7.8 Hz, 2H).
13C NMR (125 MHz, CDCl3): � 124.4, 127.7 (q, J = 309 Hz), 129.47, 130.81,
136.37 ppm. 19F NMR (470 MHz, CDCl3, CFCl3 reference): � −43.3. MS (EI,
70 eV): m/z = 178.

Step 2: Preparation of PhSO2CF3

A mixture of PhSCF3 (5 g, 28 mmol) and 30 wt% aqueous hydrogen peroxide
(30 mL) in acetic acid (50 mL) was heated at 90 ◦C for 21 h. After the
reaction, brine (40 mL) was added and the reaction mixture was extracted with
dichloromethane (50 mL × 2). The combined organic phase was washed with
cold NaOH aqueous solution (10 wt%) twice, followed by washing with brine
and water successively. The organic phase was dried over anhydrous MgSO4,
and the solvent was removed via rotatory evaporation to give pure PhSO2CF3 as
a colorless liquid (5.28 g, 90%), which can be used without further purification.

Characterization Data 1H NMR (500 MHz, CDCl3, TMS reference): � 7.69 (t,
J = 7.7 Hz, 2H), 7.86 (t, J = 7.6 Hz, 1H), 8.05 (d, J = 7.8 Hz, 2H) ppm. 19F
NMR (470 MHz, CDCl3, CFCl3 reference): � −78.9 ppm.

Route 2. One-Step Synthesis of PhSO2CF3 using TMSCF3 and PhSO2F
(Scheme 27.6) [28]

Apparatus A 50-mL Schlenk flask equipped with a magnetic stirring bar and a
rubber septum, a vacuum distillation apparatus, a 100-mL separatory funnel, a
filter funnel, safety goggles, laboratory coat, and protective gloves.
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SCHEME 27.6 One-step synthesis of PhSO2CF3 using TMSCF3 and PhSO2F.

Chemicals TMSCF3, PhSO2F, tris(dimethylamino)sulfonium difluorotrimethyl
siliconate (TASF), petroleum ether (PE), and MgSO4.

Attention! Safety glasses and protective gloves must be used at all times.

Caution! Because of their toxicity, irritation, and/or volatility, care should be
taken to avoid inhalation of TMSCF3, PhSO2F, TASF, and PE or contact of their
solutions with the skin. The reaction should be carried out in a well-ventilated
hood.

Experimental Procedure To a 50-mL Schlenk flask, TMSCF3 in PE (10 mL)
was added to a suspension of PhSO2F (1.60 g, 10 mmol) and TASF (275
mg, 1 mmol) in PE at 25 ◦C over a period of 10–15 min under Ar atmo-
sphere. The reaction mixture was further stirred for 0.5 h before quenching
with water (30 mL). The reaction mixture was extracted with PE (30 mL),
and organic phase was washed with water (50 × 4 mL), dried over MgSO4,
and concentrated. The pure product was obtained via vacuum distillation (bp
118–119 ◦C/1.5 mm Hg).

Applications Due to the extremely electron-deficient nature of the trifluo-
romethylsulfonyl group (CF3SO2

−), the sulfur atom in PhSO2CF3 can readily
accept an electron or be attacked by a nucleophile, which leads to the release
of the trifluoromethyl anion species. Prakash et al. have described the re-
ductive trifluoromethylation of chlorosilanes using PhSO2CF3 (Scheme 27.7,
Eq. 27.1) [9]. Mediated by Mg0 in DMF, a series of trifluoromethylsilanes
was obtained in moderate to high yields. It has been shown that nucleophilic
trifluoromethylation of non-enolizable carbonyl compounds can be achieved
through the reaction of carbonyl compounds and PhSO2CF3 in the presence of
excess amounts of tBuOK in DMF (Scheme 27.7, Eq. 27.2) [9]. Under similar
conditions, trifluoromethylations of iodobenzene and PhSSPh were also shown
(Scheme 27.7, Eqs. 27.3 and 27.4) [30]. More recently, Zhao et al. have shown
the Mg0-mediated reductive trifluoromethylation of aldehydes (Scheme 27.7,
Eq. 27.5) [31]. Avoiding the use of strong bases, such as tBuOK, the protocol
was found to be applicable to both non-enolizable and enolizable substrates to
render trifluoromethylated alcohols in low to high yields.

27.3 PREPARATION OF DIFLUOROMETHYL PHENYL SULFONE
(PhSO2CF2H) AS A CF2H− ANION EQUIVALENT AND A CF2

2−
DIANION EQUIVALENT

Difluoromethyl phenyl sulfone (PhSO2CF2H) is usually prepared through the oxida-
tion of difluoromethyl phenyl sulfide (PhSCF2H), which can be obtained through
the reaction between sodium thiophenoxide (PhSNa) and chlorodifluoromethane
(ClCF2H, a difluorocarbene precursor) [32,33]. An alternative procedure was shown
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SCHEME 27.7 Typical trifluoromethylation using TMSCF3.

by Chen et al., who prepared the title compound in one step by treating fluorosul-
fonyldifluoroacetic acid (FSO2CF2CO2H, a difluorocarbene precursor) with sodium
benzene sulfinate (PhSO2Na) to yield PhSO2CF2H in 65% yield [34]. In addition
to the above-mentioned methods, another synthetic route has also been reported,
however, with fewer efficacies [35].

Preparation of PhSO2CF2H using ClCF2H and PhSNa
(Scheme 27.8) [32,33,36]

Apparatus A 1-L, three-necked flask equipped with a dry ice condenser, a
dropping funnel, a rubber septum and a magnetic stirring bar, a dry ice/ethylene
glycol/acetone bath, an ice bath, a long needle for bubbling CF2ClH, a fractional
distillation apparatus, a 1-L separatory funnel, a 250-mL, round-bottomed flask,
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SCHEME 27.8 Preparation of PhSO2CF2H using ClCF2H and PhSNa.

a reflux condenser, a 250-mL separatory funnel, a filter funnel, safety goggles,
laboratory coat, and protective gloves.

Chemicals ClCF2H, thiophenol (PhSH), sodium metal (Na), anhydrous
methanol, 30 wt% hydrogen peroxide aqueous solution, acetic acid,
dichloromethane, diethyl ether (Et2O), 5 wt% NaOH aqueous solution, 10
wt% NaHCO3 aqueous solution, saturated Na2SO3 aqueous solution, MgSO4,
and brine.

Attention! Safety glasses and protective gloves must be used at all times.

Caution! Because of their toxicity, irritation, and/or volatility, care should be
taken to avoid inhalation of CF2ClH, PhSH, Na, hydrogen peroxide, methanol,
dichloromethane, Et2O, acetic acid, NaOH, NaHCO3, and Na2SO3 or contact
of their solutions with the skin. All reactions should be carried out in a well-
ventilated hood. Due the extreme coldness, the cold bath should be handled
carefully.

Experimental Procedure Step 1: Preparation of PhSCF2H
Under Ar atmosphere, into a 1-L, three-necked flask equipped with a dry

ice condenser, a dropping funnel, a rubber septum and a magnetic stirring
bar, sodium (65 g, 2.82 mol) was added. Methanol (600 mL) was carefully
added into the flask at 0 ◦C under Ar atmosphere with caution (brisk hydrogen
evolution occurred). The mixture was stirred for another 8 h until all the sodium
was consumed, and PhSH (100 g, 0.91 mol) was added at 0 ◦C. The reaction
mixture was stirred at room temperature for 3 h and subsequently cooled to
−25 ◦C. ClCF2H (102 g, 1.18 mol) was slowly bubbled into the reaction
mixture via a needle over a period of 7 h. The reaction mixture was gradually
warmed to room temperature and stirred overnight before the addition of ice
water (30 mL). Volatile materials (methanol and CH3OCF2H by-product) were
removed through fractional distillation. The residue was washed with water
(100 mL) and extracted with dichloromethane (50 mL × 3). The combined
organic phase was washed with 5 wt% NaOH aqueous solution (30 mL × 3)
and water (30 mL × 3). After being dried over MgSO4, the organic mixture
was fractionally distilled to afford PhSCF2H as a colorless liquid (61.2 g, 42 %).

Characterization Data 1H NMR (500 MHz, CDCl3, TMS reference): � 7.59
(d, J = 7.8 Hz, 2H), 7.41 (m, 3H), 6.83 (t, J = 56.8 Hz, 1H) ppm. 13C NMR
(125 MHz, CDCl3): � 121.0 (t, J = 276.6 Hz), 126.1, 129.4, 129.8, 135.3 ppm.
19F NMR (470 MHz, CDCl3, CFCl3 reference): � −91.9 (d, J = 57.2 Hz) ppm.

Step 2: Preparation of PhSO2CF2H
A mixture of PhSCF2H (30 g, 0.19 mol), 30 wt% aqueous hydrogen peroxide
(64 mL, 0.63 mol), and acetic acid (80 mL) in a 250-mL, round-bottomed flask
was heated at 90 ◦C. After 20 h, brine (150 mL) was added, and the reaction
mixture was extracted with ether (60 mL × 3). The combined organic phase
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was washed with 10 wt% NaHCO3 aqueous solution (100 mL × 5), saturated
Na2SO3 aqueous solution (20 mL × 3), and water (20 mL × 3) successively.
The organic phase was dried over anhydrous MgSO4, and the solvent was
removed to give pure PhSO2CF2H as a colorless liquid (36.2 g, 98%).

Characterization Data 1H NMR (500 MHz, CDCl3, TMS reference): � 8.00
(d, J = 7.9 Hz, 2H), 7.81 (t, J = 7.6 Hz, 1H), 7.66 (t, J = 7.8 Hz, 2H), 6.20 (t, J
= 53.5 Hz, 1H) ppm. 19F NMR (470 MHz, CDCl3, CFCl3 reference): � −122.2
(d, J = 53.4 Hz) ppm.

Applications Although PhSO2CF2H was known as early as 1960 [33], its
synthetic applications as CF2H− or CF2

2− equivalents were not described
until much later. Stahly showed the nucleophilic addition of PhSO2CF2

−

to various aldehydes rendering the corresponding carbinols, which can be
reductively desulfonated into �-difluoromethylated alcohols (Scheme 27.9,
Eq. 27.1) [36]. An enantioselective variant of this reaction was facili-
tated through the application of cinchona alkaloid-derived ammonium salts
as chiral catalysts, which gave chiral carbinols with 4–64% enantiomeric
excesses (Scheme 27.9, Eq. 27.2) [37]. PhSO2CF2H was found to react
with a series of esters to yield the corresponding �,�-difluorinated ketones
(Scheme 27.9, Eq. 27.3) [38]. PhSO2CF2H can also react with primary
alkyl iodides to afford substituted products, which can be converted to 1,1-
difluoro-1-alkenes and 1,1-difluoromethylalkanes under basic and reductive
conditions, respectively (Scheme 27.9, Eq. 27.4) [39]. The reaction between
PhSO2CF2H and chiral N-(tert-butylsulfinyl)imines showed high diastereose-
lectivity (Scheme 27.9, Eq. 27.5) [40]. Similarly, PhSO2CF2H can also react
with chiral N-(tert-butylsulfinyl)ketimines to afford the corresponding opti-
cally active �-difluoromethyl amines in moderate to high yields (Scheme 27.9,
Eq. 27.6) [41]. In addition, PhSO2CF2H has been used in the synthesis of �-
difluoromethylated or �-difluoromethylenated alcohols and amines through its
reactions with 1,2-cyclic sulfates and sulfamidates, respectively (Scheme 27.9,
Eqs. 27.7 and 27.8) [42]. Intriguingly, Prakash et al. reported an efficient
one-pot synthesis of anti-2,2-difluoropropane-1,3-diols using PhSO2CF2H as
a difluoromethylene dianion (CF2

2−) equivalent (Scheme 27.9, Eq. 27.9) [43].

27.4 PREPARATION OF [(PHENYLSULFONYL)DIFLUOROMETHYL]
TRIMETHYLSILANE (PhSO2CF2TMS) AS A CF2H− ANION
EQUIVALENT

[(Phenylsulfonyl)difluoromethyl]trimethylsilane (PhSO2CF2TMS) was originally
prepared via the oxidation of phenyl (trimethylsilyl)difluoromethyl sulfide
(PhSCF2TMS), which can be obtained by Mg0-mediated trimethylsilylation of bro-
modifluoromethyl phenyl sulfide (PhSCF2Br) [9]. An improved method was later
achieved by treating bromodifluoromethyl phenyl sulfone (PhSO2CF2Br) with n-
butyl lithium (nBuLi) in the presence of TMSCI (Scheme 27.10) [44].
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SCHEME 27.9 Synthetic applications of PhSO2CF2H.

Preparation of PhSO2CF2TMS using PhSO2CF2Br and TMSCl [45b]

Apparatus A 250-mL Schlenk flask equipped with a magnetic stirring bar and
a rubber septum, an acetone–dry ice bath, a 500-mL separatory funnel, a vac-
uum distillation apparatus, a filter funnel, safety goggles, laboratory coat, and
protective gloves.

SCHEME 27.10 Preparation of PhSO2CF2TMS using PhSO2CF2Br and TMSCl.
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Chemicals PhSO2CF2Br, nBuLi (1.6-M hexanes solution), TMSCl, anhydrous
THF, aqueous HCl solution (1 M), Et2O, brine, water, and sodium sulfate
(Na2SO4).

Attention! Safety glasses and protective gloves must be used at all times.

Caution! Because of their toxicity, irritation, and/or volatility, care should be
taken to avoid inhalation of PhSO2CF2Br, nBuLi (1.6-M hexanes solution),
TMSCl, THF, aqueous HCl solution, Et2O, and Na2SO4 or contact of their
solutions with the skin. All reactions should be carried out in a well-ventilated
hood. Due the extreme coldness, the cold bath should be handled carefully.

Experimental Procedure Under N2 atmosphere, to a solution of PhSO2CF2Br
(6.0 g, 22 mmol) and TMSCl (4.5 mL, 33 mmol) in anhydrous THF (105 mL),
nBuLi (1.6 M hexanes solution, 15.8 mL, 25 mmol) was added slowly at
−78 ◦C over a period of 1.5 h. The reaction mixture was stirred for additional
2 h at same temperature and then carefully transferred into a cold aqueous HCl
solution (1 M, 100 mL). The mixture was extracted with Et2O (70 mL × 3),
and the combined organic phase was washed with brine, water, and then dried
over Na2SO4. After the removal of the volatile materials under vacuum, crude
product was obtained (5.73 g, 98% yield). The crude product was further
purified via vacuum distillation to afford PhSO2CF2TMS as a colorless liquid
(5.10 g, 87%).

Characterization Data 1H NMR (500 MHz, CDCl3, TMS reference): � 7.95
(d, J = 8.0 Hz, 2H), 7.74 (t, J = 7.5 Hz, 1H), 7.61 (t, J = 7.5 Hz, 2H), 0.44
(s, 9H) ppm. 19F NMR (470 MHz, CDCl3, CFCl3 reference): � −112.9 ppm.
MS(EI) (m/z): 175 (M+ ).

Applications Although PhSO2CF2H can react with enolizable ketones and
aldehydes, the reaction suffers from low efficacy and harsh reaction con-
ditions [45]. To overcome these problems, PhSO2CF2TMS was developed
as a difluoromethyl analog of TMSCF3 [45a]. In the presence of catalytic
amounts of fluoride initiators, the reagent can readily react with both eno-
lizable and non-enolizable carbonyl compounds to yield difluoromethylated
carbinols in good yields (Scheme 27.11, Eq. 27.1). Under similar reaction con-
ditions, the stereoselective synthesis of �-difluoromethyl-�-amino alcohols
was achieved exploiting PhSO2CF2TMS as a nucleophilic difluoromethylating
reagent (Scheme 27.11, Eq. 27.2) [45b]. An enantioselective difluoromethy-
lation of carbonyl compounds with PhSO2CF2TMS has been achieved using
cinchonium fluoride catalysts to afford chiral �-difluoromethylated alcohols
with low to moderate enantiomeric excesses [37]. Moreover, the nucleophilic
substitution reaction between alkyl halides and PhSO2CF2

−, generated from
PhSO2CF2TMS, was also reported recently (Scheme 27.11, Eq. 27.3) [46].
In addition to the above-mentioned applications, PhSO2CF2TMS has also
been used as a precursor for preparations of other versatile difluoromethy-
lating reagents. A PhSO2CF2-iodine(III) reagent (Scheme 27.11, Eq. 27.4)
[47] was developed as an electrophilic difluoromethylating reagent, which
can be obtained by treating the corresponding acetate-iodine(III) compound
with PhSO2CF2TMS in the presence of a fluoride initiator [48]. Phenylsulfonyl
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SCHEME 27.11 Synthetic applications of PhSO2CF2TMS.

difluoromethylcopper species can be prepared by treating PhSO2CF2TMS with
CsF and copper iodide (CuI) in DMF (Scheme 27.11, Eq. 27.5). Propargyl
chlorides and alkynyl halides can undergo reactions with these species to give
PhSO2-containing allenes and alkynes [49].

27.5 PREPARATION OF FLUOROMETHYL PHENYL SULFONE
(PhSO2CH2F) AS A CH2F− ANION EQUIVALENT

Fluoromethyl phenyl sulfone (PhSO2CH2F) is obtained via the oxidation of
fluoromethyl phenyl sulfide (PhSCH2F) [50]. The precursor PhSCH2F can be
prepared through the halogen exchange reaction between chloromethyl phenyl
sulfide (PhSCH2Cl) and potassium fluoride (KF) [51]. Alternatively, PhSCH2F can
be obtained through the treatment of methyl phenyl sulfoxide with deoxofluorinating
reagents, such as diethylaminosulfur trifluoride (DAST) [52] and diethylaminod-
ifluorosulfinium tetrafluoroborate (XtalFluor-E) [53]. Robins and Wnuk have also
described the preparation of PhSCH2F using DAST and methyl phenyl sulfide in
quantitative yield [54]. More recently, Zhang et al. reported an efficient synthetic
approach toward PhSCH2F using chlorofluoromethane (CH2FCl) and sodium
thiolate (PhSNa) [55].

Route 1. Preparation of PhSO2CH2F via the Halogen Exchange
Approach (Scheme 27.12) [50,51]

Apparatus A 500-mL, three-necked, round-bottomed flask equipped with a
magnetic stirring bar and three rubber septa, a reflux condenser fitted with a
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SCHEME 27.12 Preparation of PhSO2CH2F via the halogen exchange approach.

nitrogen inlet adaptor, a syringe, an oil bath, an ice bath, a 1-L separatory
funnel, a 2-L Erlenmeyer flask equipped with a large magnetic stirring bar,
a 1-L addition funnel, a 2-L separatory funnel, a chromatographic column, a
500-mL round-bottomed flask, a Büchner funnel, safety goggles, laboratory
coat, and protective gloves.

Chemicals Spray-dried KF, PhSCH2Cl, 18-crown-6, Oxone R©, anhydrous ace-
tonitrile (CH3CN), distilled water, dichloromethane (CH2Cl2), Na2SO4,
methanol (MeOH), MgSO4, silica gel (230–400 mesh), and hexanes.

Attention! Safety glasses and protective gloves must be used at all times.

Caution! Because of their toxicity, irritation, and/or volatility, care should be
taken to avoid inhalation of KF, PhSCH2Cl, 18-crown-6, Oxone, CH3CN,
CH2Cl2, Na2SO4, MeOH, MgSO4, silica gel (230–400 mesh), and hexanes or
contact of their solutions with the skin. All reactions should be carried out in
a well-ventilated hood. Due the extreme heat, the oil bath should be handled
carefully.

Experimental Procedure Step 1: Preparation of PhSCH2F
In a glove box, a 500-mL, three-necked, round-bottomed flask equipped

with a magnetic stirring bar was charged with spray-dried KF (44 g, 0.76 mol,
activated under c. 1 mm Hg vacuum at 120 ◦C for 24 h) and 18-crown-6 (10 g,
37.5 mmol). The flask was sealed with three rubber septa and transferred to a
fume hood. A reflux condenser fitted with a nitrogen inlet adaptor was quickly
attached to one of the necks of the flask. Anhydrous CH3CN (250 mL) and
PhSCH2Cl (51 mL, 60 g, 0.38 mol) were successively added to the flask via
a syringe under N2 atmosphere. The reaction mixture was heated to reflux
with stirring in an oil bath (100–105 ◦C) for 120 h, and then cooled in an ice
bath. The reaction mixture was diluted with ice water (250 mL) and transferred
into a 1-L separatory funnel. The mixture was extracted with CH2Cl2 (5 ×
100 mL). The combined organic layer was washed with water (150 mL), dried
over Na2SO4, and filtered. The solvent was removed to give a brownish oily
residue (46.5 g, 86%), which was immediately subjected to oxidation.

Characterization Data 1H NMR (500 MHz, CDCl3, TMS reference): � 7.47–
7.50 (m, 2H), 7.28–7.26 (m, 3H), 5.70 (d, J = 53.1 Hz, 2H) ppm. 19F NMR
(470 MHz, CDCl3, CFCl3 reference): � −182.0 (t, J = 52.4 Hz, 1F) ppm.

Step 2: Oxidation of PhSCH2F to PhSO2CH2F To a 2-L Erlenmeyer flask
equipped with a large magnetic stirring bar, Oxone (492 g, 1.6 mol KHSO5)
and distilled water (750 mL) were added. The mixture was placed in an ice
bath. A solution of PhSCH2F (45.5 g, c. 0.32 mol) in methanol (750 mL) was
added slowly from an addition funnel over a period of c. 1 h. The reaction



PREPARATION OF FLUOROMETHYL PHENYL SULFONE 189

PhS Me
S F

Ph

O OOxone®
PhS F

MeOH, H2O

O DAST, SbCl

CHCl3, 20 oC

SCHEME 27.13 Preparation of PhSO2CH2F using PhSOCH3 and DAST.

mixture was then gradually warmed to room temperature and stirred for 12 h.
Methanol was removed via rotary evaporation. The residue was extracted with
CH2Cl2 (5 × 150 mL) in a 2-L separatory funnel. The combined organic layer
was dried over MgSO4, filtered, and concentrated to c. 200 mL. The solution
was then filtered through a plug of silica gel (230–400 mesh, 500 mL), and
washed with CH2Cl2 (c. 1 L). The filtrate was concentrated via rotary evapo-
ration and further dried under vacuum to result in slightly yellowish oil, which
slowly solidified at room temperature. The solid was stirred with hot hexanes
(c. 250 mL, 60–65 ◦C) for 20 min, which formed two layers. On cooling to 0 ◦C,
the bottom layer gradually crystallized to yield white crystals of PhSO2CH2F
(44.0 g, 79%), which were collected by filtration on a Büchner funnel and
washed with 100 mL cold hexanes.

Characterization Data 1H NMR (300 MHz, CDCl3, TMS reference): � 7.60–
7.80 (m, 5H), 5.15 (d, J = 47.1 Hz, 2H) ppm. 19F NMR (282 MHz, CDCl3,
CFCl3 reference): � −211.2 (t, J = 47.4 Hz, 1F) ppm. MS (EI) (m/z): 175
(M+ ).

Route 2. Preparation of PhSO2CH2F via the Reaction Between
PhSOCH3 and DAST (Scheme 27.13) [52]

Apparatus A 1-L, three-necked, round-bottomed flask equipped with a mag-
netic stirring bar, a thermometer, and an air condenser, a cooling bath, a 2-L
separatory funnel, a filter funnel, safety goggles, laboratory coat, and protective
gloves.

Chemicals Methyl phenyl sulfoxide (PhSOMe), DAST, antimony trichloride
(SbCl3), saturated sodium bicarbonate aqueous solution, NaOH, brine, potas-
sium carbonate (K2CO3), and chloroform (CHCl3).

Attention! Safety glasses and protective gloves must be used at all times. Gas
evolution can occur during the workup of the reaction.

Caution! Because of their toxicity, irritation, and/or volatility, care should be
taken to avoid inhalation of PhSOMe, DAST, SbCl3, NaOH, K2CO3, and CHCl3
or contact of their solutions with the skin. All reactions should be carried out
in a well-ventilated hood. Due the extreme heat, the oil bath should be handled
carefully.

Experimental Procedure To a 1-L, three-necked, round-bottomed flask,
equipped with a magnetic stirring bar, a thermometer, and an air condenser,
PhSOMe (25.2 g, 0.18 mol) and trichloromethane (150 mL) were added. The
flask was placed in a cooling bath containing 3 L water and kept at 20 ◦C.
DAST (38.5 g, 31.6 mL, 0.24 mol) was added to the flask, followed by SbCl3
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(0.50 g, 0.0022 mol), and an additional 50 mL trichloromethane. The light yel-
low reaction mixture was stirred under Ar atmosphere. An exothermic reaction
was observed after 2–8 h, and a dark orange solution was formed. The reaction
mixture was carefully poured, with stirring, into saturated sodium bicarbonate
aqueous solution containing 10 g (0.25 mol) NaOH (600 mL) at 0 ◦C (gas
evolution occurred). After 10 min, the trichloromethane layer was separated
and the aqueous layer was extracted with trichloromethane (3 × 100 mL).
The combined organic layers were washed with saturated sodium bicarbonate
aqueous solution (250 mL), brine, and dried over potassium carbonate suc-
cessively. Trichloromethane was removed with a rotary evaporator to result in
yellow orange oil as crude PhSCH2F (c. 29 g). The crude product was used
immediately in the oxidation reaction as mentioned in Step 2.

Applications PhSO2CH2F can react with ketones and aldehydes to yield
the corresponding �-fluoro-alcohols, which can be converted to terminal
vinyl fluorides (Scheme 27.14, Eq. 27.1) [53b]. The in situ treatment of
PhSO2CHF− anion with diethyl chlorophosphate [ClP(O)(OEt)2] led to the
formation of diethyl 1-fluoro-1-(phenylsulfonyl)methanephosphonate anion,
which readily undergoes reaction with carbonyl compounds to yield the
corresponding vinyl fluorides (Scheme 27.14, Eq. 27.2) [56]. In addition,
PhSO2CH2F has been used in the synthesis of various optically active flu-
oromethylated amines [57]. In 2006, Li et al. disclosed the stereoselective
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SCHEME 27.14 Synthetic applications of PhSO2CH2F.
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monofluoromethylation of homochiral N-(tert-butylsulfinyl)imines, which
could afford chiral �-fluoromethylated amines with high enantiomeric excesses
(Scheme 27.14, Eqs. 27.3 and 27.4) [58]. Likewise, PhSO2CH2F was also
found to react with chiral �-amino N-tert-butanesulfinimines (Scheme 27.14,
Eq. 27.5) [41b] and N-(tert-butylsulfinyl)ketimines (Scheme 27.13, Eq. 27.6)
[59] to render various �-monofluoromethylated amines with high enantiomeric
purities.

27.6 PREPARATION OF �-FLUOROBIS(PHENYLSULFONYL)
METHANE AS A CH2F− ANION EQUIVALENT

Fluorobis(phenylsulfonyl)methane (FBSM) was originally prepared by Shibata
and coworkers [60] and Hu and coworkers [61] independently in 2006 as
a versatile CH2F− anion equivalent through the electrophilic fluorination of
bis(phenylsulfonyl)methane using Selectfluor R©. Hu and coworkers also described
a superior synthetic route based on the sulfoxidation of PhSO2CH2F followed by
oxidation, which avoids the tedious purification step necessary in the original syn-
thesis [38]. Prakash et al. have designed a practical one-step synthesis of FBSM with
PhSO2CH2F and less costly PhSO2F, rendering FBSM with high efficacy and purity
[62]. In addition to the above-mentioned synthetic protocols, FBSM can also be ob-
tained via electrochemical fluorination approach, which is, however, not frequently
used in synthetic organic chemistry laboratories [63].

Route 1. Preparation of FBSM via Electrophilic Fluorination
of Bis(phenylsulfonyl)methane (Scheme 27.15) [64]

Apparatus A 50-mL Schlenk flask, a rubber septum, a magnetic stir bar, an ice
bath, a 100-mL separatory funnel, a chromatography column, safety goggles,
laboratory coat, and protective gloves.

Chemicals Bis(phenylsulfonyl)methane, Selectfluor, sodium hydride (NaH,
60% oil dispersion), anhydrous THF, anhydrous CH3CN, MgSO4, EtOAc,
saturated aqueous ammonium chloride, brine, silica gel, hexane, and
dichloromethane.

Attention! Safety glasses and protective gloves must be used at all times. NaH
reacts violently with water and can ignite in air, and should be handled under
inert atmosphere.

Caution! Because of their toxicity, irritation, and/or volatility, care should be
taken to avoid inhalation or contact of the chemicals mentioned above. All
procedures should be carried out in a well-ventilated hood.

Experimental Procedure To a nitrogen-protected, 50-mL, Schlenk flask con-
taining bis(phenylsulfonyl)methane (2.70 g, 9.0 mmol) in THF (25 mL), NaH
(60% oil dispersion that is rinsed with pentane, 240 mg, 6.0 mmol) is added
slowly with stirring at 0 ◦C. The temperature is maintained at 0 ◦C for 30 min,
and a mixture of finely ground Selectfluor powder (2.1 g, 6.0 mmol) and CH3CN
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SCHEME 27.15 Electrophilic fluorination of bis(phenylsulfonyl)methane.

(5 mL) is added at 0 ◦C. The reaction mixture is warmed to room tempera-
ture and stirred for another 12 h. The reaction mixture is quenched by saturated
aqueous ammonium chloride. The resulting mixture is then extracted by EtOAc
(50 mL × 3). The combined organic layer is washed with brine and dried over
anhydrous MgSO4. The solvent is removed under vacuum and the residue is
purified by silica gel column chromatography using hexane/dichloromethane
as the eluent to afford FBSM (1.6 g, 75%) as a white solid.

Characterization Data Mp 114–114.5 ◦C (from hexane). 1H NMR (200 MHz,
CDCl3, TMS reference): � 5.70 (1H, d, J = 45.8 Hz, CHF), 7.55–7.65 (4H,
m, Ar), 7.70–7.80 (2H, m, Ar), 7.95–8.05 (4H, d, J = 7.6 Hz, Ar) ppm.
13C NMR (50 MHz, CDCl3): � 105.3 (d, J = 263.4), 129.2, 129.8, 134.9,
135.4 ppm. 19F NMR (188 MHz, CDCl3, CFCl3 reference): � −167.2 (d, J =
45.8 Hz) ppm. IR (KBr) �: 1354, 1174 cm−1. MS (ESI-TOF) (m/z): 314 (M+ ),
173 (M+ −SO2Ph), 141 (M+ −PhSO2CHF).

Route 2. Preparation of FBSM via Oxidation of Sulfoxidated Product of
PhSO2CH2F (Scheme 27.16) [38]

Apparatus A 20-mL Schlenk tube, a rubber septum, a 3-mL syringe, a mag-
netic stir bar, a cooling bath (dry ice–acetone), a 50-mL separatory funnel, a
chromatography column, a filter funnel, safety goggles, laboratory coat, and
protective gloves.

Chemicals Methyl sulfinate, PhSO2CH2F (commercially available, and can be
prepared via a known procedure [50]), lithium hexamethyldisilazide (LHMDS,
1 M in THF), m-chloroperoxybenzoic acid (mCPBA), anhydrous THF, MgSO4,
EtOAc, saturated aqueous HCl, saturated aqueous NaHCO3, silica gel, hexane,
PE, and dichloromethane.

SCHEME 27.16 Preparation of FBSM via oxidation of sulfoxidated product of fluoromethyl
phenyl sulfone.
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Attention! Safety glasses and protective gloves must be used at all times.
mCPBA is a flammable solid and contact with heat or oxidizable material
should be avoided.

Caution! Because of their toxicity, irritation, and/or volatility, care should be
taken to avoid inhalation or contact of the chemicals mentioned above. All
procedures should be carried out in a well-ventilated hood.

Experimental Procedure Under N2 atmosphere, methyl sulfinate (187 mg,
1.2 mmol), PhSO2CH2F (174 mg, 1.0 mmol), and anhydrous THF (5.0 mL)
are added into a Schlenk tube, which is cooled to −78 ◦C. LHMDS (1.0 M in
THF, 2.0 mL, 2.0 mmol) is added drop by drop with vigorous stirring at the
same temperature for 30 min. The reaction mixture is quenched with saturated
aqueous HCl (36–37%, 2 mL) at this temperature, followed by extraction with
EtOAc (20 mL × 3). The combined organic phase is dried over MgSO4 before
the removal of the solvents. The crude product is further purified by silica gel
column chromatography (PE/EtOAc 3:1 as eluent) to afford the phenylsulfinyl
sulfone (285 mg, 95%).

To a solution of the obtained phenylsulfinyl sulfone (298 mg, 1.0 mmol)
in CH2Cl2 (5 mL), mCPBA (264 mg, 85% purity, 1.3 mmol) is added in one
portion at 0 ◦C. The reaction mixture is warmed to room temperature and stirred
for 6 h. The reaction mixture is then diluted with CH2Cl2 (50 mL) and washed
with saturated aqueous NaHCO3 (20 mL × 3). The organic layer is dried over
MgSO4, and the solvents are evaporated under vacuum. The crude product is
purified by silica gel column chromatography (PE/EtOAc 1:1–1:2 as eluent) to
afford FBSM (304 mg, 96%). Thus, the overall yield of this two-step synthetic
protocol is 91%.

Characterization Data [Fluoro (phenylsulfinyl) methylsulfonyl] benzene
(PhSOCHFSO2Ph) A mixture of two diastereomers in a ratio of 2:1. 1H
NMR (300 MHz, CDCl3, TMS reference): � 5.56 (d, J = 46 Hz, 0.67H, CHF),
5.58 (d, J = 47 Hz, 0.33H, CHF), 7.52–7.68 (m, 5H, Ar), 7.70–7.82 (m, 3H,
Ar), 8.00–8.07 (m, 2H, Ar) ppm. 19F NMR (282 MHz, CDCl3, CFCl3 refer-
ence): � −182.4 (d, J = 46 Hz, 0.67F), −167.6 (d, J = 47 Hz, 0.33F) ppm. IR
(KBr) �: 1477, 1447, 1336, 1312, 1158 cm−1.

Route 3. Preparation of FBSM via Sulfonation of PhSO2CH2F using
PhSO2F (Scheme 27.17) [62]

Apparatus A 20-mL Schlenk tube, a rubber septum, a 10-mL syringe a magnetic
stir bar, a cooling bath (dry ice–acetone), a 50-mL separatory funnel, a filter
funnel, safety goggles, laboratory coat, and protective gloves.

SCHEME 27.17 One-step preparation of FBSM using PhSO2CH2F and PhSO2F.
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Chemicals PhSO2F, PhSO2CH2F, potassium hexamethyldisilazide (KHMDS),
anhydrous THF, MgSO4, aqueous HCl (4 M), and dichloromethane.

Attention! Safety glasses and protective gloves must be used at all times.

Caution! Because of their toxicity, irritation, and/or volatility, care should be
taken to avoid inhalation or contact of the chemicals mentioned above. All
procedures should be carried out in a well-ventilated hood.

Experimental Procedure PhSO2CH2F (348 mg, 2 mmol) and PhSO2F (320 mg,
2 mmol) are dissolved in anhydrous THF (10 mL) in a Schlenk tube under inert
atmosphere. The solution is cooled to −78 ◦C. KHMDS (499 mg, 5 mmol, in
5 mL anhydrous THF) is added drop by drop to the Schlenk flask. The reaction
mixture is stirred for 30 min at −78 ◦C before being poured into 4 M HCl
aqueous solution (20 mL). The resulting mixture is washed with water and

SCHEME 27.18 Monofluoromethylations using �-fluorobis(phenylsulfonyl)methane
(FBSM).
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extracted with CH2Cl2 (15 mL × 3). The combined organic layer is dried over
MgSO4, and the solvents are evaporated to afford an oily product, which slowly
solidifies after standing over a period of time (598 mg, 95%). 1H NMR and 19F
NMR spectroscopy show the product is highly pure (�95%).

Applications FBSM has been developed as a versatile nucleophilic monofluo-
romethylating reagent (a CH2F− anion equivalent). Owing to the presence of the
two phenylsulfonyl groups, FBSM is more acidic than PhSO2CH2F, thereby
undergoing feasible deprotonation to render rather stable �-fluorocarbanion
[65]. Thus, a variety of nucleophilic monofluoromethylation reactions has
been achieved using FBSM, such as the ring-opening reaction of epox-
ides and aziridines [61], the allylic monofluoromethylation reaction [66], the
Mitsunobu reaction [67], conjugate addition reactions [68], the Mannich re-
action [69], the aldol reaction [70], the Morita–Baylis–Hillman reaction [71],
as well as many other reactions (Scheme 27.18) [57, 72]. In particular, the
facile reductive removal of the sulfonyl groups allows the introduction of un-
functionalized CH2F motif using FBSM, thereby prevailing over many other
monofluoromethylating reagents. In addition, FBSM can be further converted to
fluoroiodobis(phenylsulfonyl)methane, which has been used as a viable radical
monofluoromethylating reagent [73].

27.7 PREPARATION OF S-(DIFLUOROMETHYL)-S-PHENYL-2,3,4,5-
TETRAMETHYLPHENYLSULFONIUM TETRAFLUOROBORATE
(DPTPT) AS A CF2H+ CATION EQUIVALENT

S-(Difluoromethyl)-S-phenyl-2,3,4,5-tetramethylphenylsulfonium tetrafluoroborate
(DPTPT) [74] is an electrophilic difluoromethylating reagent, which is analogous
to the electrophilic trifluoroemethylating reagents developed by Yagupolskii and
Umemoto [75]. DPTPT was obtained through a two-step procedure. The triflate
salt of DPTPT was prepared via the reaction of difluoromethyl phenyl sulfoxide
(PhSOCF2H) with 1,2,3,4-tetramethylbenzene in the presence of triflic anhydride
(Tf2O). The product was then subjected to an anion exchange reaction with sodium
tetrafluoroborate (NaBF4), rendering DPTPT in 51% overall yield.

Preparation of DPTPT using PhSOCF2H and
1,2,3,4-Tetramethylbenzene (Scheme 27.19) [74]

Apparatus A 150-mL Schlenk flask equipped with a magnetic stirring bar and
a rubber septum, an ice bath, a syringe with a needle, a 250-mL separatory
funnel, a filter funnel, safety goggles, laboratory coat, and protective gloves.

Chemicals PhSOCF2H, 1,2,3,4-tetramethylbenzene, Tf2O, anhydrous Et2O,
dichloromethane, NaBF4 aqueous solution (1 M), and anhydrous MgSO4.

Attention! Safety glasses and protective gloves must be used at all times.

Caution! Because of their toxicity, irritation, and/or volatility, care should be
taken to avoid inhalation of PhSOCF2H, 1,2,3,4-tetramethylbenzene, Tf2O,
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SCHEME 27.19 Preparation of DPTPT using PhSOCF2H and 1,2,3,4-tetramethylbenzene.

Et2O, dichloromethane, NaBF4 aqueous solution, and anhydrous MgSO4 or
contact of their solutions with the skin. All reactions should be carried out
in a well-ventilated hood. Due the extreme coldness, the cold bath should be
handled carefully.

Experimental Procedure To a stirred solution of PhSOCF2H (4.00 g, 25 mmol)
and 1,2,3,4-tetramethylbenzene (3.35 g, 25 mmol) in anhydrous Et2O (60 mL)
at 0 ◦C under Ar, Tf2O (7.0 g, 25 mmol) was added in small portions over
a period of 2 h. The reaction mixture was stirred for 20 min at the same
temperature, and the formed oil was separated from the Et2O phase under
nitrogen. Then, anhydrous Et2O (30 mL) was added to the oil and the reaction
mixture was stirred again. This procedure was repeated four times. The resulting
oil was dissolved in dichloromethane (50 mL). The dichloromethane solution
was extracted with NaBF4 aqueous solution (1 M, 5 × 100 mL), and the
organic layer was dried over anhydrous MgSO4. The drying agent was filtered
off and the dichloromethane was removed in vacuum. The product was obtained
as a brown semisolid (5.9 g, 51%).

Characterization Data 1H NMR (400 MHz, CDCl3, TMS reference): � 8.12 (t,
J = 47.4 Hz, 1H), 7.65–7.95 (m, 5H), 7.49 (s, 1H), 2.57 (s, 3H), 2.40 (s, 3H),
2.32 (s, 3H), 2.31 (s, 3H) ppm. 13C NMR (101 MHz, CDCl3, TMS reference):
17.0, 17.1, 18.0, 21.1, 113.0, 118.90 (t, J = 297.5 Hz), 119.0, 129.0, 131.6,
131.9, 135.5, 138.9, 139.1, 140.0, 145.3 ppm. 19F NMR (376 MHz, CDCl3,
CFCl3 reference): � −99.9 (d, J = 53.4 Hz, 1F), −100.6 (d, J = 53.4 Hz, 1F),
−152.0 (s, 1F), −152.1 (s, 3F) ppm. HRMS (FAB) m/z: Calcd for C17H19F2S+ ,
293.1170; found, 293.1170.

Applications DPTPT was found to be a versatile reagent enabling electrophilic
difluoromethylation of various nucleophiles, including CD3OD, triflates, ter-
tiary amines, phosphines, and imidazole derivatives (Scheme 27.20) [74].
Noticeably, an analogous solid-phase-bound electrophilic difluoromethylat-
ing reagent has also been synthesized, which facilitates the purification-free
difluoromethylations of triflates and imidazoles [76].

27.8 PREPARATION OF S-(FLUOROMETHYL)-S-PHENYL-2,3,4,5-
TETRAMETHYLPHENYLSULFONIUM TETRAFLUOROBORATE
(FPTPT) AS A CH2F+ CATION EQUIVALENT

S-(Fluoromethyl)-S-phenyl-2,3,4,5-tetramethylphenylsulfonium tetrafluoroborate
(FPTPT) was prepared by Prakash et al. as a novel electrophilic fluoromethylating
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SCHEME 27.20 Synthetic applications of DPTPT in electrophilic difluoromethylations.

reagent [77]. Similar to its difluoromethyl counterpart, the reagent was synthesized
through the treatment of fluoromethyl phenyl sulfoxide (PhSOCH2F) with 1,2,3,4-
tetramethylbenzene in the presence of triflic anhydride (Tf2O) and the subsequent
anion exchange.

Preparation of FPTPT using PhSOCH2F and
1,2,3,4-Tetramethylbenzene (Scheme 27.21) [77]

Apparatus A 150-mL Schlenk flask equipped with a magnetic stirring bar and
a rubber septum, an ice bath, a syringe with a needle, a 250-mL separatory
funnel, a filter funnel, safety goggles, laboratory coat, and protective gloves.

Chemicals PhSOCH2F, 1,2,3,4-tetramethylbenzene, Tf2O, anhydrous Et2O,
dichloromethane, NaBF4 aqueous solution (1 M), and anhydrous MgSO4.

Attention! Safety glasses and protective gloves must be used at all times.

Caution! Because of their toxicity, irritation, and/or volatility, care should be
taken to avoid inhalation of PhSOCH2F, 1,2,3,4-tetramethylbenzene, Tf2O,
Et2O, dichloromethane, NaBF4 aqueous solution, and anhydrous MgSO4 or
contact of their solutions with the skin. All reactions should be carried out
in a well-ventilated hood. Due the extreme coldness, the cold bath should be
handled carefully.

Experimental Procedure To a stirred solution of PhSOCH2F (3.00 g, 19 mmol)
and 1,2,3,4-tetramethylbenzene (2.54 g, 19 mmol) in anhydrous Et2O (45 mL)

S
CH2F

O

+
1. Tf2O/Et2O

2. NaBF4/H2O/CH2Cl2

S+
CH2FBF4

-

SCHEME 27.21 Preparation of FPTPT using PhSOCH2F and 1,2,3,4-tetramethylbenzene.
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SCHEME 27.22 Synthetic applications of FPTPT in electrophilic fluoromethylations.

at 0–5 ◦C under Ar, Tf2O (5.36 g, 19 mol) was added drop by drop over a period
of 30 min. The reaction mixture was stirred at the same temperature range for 1
h. The precipitated triflate salt was filtered off and washed with Et2O five times.
The triflate salt was then dissolved in 60 mL dichloromethane and washed with
NaBF4 aqueous solution (1 M, 5 × 80 mL). The organic layer was dried over
MgSO4 and the solvent was evaporated under vacuum. The resulting solid was
further dried under vacuum to give FPTPT as a white powder (6.88 g, 81%).

Characterization Data 1H NMR (400 MHz, CDCl3, TMS reference): � 7.76
(m, 3H), 7.67 (m, 2H), 7.43 (s, 1H), 6.55 (dd, J = 47.0, 9.7 Hz, 1H), 6.46 (dd,
J = 47.0, 9.6 Hz, 1H), 2.50 (s, 3H), 2.39 (s, 3H), 2.31 (s, 3H), 2.29 (s, 3H) ppm.
13C NMR (101 MHz, CDCl3, TMS reference): 17.1, 17.2, 17.9, 21.4, 89.9 (d,
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J = 242 Hz), 116.4, 121.4, 121.4, 128.6, 128.6, 131.1, 131.6, 134.6, 137.7,
138,4, 139.6, 144.2 ppm. 19F NMR (376 MHz, CDCl3, CFCl3 reference): �
207.8 (t, J = 47.1 Hz, 1F), −152.1 (s, 3F), −152.0 (s, 1F). HRMS (FAB) m/z:
Calcd for C17H20FS+ , 275.1264; found, 275.1257. Elemental analysis: Calcd:
C, 56.37%; H, 5.57%. Found: C, 56.23%; H, 5.43%.

Applications FPTPT can react with a variety of nucleophiles to afford the cor-
responding monofluoromethylated products (Scheme 27.22) [77]. Compared
with the substrate scope of electrophilic difluoromethylations using DPTPT,
a broader spectrum of nucleophiles was found to readily react with FPTPT,
including alkoxides, acetate, triflates, tertiary amines, phosphines, imidazole
derivatives, and carbon nucleophiles. Noticeably, the protocol also showed
remarkable chemoselectivity, which preferentially monofluoromethylates phe-
nolic groups over many other nucleophiles (Scheme 27.22).
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CHAPTER 28

Pentafluoroethyl Lithium: Reactions
with Carbonyl Compounds
and Epoxides

OLESYA KAZAKOVA AND GERD-VOLKER RÖSCHENTHALER

The introduction of fluorine-containing moieties such as CF3 and/or C2F5 into or-
ganic molecules has recently found much interest, because their physical, chemical,
and more important biological properties can be changed remarkably [1]. In modern
medicine, fluorine substituents have gained special attention because they may affect
either the drug metabolic stability or the binding affinity of protein–drug complexes
[2]. Among this, electronic withdrawal properties of fluorinated fragments have also
been found to be applicable for inorganic chemists. Due to the chemical inertness
as well as strong �-acceptor ability, useful properties have been developed in co-
ordination chemistry for such C2F5-containing compounds [3]. This capability of
fluorinated derivatives, for instance of secondary and tertiary alcohols, has recently
been used toward the formation of novel electrolytes for lithium-ion batteries [4].

Despite the significance of these compounds (e.g., alcohols, ketones), their synthe-
ses are mostly based on a nucleophilic (perfluoro)alkylation reaction (RMgX and/or
RLi) with the corresponding carbonyl compounds [5]. To the best of our knowledge,
the usefulness of perfluorinated organolithium nucleophiles has grown strongly. How-
ever, to obtain such a nucleophile as C2F5Li, C2F5I was predominantly treated with
MeLi in dry THF [6]. We have recently discovered a straightforward formation of
C2F5Li via a simple deprotonation reaction of pentafluoroethane using n-butyllithium
(n-BuLi) in Et2O at −78 ◦C [5a].

At this temperature, the respective carbanion can be stored for several hours
without decomposition. We have found an efficient, convenient, improved, and envi-
ronmentally friendly synthetic approach to afford novel alcohols and ketones bearing
the pentafluoroethyl group.
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28.1 SYNTHESIS OF POLYFLUORINATED COMPOUNDS
VIA C2F5Li [7]

C2F5H
nBuLi/Et2O

–78 °C
C2F5Li

 

Synthesis of 2,2,3,3,3-Pentafluoro-1-phenylpropan-1-ol

H

O

OH

C2F5Li/Et2O

–80  °C  to  rt
9 h

C2F5

OH

OH

 

Apparatus Three-necked, 250-mL flask equipped with an internal thermometer,
a dropping funnel, and a magnetic stirrer, N2 inlet, Dewar flask (500 mL), safety
glasses, laboratory coat, protective gloves.

Chemicals 2.5 M n-BuLi/hexane solution, C2F2H, dry ether, 2-hydroxy-
benzaldehyde, 6 N HCl, ether, MgSO4, liquid N2, ethanol for cooling bath.

Attention! Safety glasses and protective gloves must be used at all times.

Caution! Alkyllithium compounds are stored under inert gas to prevent loss of
activity and for reasons of safety. n-BuLi reacts violently with water.

Experimental Procedure A round-bottomed flask equipped with an internal
thermometer, a dropping funnel, and a magnetic stirrer was cooled to −85 ◦C
(cooling bath) and a pentafluoroethane ( 1.2 g, 10 mmol ) via a gas inlet tube
was condensed into a cooled Et2O (100 mL). 2.5 M n-BuLi/hexane solution
(4.4 mL, 11 mmol) was then added drop by drop at −90 ◦C. The solution
was kept at this temperature for an additional hour. 2-Hydroxybenzaldehyde
(1.2 g, 10 mmol) was slowly added afterward and kept for 2–3 h. The solution
was then left to reach ambient temperature and hydrolyzed with 6 N HCl.
The aqueous layer was washed with Et2O and dried over MgSO4. The crude
product was distilled under reduced pressure to give pure 2,2,3,3,3-pentafluoro-
1-phenylpropan-1-ol: yellow liquid (92% yield).

Characterization Data bp 65 ◦C (0.1 mbar).
1H NMR (200 MHz, CDCl3): � 4.35 (br s, 1H, OH), 5.62 (dd, J = 12.8 Hz, J =

3.0 Hz, 1H), 6.71–7.02 (m, 5H) ppm. 13C NMR (50 MHz): � 82.0 (t, JC–F =
29.8 Hz), 122.2 (tq, 1JC–F = 286.8 Hz, JC–F = 35.1 Hz), 123.4, 124.9, 125.0
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(qt, JC–F = 277.4 Hz, JC–F = 34.9 Hz), 128.1, 128.9, 129.1, 134.5 ppm. 19F
NMR (188 MHz, CDCl3): � −82.0 (s, 3F), −120.0 (d, JF–F(A) = 254.6 Hz,
1F), −132.0 (d, JF–F(B) = 254.6 Hz 1F) ppm. MS (EI, 70 eV, 200 ◦C) m/z: 107
(100%) [M – C2F5]+ , 225.1 [M]− (C9H6F5O).

Synthesis of 5,5,6,6,6-Pentafluorohexane-3-ol [7]

(1) C2F5Li 
Et2O/TiCl4

–80 °C to rt
9 h

O

(2) H+/H2O

C2F5

OH

Apparatus Three-necked, 1-L flask equipped with an internal thermometer, a
dropping funnel and a magnetic stirrer, N2 inlet, Dewar flask (2 L), safety
glasses, laboratory coat, protective gloves.

Chemicals n-BuLi/hexane solution (2.5 M), C2F2H, dry ether, 2-ethyloxirane,
TiCl4, 5% aqueous HCl, ether, aqueous NaHCO3, MgSO4, liquid N2, ethanol
for cooling bath.

Attention! Safety glasses and protective gloves must be used at all times.

Caution! Alkyllithium compounds are stored under inert gas to prevent loss of
activity and for reasons of safety. n-BuLi reacts violently with water. Ethyloxi-
rane is a probable human carcinogen. Hazards posed by titanium tetrachloride
generally arise from the release of HCl. TiCl4 is a strong Lewis acid, exother-
mically forming adducts with even weak bases such as THF and explosively
with water, releasing HCl.

Experimental Procedure A round-bottomed flask equipped with an internal
thermometer, a dropping funnel, and a magnetic stirrer was cooled to −85 ◦C
(cooling bath) and pentafluoroethane (4.8 g, 40 mmol) via a gas inlet tube
was condensed into a cooled Et2O (400 mL). 2.5 M n-BuLi/hexane (17.6 mL,
44 mmol) was then added drop by drop at −90 ◦C. The solution was kept at
this temperature for an additional hour.

Ethyloxirane (1.44 g, 20 mmol) was charged to a solution of pentafluoroethyl
lithium (40 mmol) at −78 ◦C in dry diethyl ether. Then, titanium tetrachloride
(3.8 g, 20 mmol) was slowly added under vigorous stirring. After 1 h, the
reaction mixture was quenched with 5% HCl and extracted with diethyl ether
and an aqueous solution of NaHCO3. The combined organic phases were dried
over MgSO4. After the filtration of solids, the residue was concentrated and
the crude product distilled under reduced pressure to give a pure 5,5,6,6,6-
pentafluorohexane-3-ol colorless oil (73% yield).
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Characterization Data 1H NMR (200 MHz, CDCl3): � 0.99 (t, 3H, JH–H = 7.4
Hz, CH3), 1.60 (dq, 2H, JH–H = 7.4 Hz, JH–H = 7.4 Hz, CH2), 1.90 (s, 1H,
OH), 2.09–2.31 (m, 2H, CH2CF2), 4.02–4.1 (m, 1H, CH) ppm. 13C NMR (50
MHz): � 9.5, 30.5, 37.4, 66.6, 115.7 (tq, JC–F = 253 Hz, JC–F = 37.8 Hz),118.8
(qt, JC–F = 285 Hz, JC–F = 35.7 Hz) ppm. 19F NMR (188 MHz): � −87.4 (s,
3F, CF3), −118.3 (m, 2F, CF2) ppm. MS (CI positive, NH3, 200 ◦C) m/z (%):
210 (34) [M + NH4]+ , 192 (21) [M]+ (C6H9F5O), 163 (10) [M – C2H5]+ .

Application Due to chemical inertness as well as strong �-acceptor ability,
useful properties have been developed in coordination chemistry for such C2F5-
containing compounds. In other words, this capability of fluorinated derivatives,
for instance secondary and tertiary alcohols, has recently been used toward the
formation of novel electrolytes for lithium-ion batteries.
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CHAPTER 29

Synthesis of �-Hydroxy-� ,�-
difluoromethylenephosphonates

OLESYA KAZAKOVA AND GERD-VOLKER RÖSCHENTHALER

Lewis acid-mediated cleavage of epoxides with various nucleophiles is an impor-
tant transformation in organic synthesis [1]. The popularity of oxiranes as versatile
intermediates in organic preparations generally emanates from their accessibility,
reactivity, and the stereochemical predictability of their reactions. Despite, how-
ever, the numerous transformations already reviewed, little attention has been given
to the opening of epoxides containing a difluoromethylenephosphonate moiety [2].
Moreover, very few examples are known in the literature, where a phosphorus- and
fluorine-containing nucleophile has been used in these reactions [3].

In contrast to non-fluorinated hydroxyl-methylenephosphonates, the preparation
of which has been studied largely by oxirane ring-opening reactions with phospho-
nomethyl organometallic reagents [4], this methodology has rarely been applied in
the synthesis of fluorinated analogs [2]. Here are results on the Lewis acid-promoted
ring-opening reactions of epoxides with lithium diethyl difluoromethylenephos-
phonate [5].

(EtO)2P(O)CF2H
(1) LDA/THF, –78 °C

(2) Epoxide
(3) TiCl4
(4) H2O

(EtO)2(O)PF2C

R

OH

R = Me, Ph
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29.1 SYNTHESIS OF DIETHYL
1,1(DIFLUORO)-3-HYDROXYBUTYLPHOSPHONATE [5]

OHF

P

F

O

EtO

EtO

Apparatus Three-necked, 250-mL flask equipped with an internal thermometer,
a dropping funnel, and a magnetic stirrer, N2 inlet, Dewar flask (500 mL), safety
glasses, laboratory coat, protective gloves.

Chemicals Lithium diisopropylamide/tetrahydrofuran (2.0 M; LDA/THF) so-
lution, diethyl difluoromethylenephosphonate [6], dry THF, 2-methyloxirane,
titanium tetrachloride (TiCl4), NaCl, ether, MgSO4, trichloromethane, hexane,
silica gel, liquid N2, ethanol for cooling bath.

Attention! Safety glasses and protective gloves must be used at all times.

Caution! LDA reacts violently with water. Methyloxirane is a probable human
carcinogen. Hazards posed by TiCl4 generally arise from the release of HCl.
TiCl4 is a strong Lewis acid, exothermically forming adducts with even weak
bases such as THF and explosively with water, releasing HCl.

Experimental Procedure The reaction was carried out under an atmosphere
of dry nitrogen. A round-bottomed flask contained dry THF equipped with an
internal thermometer, a dropping funnel, and a magnetic stirrer, was cooled to
−78 ◦C by means of a cooling bath.

Diethyl difluoromethylenephosphonate (2.0 g, 10.6 mmol) was added drop
by drop to the solution of LDA (6.6 mL of 1.8 M solution, 11.8 mmol) and 60 mL
of dry THF at −78 ◦C, and the reaction mixture was then stirred for further
1 h. After the formation of lithium difluoromethylenephosphonate was com-
pleted, appropriate amount of methyloxirane (0.63 g, 10.6 mmol) was added
at −78 ◦C, followed by the careful addition of TiCl4 (1.2 mL, 10.6 mmol).
After stirring for further 2 h at −78 ◦C, the reaction mixture was quenched
with water, and then NaCl was added until the saturation of water phase.
The aqueous layer was then extracted with diethyl ether (2 × 20 mL), com-
bined organic layers were dried with MgSO4 and concentrated in vacuo. Flash
column chromatography (trichloromethane/hexane, 2:1) afforded pure diethyl
1,1-difluoro-3-hydroxybutylphosphonate, slightly yellowish oil (62% yield).

Characterization Data 19F NMR (CDCl3): � −107.5 (tdd, 2JFbFa = 303.7 Hz,
2JFbP = 102.6 Hz, 3JFbH = 15.9 Hz, CFb), −112.4 (tdd, 2JFaFb = 303.5 Hz,
2JFaP = 110.3 Hz, 3JFaH = 21.6 Hz, CFa) ppm. 31P NMR (CDCl3): � 8.93
(dt, 2JPF = 106.2 Hz) ppm. 1H NMR (CDCl3): � 1.26 (d, 3H, CH3), 1.39



212 SYNTHESIS OF � -HYDROXY-�,�-DIFLUOROMETHYLENEPHOSPHONATES

(t, 6H, OCH2CH3), 2.22 (m, 2H, CF2CH2), 3.43 (br s, 1H, OH), 4.30 (m, 5H,
OCH2CH3, CHOH) ppm. 13C NMR (CDCl3): � 16.6 (d, OCH2CH3), 24.4 (s,
CH3), 45.3 (dt, 2JCF = 16.1 Hz, 2JCP = 14.9 Hz, CF2CH2), 62.6 (ddd, 3JCP =
7.4 Hz, 3JCFa = 3.4 Hz, 3JCFb = 3.4 Hz, CHOH), 65.8 (d, OCH2CH3), 121.1
(ddd, 1JCFa = 260.0 Hz, 1JCFb = 260.0 Hz, 1JCP = 213.1 Hz, CF2) ppm.

19F NMR (D2O): � −110.9 (dddd, 2JFbFa = 302.8 Hz, 2JFbP = 110.6 Hz,
3JFbH = 21.3 Hz, 3JFbH = 20.0 Hz, CFb), −113.3 (dddd, 2JFaFb = 303.0 Hz,
2JFaP = 111.2 Hz, 3JFaH = 22.0 Hz, 3JFaH = 19.0 Hz, CFa) ppm. 31P NMR
(D2O): � 9.23 (t, 2JPF = 111.8 Hz) ppm. 1H NMR (D2O): � 1.25 (d, 3H, CH3),
1.37 (t, 6H, OCH2CH3), 2.23 (m, 2H, CF2CH2), 3.40 (br s, 1H, OH), 4.32
(m, 5H, OCH2CH3, CHOH) ppm.

MS (CI+ ) m/z (%): 510 [2M + NH4]+ (100), 247 [M + H]+ (17). MS
(CI−) m/z (%): 245 [M − H]+ (23). HRMS for C7H14O4PF2 (M-CH3)+ :
calcd 231.05954, found 231.05978.

Application Interest in the synthesis of � -hydroxy-�,�-difluoromethylenephos-
phonates results mostly from their potential in the design of non-hydrolyzable
analogs of biologically active phosphate esters. More recently, they have been
described as substrates for NADH-linked sn-glycerol-3-phosphate dehydroge-
nase or as key intermediates in the synthesis of various phosphatase-resistant
phosphonolipids [7].
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Grignard reagent-promoted ring-opening reactions of various epoxides: synthesis of � -
hydroxy-�,�-difluoromethylenephosphonates. Tetrahedron Lett 2008;49:6046–6049.



REFERENCES 213

6. Diethyl difluoromethylenephosphonate was prepared according to the procedure presented
by Soborovskii and Baina (Soborovskii LZ, Baina NF. J Gen Chem USSR (Engl Trans)
1959;29:1115–1118): To the solution of diethyl phosphite (25.0 g, 0.18 mol) in dry THF
(80 mL), Na metal (4.2 g, 0.18 mol) was added in portions. The formation of the salt
(EtO)2P(O)Na was controlled by 31P NMR, usually this process took ca. 24 h. Then,
the flask was equipped with a cold-finger condenser (cooling mixture −80 ◦C). Freon
22 (CHClF2) (19.0 g, 0.22 mol) was slowly bubbled through the reaction mixture while
stirring and warming up to 30–35 ◦C (oil bath). The reaction mixture becomes more
and more turbid. Afterward, all volatiles were condensed off in vacuo (0.04 Torr), in a
cooled liquid nitrogen trap. From this mixture, THF was distilled off using Vigreux column
(25 cm). The crude diethyl difluoromethylenephosphonate was distilled in vacuo (14 Torr)
to afford pure product as colorless liquid (27.8 g, 82% yield). Bp 90 ◦C/14 Torr. 1H NMR
(CDCl3): � 1.38 (6H, m, OCH2CH3), 4.28 (4H, m, OCH2CH3), 5.88 (1H, dt, 2JHP = 26.9
Hz, 2JHF = 49.0 Hz, CF2H) ppm. 19F NMR (CDCl3): � −136.63 (dd, 2JHF = 48.3 Hz, 2JFP =
91.4 Hz) ppm. 31P NMR (undecoupled, CDCl3): � 6.06 (dt, 2JPH = 27.2, 2JPF = 91.4 Hz)
ppm.

7. (a) Nieschalk J, O’Hagan D. Monofluorophosphonates as phosphate mimics in bioor-
ganic chemistry: a comparative study of CH2-, CHF- and CF2-phosphonate analogues of
sn-glycerol-3-phosphate as substrates for sn-glycerol-3-phosphate dehydrogenase. Chem
Commun 1995;7:719–720. (b) Nieschalk J, Batsanov AS, O’Hagan D, Howard JAK.
Synthesis of monofluoro- and difluoro-methylenephosphonate analogues of sn-glycerol-
3-phosphate as substrates for glycerol-3-phosphate dehydrogenase and the X-ray structure
of the fluoromethylenephosphonate moiety. Tetrahedron 1996;52:165–176. (c) Chambers
RD, Jaouhari R, O’Hagan D. Synthesis of a difluoromethylenephosphonate analogue of
glycerol-3-phosphate. A substrate for NADH linked glycerol-3-phosphate dehydrogenase.
J Chem Soc, Chem Commun 1988;17:1169–1170. (d) Chambers RD, Jaouhari R, O’Hagan
D. Fluorine in enzyme chemistry. Part 2. The preparation of difluoromethylenephosphonate
analogues of glycolytic phosphates. Approaching an isosteric and isoelectronic phosphate
mimic. Tetrahedron 1989;45:5101–5108. (e) Moolenaar WH. Bioactive lysophospholipids
and their G protein-coupled receptors. Exp Cell Res 1999;253:230–238. (f) Goetzl EJ,
Dolezalova H, Kong Y, Hu YL, Jaffe RB, Kalli KR, Conover CA. Distinctive expression
and functions of the Type 4 endothelial differentiation gene-encoded G protein-coupled
receptor for lysophosphatidic acid in ovarian cancer. Cancer Res 1999;59:5370–5375. (g)
Xu Y. Prestwich GD. Synthesis of chiral (�,�-difluoroalkyl)phosphonate analogues of
(lyso)phosphatidic acid via hydrolytic kinetic resolution. Org Lett 2002;4:4021–4024.



CHAPTER 30

Synthesis of Pentafluoro-�6-sulfanyl-
Substituted Acetylenes for Liquid
Crystals

OLESYA KAZAKOVA, MAXIM PONOMARENKO, AND GERD-VOLKER
RÖSCHENTHALER

It is a well-known fact that the introduction of a fluorine atom into organic com-
pounds often influences the biological activity of pharmaceutical and agrochemical
compounds to a considerable extent [1]. The pentafluoro-�6-sulfanyl (SF5) group is
one of the fluorine-containing substituents having attracted increasing interest in pro-
viding the respective compounds with low surface energy, high chemical resistance,
thermal stability, high electronegativity, and lipophilicity, being important especially
for agrochemical and pharmaceutical products [2]. Also a number of patents describe
the properties of SF5 derivatives as fungicides, herbicides, and insecticides [2–4].
The above-mentioned properties were often compared with those of the CF3 group,
and the advantages of the SF5 group were hence referred to as a “super CF3 function”
[2,5]. The utility of pentafluoro-�6-sulfanyl-substituted compounds has been espe-
cially noted for the chemistry of polymeric products [6], energetic materials [2,7],
liquid crystals (LCs) [2,3,8], and others.

The introduction of a SF5 group into organic compounds has been known for
the past 50 years, but the number of SF5-containing compounds is limited by the
availability of SF5 sources or building blocks.

The most important and convenient method for the addition of the SF5 group
into organic compounds is based on radical addition of SF5Hlg (Hlg = Cl, Br)
to unsaturated substrates [9–14]. Such addition products are widely used for the
synthesis of various SF5-based unsaturated compounds (SF5CH=CH–, SF5C≡CH–),
used in the synthesis of SF5 aromatics [15], heterocycles [2,7,11,16], and carbocycles
[9,17].
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30.1 SYNTHESIS OF 4-[(E)-1-CHLORO-2-(PENTAFLUORO-�6-
SULFANYL)VINYL]-4′-PROPYL-1,1′-BI(CYCLOHEXYL) [17]

– –

Apparatus A 250-mL, three-necked flask equipped with a dry ice reflux con-
denser, a nitrogen inlet, a septum and a magnetic stirrer, syringe, Dewar flask
(500 mL), safety glasses, laboratory coat, protective gloves.

Chemicals SF5Cl, dry n-hexane, 4-ethynyl-4′-propylbi(cyclohexane), triethylb-
orane (1-M Et3B/hexane solution), aqueous NaHCO3 solution, NaSO4, n-
hexane, silica gel, ethanol for cooling bath, dry ice, liquid N2.

Attention! Safety glasses and protective gloves must be used at all times.

Caution! SF5Cl is toxic by inhalation. Et3B catches fire spontaneously if ex-
posed to air, and causes severe skin burns and eye damage. (Do not allow
contact with air. Handle under inert gas.)

Experimental Procedure The reaction was carried out under an atmosphere of
dry nitrogen. Into a three-necked flask equipped with a dry ice reflux condenser
and a nitrogen inlet, alkyne 4-ethynyl-4′-propylbi(cyclohexane) (2.74 g, 11.79
mmol) in anhydrous n-hexane (40 mL) was added and cooled to −40 ◦C.
Then SF5Cl (4.8 g, 29.5 mmol, 2.5 equiv) was condensed into the solution.
The solution was stirred at −40 ◦C for 5 min and Et3B (0.1 g, 0.1 equiv,
1.2 mmol, 1 M in n-hexane) was added slowly using a syringe. The solution
was vigorously stirred for 4 h at −30 ◦C to −20 ◦C, and then the mixture
was warmed to room temperature. The mixture was hydrolyzed with aqueous
NaHCO3 solution and the organic layer dried over NaSO4. The solvent was
removed and the crude product was purified by filtration through a short
column of silica gel (n-hexane). Removal of solvent provided crystals of 4-
[(E)-1-chloro-2-(pentafluoro-�6-sulfanyl)vinyl]-4′-propyl-1,1′-bi(cyclohexyl)
(92% yield).

Characterization Data Colorless solid, mp 51–52 ◦C. 1H NMR (200 MHz,
CDCl3): � 0.70–1.45 (m, 17H), 1.55–1.80 (m, 9H), 3.06 (m, 1H), 6.53 (m,
1H, JHF = 8.8 Hz, HCSF5) ppm. 13C NMR (50 MHz, CDCl3): � 14.8, 20.5,
29.3, 30.4, 30.5, 33.9, 38.0, 40.2, 42.8, 43.3, 43.7, 135.9 (quin, CSF5, J =
20.6 Hz), 152.7 (quin, J = 7.0 Hz) ppm. 19F NMR (188 MHz, CDCl3): � 67.1
(dm, 4F, J = 152.0 Hz, B4-part), 83.1 (9 lines, 1F, A-part) ppm. MS (EI, 70
eV, 200 ◦C): m/z (%) 394 (19, M+ ), 359 (3, M+ –Cl), 231 (11), 125 (81),
83 (61), 69 (100). HRMS for [M+ ] (C17H28ClF5S): calcd 394.1520, found
394.1534.
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30.2 SYNTHESIS OF 4-[(PENTAFLUORO-�6-SULFANYL)ETHYNYL]-
4′-PROPYL-1,1′-BI(CYCLOHEXYL) [17]

Apparatus A 100-mL flask equipped with a reflux condenser, an oil bath, and
a magnetic stirrer, safety glasses, laboratory coat, protective gloves.

Chemicals 4-[(E)-1-chloro-2-(pentafluoro-�6-sulfanyl)vinyl]-4′-propyl-1,1′-
bi(cyclohexyl), dimethyl sulfoxide (DMSO), LiOH, aqueous NaCl solution,
n-hexane, NaSO4, silica gel.

Attention! Safety glasses and protective gloves must be used at all times.

Caution! LiOH is toxic if swallowed, and causes severe skin burns and eye
damage.

Experimental Procedure To a solution of 4-[(E)-1-chloro-2-(pentafluoro-�6-
sulfanyl)vinyl]-4′-propyl-1,1′-bi(cyclohexyl) (1.5 g, 4.23 mmol) in Me2SO (35
mL), LiOH (0.51 g, 21.15 mmol) was added. The mixture was stirred for
12 h at 50 ◦C, then poured into ice water (∼100 mL), extracted with n-hexane
(4 × 20 mL). The organic layers were combined, washed with brine, and dried
over NaSO4. The solvent was removed under reduced pressure, and then the
residue was purified by chromatography (silica gel; n-hexane), giving alkyne 4-
[(pentafluoro-�6-sulfanyl)ethynyl]-4′-propyl-1,1′-bi(cyclohexyl) (65% yield).

Characterization Data Colorless solid, mp 49–50 ◦C. 1H NMR (200 MHz,
CDCl3): � 0.70–2.15 (m, 26H), 2.29 (m, 1H) ppm. 13C NMR (50 MHz, CDCl3):
� 14.7, 20.4, 29.1, 29.5, 30.3, 32.1, 33.9, 38.0, 40.2, 42.6, 43.5, 82.2 (quin, CSF5,
J = 40.8 Hz, J = 4.0 Hz), 84.1 (m, J = 7.5 Hz) ppm. 19F NMR (188 MHz,
CDCl3): � 81.6–85.0 (9 lines, 1F, A-part), 88.1–89.2 (m, 4F, B4-part) ppm.
MS (EI, 70 eV, 200 ◦C): m/z (%) 358 (4, M+ ), 315 (15, M+ – Pr), 231 (9,
M+ – SF5), 123 (33), 83 (63), 69 (100). HRMS for [M+ ] (C17H27F5S): calcd
358.1754, found 358.1752.

Application The pentafluoro-�6-sulfanyl (SF5) group is one such fluorine-
containing substituent that has attracted increasing interest, as it provides
compounds with low surface energy, high chemical resistance, thermal sta-
bility, high electronegativity, and lipophilicity [2]. A number of patents and
papers describing the synthesis and the properties of pentafluoro-�6-sulfanyl
derivatives as new LCs with the suitable combination of physical properties
have been published [3,8,18].

These unique properties, a tendency toward the formation of nematic
mesophases, and the generation of large dielectric anisotropies in some ter-
minal and substituted acetylenes have been reported in the literature. These
materials have been compared with their hydrogenated analogs [19].
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TABLE 30.1 The Physical Properties of the New SF5-LCs in Comparison to Some of
the Known SF5 Analogues [17]

Structure Phase sequence
� εvirt, Dielectric

anisotropies
� nvirt

Birefringences

C 51 SG? 65 I 10.5 0.0704

C 145 SB 173 N
194.1 I

10.1 0.0641

C 49 I 10.4 0.084

C 38 I 14.5 0.131

C 41 I 15.5 0.134

We have presented synthetic routes to SF5-substituted acetylenes as novel
LC molecules, based on radical addition of SF5Cl to triple bonds of the corre-
sponding LCs precursors. It was shown that interaction of SF5Cl with alkynes
initiated by Et3B and followed by dehydrochlorination of the adducts is a
convenient approach for preparation of such SF5–C≡C– substituted LCs. The
physical properties of the new LC were investigated. The latter showed very
high dielectric anisotropies (� ε) [17].

The physical properties [20] of the new SF5 LCs (entries 3–5) in comparison
to some of the known [21] (entries 1–2) SF5 analogs are shown in (Table 30.1)
[17].

The birefringences (� n) of the SF5 acetylenes, which were synthesized for
the first time, are rather low and useful for reflective type LCDs. Most important
are the observed high dielectric anisotropies (� ε) of acetylenes (entries 4
and 5) compared to known LCs based on hypervalent sulfur fluorides and
alkynes. Caused by the presence of the aromatic ring, the birefringence in
acetylenes (entries 4 and 5) is increased when compared to acetylene (entry 3)
but the polarity is also significantly higher [17].
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CHAPTER 31

Delocalized Lipophilic Cations as
a Source of Naked Fluoride and
Phase-Transfer Catalysts

NATALIYA KALINOVICH, OLESYA KAZAKOVA AND GERD-VOLKER
RÖSCHENTHALER

There has been much interest in recent years in the generation of highly nucle-
ophilic sources of soluble fluoride ion for application in organic and inorganic
synthesis. One of the most useful approaches for naked fluoride has proved to
be anhydrous tetramethylammonium fluoride (TMAF) or the salt TDAE2 + 2F−

(TDAE, tetrakis(dimethylamino)ethylene), recently synthesized from elemental flu-
orine, which could be quite easily prepared in hydrogen difluoride free form [1–5].
The main advantages of TMAF are the high thermal and chemical stability of the
tetramethylammonium cation and the extreme high nucleophilicity of the naked
fluoride ion.

Another approach includes the synthesis of hypervalent fluorosilicon or tin onium
derivatives showing excellent fluorinating power and being a source of naked fluoride
as well [6–10]. Among the fluoride ion sources of the last type, the most impor-
tant is Tris(dimethylamino)sulfonium difluorotrimethylsilicate (TASF) [6]. The TAS
counterion is remarkably stabilizing for many fluorinated anionic species, for exam-
ple, perfluoroalkyl, perfluoroalkyloxy anions [11]. Hexamethylguanidinium (HMG)
1,1,1,3,3,3-hexafluoro-2-(trifluoromethyl)-2-propanide, [C(NMe2)3]+ [C(CF3)3

−], a
stable solid, was prepared from HMG+ F−, HF2

−, and perfluoroisobutene [12].
HMG+ cation seems to be very attractive and useful for application in basic
and applied organofluorine chemistry. We present simple preparative approach for
HMG fluoride (HMGF) excluding or minimizing the content of hydrogen difluoride
impurities [13].
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31.1 SYNTHESIS OF HMGF [13]

F
N

N
F

N

SiMe3

MeCN, 0 °C
N

N

N

HMG+F–

F–

Apparatus Vacuum line, nitrogen inlet, sealed trap, a magnetic stirrer, Dewar
flask, filter funnel, safety glasses, laboratory coat, and protective gloves.

Chemicals Bis(dimethylamino)difluoromethane [14], dimethylaminotrimethyl-
silane, acetonitrile (was distilled from phosphorus pentoxide and then stored
over calcium hydride), Et2O.

Attention! Safety glasses and protective gloves must be used at all times.

Caution! Dimethylaminotrimethylsilane is highly flammable liquid and its va-
por causes severe skin burns and eye damage.

Experimental Procedure The reaction and all manipulations were conducted
under an atmosphere of dry nitrogen. A mixture of 3.4 g (29 mmol)
dimethylaminotrimethylsilane and 2.0 g (14.5 mmol) bis(dimethylamino)
difluoromethane in acetonitrile (10 mL) was stirred for 2.5 h at 0 ◦C. Af-
ter cooling to −30 ◦C, the reaction mixture was diluted with diethyl ether
(30 mL), which was added over 5 min, and the precipitated product (salt) was
filtered under nitrogen and washed with diethyl ether (10 mL) to yield HMGF
(95% yield).
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Characterization Data Mp 166–167 ◦C. 19F NMR: � −63.1 (s) ppm (CD3CN,
−30 ◦C). 1H NMR: � 2.95 (s) ppm [15, 16].

Application There is a growing interest in salts containing delocalized lipophilic
cations (DLCs) due to their stability and high performance in numerous phase-
transfer (PT) organic reactions proceeding under extreme conditions (e.g., high
temperature, strongly basic media, powerful nucleophiles) [17,18]. A new im-
portant aspect of their application is connected with the ability of some DLCs
to selectively target mitochondria of carcinoma cells resulting in their selective
killing. It is a novel and effective strategy intensely studied presently for the
treatment of cancer [19]. Solid–liquid PT halogen exchange (“Halex” process)
with alkaline fluorides is one of the two main techniques to produce selectively
fluorinated aromatics on an industrial scale, complementary to diazotization of
anilines in hydrogen fluoride or Schiemann reaction [20, 21]. Potassium fluo-
ride presenting an optimal ratio between cost and reactivity is the most widely
used reagent for the industrial synthesis of fluoroaromatics. In most of the
Halex-type reactions, the rate-determining step is the fluoride anion/substrate
reaction to generate the anionic Meisenheimer complex. The sparing solubility
of potassium fluoride in aprotic solvents or aromatic substrates even at elevated
temperatures results in low fluorination rates and formation of by-products. To
overcome this problem, the range of PT catalysts, conventional tetraalkylam-
monium, phosphonium, and pyridinium salts, 18-crown-6, and polyethylene
glycol were proposed [21, 22, 1]. Unfortunately, most of them show short-
comings, especially at elevated temperatures (c. 200 ◦C), that restrict their
application on an industrial scale. Tetrakis(dialkylamino)phosphonium halides
[23], however, with the robust and lipophilic phosphonium cation, were eval-
uated as powerful catalysts for some Cl/F exchange reactions [24]. There
are no universal catalysts of halogen exchange reactions; so far, the choice
depends strongly on the chloroaromatic substrate used and the degree of halo-
gen activation. There is still a growing need to create robust, easily recy-
clable, cheap, and highly effective catalysts for this very important industrial
process.

To improve the “Halex” fluorination process, we have synthesized a range
of new salts with symmetrical and nonsymmetrical backbones (C–N–P+ , C–
N–S+ , and S–N–P+ ), all fully substituted with dialkylamino groups [25].
Among these new salts and already known aminodiphosphazenium [26] and
2-azaallenium [27] halides, novel catalysts of high potential for solid–liquid PT
halogen exchange with KF in chloroaromatic compounds were evaluated [25].
Here is one of our invention about delocalized lipophilic halides for catalytic flu-
orination and furthermore hydrogen difluorides and difluorotrimethylsilicates
as fluorinating reagents and Lewis bases easily soluble in aprotic solvents,
which are of general interest in organic and organofluorine chemistry presents.
The key point of our route to thermally stable salts stable toward the highly
basic fluorides for the “Halex” process was the consideration that the guanidyl
substituents being more efficient [28].
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31.2 SYNTHESIS OF TRIS(TETRAMETHYLGUANIDO)SULFONIUM
CHLORIDE [28]

C

N

N

CH2Cl2, –70 °C
NH

SCl4

C

N

N

N6 equiv S

N

N

C

C N

N

N

N

Cl

Apparatus Vacuum line, nitrogen inlet, sealed trap, a magnetic stirrer, De-
war flask, syringe, filter funnel, safety glasses, laboratory coat, and protective
gloves.

Chemicals Sulfur dichloride in CH2Cl2 (1 M SCl2/CH2Cl2), Cl2, tetramethyl-
guanidine, NaOMe, dry methanol, dry CH2Cl2, dry THF, dry Et2O.

Attention! Safety glasses and protective gloves must be used at all times.

Caution! SCl2 is toxic by inhalation, in contact with skin and if swallowed.
SCl2 hydrolyzes with release of HCl. It causes burns. There is limited evidence
of a carcinogenic effect. Chlorine is a toxic gas that irritates the respiratory
system. Because it is heavier than air, it tends to accumulate at the bottom of
poorly ventilated spaces. Chlorine gas is a strong oxidizer, which may react
with flammable materials. Tetramethylguanidine is highly flammable liquid
and its vapor causes severe skin burns and eye damage. Sodium methoxide is
highly caustic and the hydrolysis gives methanol, which is toxic and volatile.
Methanol has a high toxicity in humans.

Experimental Procedure The reaction and all manipulations were conducted
under an atmosphere of dry nitrogen.

To a stirred solution of sulfur dichloride (10.0 g, 97.1 mmol) in
dichloromethane (100 mL), at −78 ◦C chlorine (6.9 g, 97.1 mmol) was con-
densed and the mixture was stirred for 5 min at this temperature. Then, the
tetramethylguanidine (69.0 g, 600 mmol) was added in portions to keep the re-
action temperature below −70 ◦C. The reaction mixture was allowed to warm to
room temperature within 2 h. The solvent was pumped off in vacuo, the residue
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cooled to 0 ◦C, treated with sodium methoxide (15.7 g, 291.3 mmol) in methanol
(120 mL), and the reaction mixture was allowed to warm to 22 ◦C. The solvent
and tetramethylguanidine were removed in vacuo (0.05 Torr). Dissolving the
residue in dichloromethane followed by the filtration from sodium chloride and
evaporation of the solvent in vacuo gave tris(tetramethylguanido)sulfonium
chloride (yield 38.6 g, 97%, purity 96.5%). Recrystallization from THF/ether
at −30 ◦C led in 92% yield to the analytically pure compound.

Characterization Data Mp 115–116 ◦C. 1H NMR (200.13 MHz, CDCl3, ppm):
� 2.8 (s, 18H,) ppm. 13C NMR (50.33 MHz, CDCl3): � 40.9 (CH3, CH3N), 165.0
(C=N) ppm. HRMS (m/z): 374,28257 (M+ , calcd for C15H36N9S: 374,28144).
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CHAPTER 32

Methyltrifluoropyruvate Imines
Possessing N-oxalyl and
N-Phosphonoformyl Groups:
Precursors to a Variety of
�-CF3-�-Amino Acid Derivatives

OLESYA KAZAKOVA AND GERD-VOLKER RÖSCHENTHALER

Peptides modified by non-proteinogenic amino acids are useful building blocks for
drug discovery. Therefore, the development of new synthetic pathways to unnatu-
ral amino acids containing different functionalities remains a constant challenge. In
this connection, hydroxamic acid derivatives including N-oxalyl amino acids have
attracted considerable attention due to their high activity in inhibiting medically im-
portant metalloenzymes [1]. For example, oxaloglycine and its derivatives are known
to inhibit prolyl hydroxylase [2] involved in the biosynthesis of collagen. The hy-
peractivity of the enzyme leads to the accumulation of large amounts collagen in
different organs and tissues that causes the life-threatening fibrotic diseases such
as pulmonary fibroses, and liver and renal fibrosis. Furthermore, phosphonoformate
(PFA, Foscarnet) is an effective antiviral compound, clinically used in the treatment
of herpetic diseases and AIDS [3]. Incorporation of the PFA backbone into amides
and amino acids is a promising strategy used currently for the development of new
drug candidates based on selective inhibition of important enzymes, including ma-
trix metalloproteinases (MMPs) [4]. On the one hand, the capacity of oxamic and
phosphonoformic acid moieties for bidentate metal binding presumably plays a role
in metalloenzyme inhibition. On the other hand, �-amino acids containing the triflu-
oromethyl (Tfm) group [5] are of particular interest due to the unique characteristics
of the Tfm group, such as high electronegativity, electron density, steric hindrance,
and hydrophobicity [6]. The advantages of peptides modified by Tfm amino acid
include enhanced proteolytic stability, affinity for lipid bilayer membranes, as well
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as stabilization of secondary supramolecular structures [7] owing to the ability of
the fluorine atom to form hydrogen bonds [8, 9]. We have developed an effective
strategy for the synthesis of novel imines of methyl trifluoropyruvate (MTFP) bear-
ing oxalyl and phosphonoformyl groups at the nitrogen atom, and their subsequent
transformations into the corresponding amino acid derivatives. The resulting �-Tfm-
�-amino acids possessing N-oxalyl and N-phosphonoformyl groups are potentially
useful candidates for the design of novel inhibitors of medically important enzymes.

MTFP [10] reacts readily with ethyl oxamate and diethyl carbamoylphosphonate
at room temperature in the absence of any solvent to give, in high yields, the stable
adducts (1), which could be dehydrated by standard procedure [11] to afford the
corresponding imines (2) [12].
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X = P-OEt (1b - 97%, 2b - 72%)
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32.1 GENERAL PROCEDURE FOR THE SYNTHESIS
OF HEMIAMIDALS (1) [12]

Apparatus A 100-mL flask equipped with a magnetic stirrer, nitrogen inlet,
safety glasses, laboratory coat, protective gloves.

Chemicals MTFP, ethyl oxamate (for 1a) or diethyl carbamoylphosphonate (for
1b), petroleum ether.

Attention! Safety glasses and protective gloves must be used at all times.

Caution! MTFP is an irritant.

Experimental Procedure All solvents used in reactions were freshly distilled
from appropriate drying agents before use. Reactions were performed under an
atmosphere of dry nitrogen.

A mixture of MTFP (10 mmol) and ethyl oxamate (or diethyl car-
bamoylphosphonate; 10 mmol) was kept at room temperature for 16 h. The
crude solid product was washed with petroleum ether to give analytically pure
hemiamidals 1.
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Characterization Data For 2-(ethoxyoxalyl-amino)-3,3,3-trifluoro-2-hydroxy-
propionic acid methyl ester (1a). Yield: 98% (white solid), mp 58–61 ◦C.
1H NMR (CDCl3): � 8.11 (s, 1H), 5.42 (s, 1H), 4.41 (q, 2H, 3JHH =
7.1 Hz), 3.90 (s, 3H), 1.42 (t, 3H, 3JHH = 7.1 Hz) ppm. 19F NMR (CDCl3): �
−81.7 (s, CF3) ppm. 13C NMR (CDCl3): � 16.6, 55.2, 65.5, 80.5 (q, 2JCF =
29.5 Hz), 121.6 (q, CF3, 1JCF = 285.0 Hz), 156.1, 158.3, 159.1 ppm. HRMS:
[M+ ] calcd for C8H10F3NO6, 273.0460; found, 273.0462.

For 2-(diethylphosphonoformamido)-3,3,3-trifluoro-2-propionic acid
methyl ester (1b). Yield: 97% (white solid), mp 69–72 ◦C. 1H NMR (CDCl3):
� 8.51 (s, 1H), 5.32 (s, 1H), 4.20 (m, 4H), 3.93 (s, 3H), 1.4 (t, 6H, 3JHH = 7.0
Hz) ppm. 19F NMR (CDCl3): � −75.5 (s, CF3) ppm. 31P NMR (CDCl3): � −1.9
(m) ppm. 13C NMR (CDCl3): � 16.6, 16.7, 55.3, 65.6, 65.7, 80.5, 80.6 (both
q, 2JCF = 29.0 Hz), 122.5 and 122.6 (both q, CF3, 1JCF = 286.0 Hz), 165.5
(d, 1JCP = 123.0 Hz), 170.2 ppm. HRMS: [M+ ] calcd for C9H15F3NO7P,
337.0538; found, 337.0539.

32.2 GENERAL PROCEDURE FOR THE SYNTHESIS
OF IMINES (2) [12]

Apparatus Two-necked, 100-mL flask equipped with an internal thermometer,
a dropping funnel, and a magnetic stirrer, N2 inlet, Dewar flask (500 mL), filter
funnel, safety glasses, laboratory coat, protective gloves.

Chemicals Trifluoroacetic anhydride, dry Et2O, pyridine, petroleum ether, liq-
uid N2, ethanol for cooling bath.

Attention! Safety glasses and protective gloves must be used at all times.

Caution! Trifluoroacetic anhydride reacts violently with water. Pyridine is
highly flammable.

Experimental Procedure All solvents used in the reactions were freshly dis-
tilled from appropriate drying agents before use. Reactions were performed
under an atmosphere of dry nitrogen.

Trifluoroacetic anhydride (4.5 mL, 31.9 mmol) was added at 0 ◦C to a
vigorously stirred solution of a hemiamidal (29.0 mmol) in dry ether (100 mL)
over a period of 0.5 h. After stirring for 0.5 h, pyridine (5.2 mL, 64.0 mmol)
was added slowly. Stirring was continued for additional 2 h. The reaction
mixture was cooled to −20 ◦C and the precipitated pyridinium trifluoroacetate
was filtered off under an inert gas atmosphere. The filtrate was concentrated
in vacuum and triturated with petroleum ether (3 × 100 mL) to dissolve the
imine and separate it from residual pyridinium trifluoroacetate. The combined
petroleum ether solutions were evaporated to give compound 2, which was
additionally purified by distillation in the case of 2a. Imine 2b proved to be
unstable under distillation conditions; therefore, it was used further as a crude
product (purity c. 90% according the NMR data).
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Characterization Data For methyl 2-[N-(2-ethoxyoxalyl)imino]-3,3,3-
trifluoropropanoate (2a). Yield: 82% (colorless liquid), bp 95–97 ◦C/0.5 Torr.
IR (thin layer) � (cm−1): 1034 (C–O–C), 1638 (C=N), 1756, 1760, and 1765
(C=O). 1H NMR (CDCl3): � 4.41 (q, 2H, 3JHH = 6.9Hz), 4.08 (s, 3H), 1.42
(t, 3H, 3JHH = 6.9 Hz) ppm. 19F NMR (CDCl3): � −71.3 (s, CF3) ppm. 13C
NMR (CDCl3): � 14.2, 55.6, 64.4, 122.6 (q, CF3, 1JCF = 279.0 Hz), 154.7,
156.3 (q, C=N–CF3, 2JCF = 35.1 Hz), 160.4, 167.3 ppm. HRMS: [M+ ] for
calcd for C8H8F3NO5, 255.0457; found, 255.0461.

For methyl 2-[(N-diethylphosphonoformyl)]imino]-3,3,3-trifluoropropan
oate (2b). Yield: 75% (pale yellow oil). IR (thin layer) � (cm−1): 1022, 1046
(P–O–C, C–O–C), 1270 (P=O), 1651 (C=N), 1759, and 1769 (C=O). 1H
NMR (CDCl3): � 4.33 (m, 4H), 4.07 (s, 3H), 1.69 (t, 6H, 3JHH = 6.8 Hz) ppm.
19F NMR (CDCl3): � −71.3 (s, CF3) ppm. 31P NMR (CDCl3): � −2.2 (m) ppm.
13C NMR (CDCl3): � 16.0 and 16.3, 55.3, 63.2 and 63.5, 122.9 and 123.2 (both
q, CF3, 1JCF = 282.0 Hz), 151.2, 155.1 and 155.4 (both q, 2JCF = 33.0 Hz),
164.8 (d, 1JCP = 120.0 Hz), 168.2 ppm. An analytically pure sample was not
obtained.

Application Novel N-oxalyl and N-phosphonoformyl derivatives of �-Tfm-�-
amino acids are potential inhibitors of medically important enzymes. In ad-
dition, the novel amino acid derivatives herein reported could find further
applications as building blocks for the modification of other biologically ac-
tive peptides. The new compounds will be examined for MMP inhibitory
activity [12].
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CHAPTER 33

Rhodium-Mediated Synthesis of (3,3,3-
Trifluoropropyl)trimethoxysilane and
(3,3,3-Trifluoropropyl)triphenylsilane

FALK WEHMEIER AND THOMAS BRAUN

An important pathway for a transition metal-mediated synthesis of fluorinated com-
pounds imparts a selective hydrodefluorination of highly fluorinated molecules. As an
alternative, fluorinated building blocks can be derivatized in the coordination sphere
of a metal atom. Hexafluoropropene can be activated by the rhodium hydrido com-
plex [Rh(H)(PEt3)3] to give the rhodium derivative [Rh{(Z)-CF=CFCF3}(PEt3)3]
after cleavage of a carbon–fluorine bond [1]. A subsequent reaction with dihydrogen
leads to the formation of 1,1,1-trifluoropropane. When tertiary silanes are used instead
of dihydrogen, (3,3,3-trifluoropropyl)silanes are generated. The same products can
also be synthesized by a rhodium-mediated hydrosilylation of 3,3,3-trifluoropropene
with tertiary silanes. The formation of R3SiCH2CH2CF3 (R3=Ph3, (OMe)3) can be
carried out catalytically, with turnover numbers of up to 90 for R3=Ph3.

Apparatus All preparations should be carried out using standard Schlenk tech-
niques under an argon atmosphere; all chemicals should be purified and dried
by conventional methods and distilled under argon before use.

Chemicals [Rh(H)(PEt)3], hexafluoropropene or 3,3,3-trifluoropropene,
trimethoxysilane, triphenylsilane, toluene, n-hexane.

Attention! Hexafluoropropene and 3,3,3-trifluoropropene are gases and should
be handled appropriately.

Caution! Safety glasses and protective gloves must be used at all times.
Trimethoxysilane is highly toxic. Inhalation and contact with skin and eyes
should be avoided by handling under a well-functioning hood.

Experimental Procedure [2] About 5 mg (11 �mol) [Rh(H)(PEt3)3] [3] is dis-
solved in 5 mL dry toluene. A slow stream of hexafluoropropene is then passed
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through the solution for 3 min. A color change from red to yellow indicates
the formation of the C–F activation product [Rh{(Z)-CF=CFCF3}(PEt3)3] [4].
Then 0.5 mL (3.9 mmol) trimethoxysilane is added and the reaction mixture
is stirred at room temperature overnight. The solution is then filtered over
silica, and the silica gel is washed with n-hexane. The hexane filtrates are com-
bined, and the solvent is removed under vacuum. The residue is then distilled
under atmospheric pressure to yield (3,3,3-trifluoropropyl)trimethoxysilane as
colorless liquid (TON=15, bp. 144 ◦C).

The same procedure can be used to synthesize (3,3,3-
trifluorpropyl)triphenylsilane from hexafluoropropene and triphenylsilane.
After filtration over silica gel and washing the silica gel with n-hexane, the
solvent is removed in vacuo. The remaining solid is washed with n-hexane to
give pure (3,3,3-trifluoropropyl)triphenylsilane (TON = 90).

Alternatively, a slow stream of 3,3,3-trifluoropropene is passed through a
solution of 40 mg (70 �mol) [Rh(H)(PEt3)3] and 2.7 g triphenylsilane in 6 mL
toluene. The reaction workup is the same as mentioned above to give 967 mg
(3,3,3-trifluoropropyl)triphenylsilane (30%, not optimized).

Characterization Data For (3,3,3-Trifluoropropyl)trimethoxysilane: 1H NMR
(C6D6, 500 MHz): � 0.87 (m, 2H, SiCH2), 2.14 (m, 2H, CH2CF3), 3.39 (s, 9H,
OCH3) ppm. 19F NMR (C6D6, 470 MHz): � −68.2 (t, 3J(H,F) = 10.8 Hz, CF3)
ppm. MS (EI, 70 eV, m/z): 141 ((MeO)3SiHF+ ), 121 ((MeO)3Si+ ).

For (3,3,3-Trifluoropropyl)triphenylsilane: 1H NMR (C6D6, 500 MHz): �
1.57 (m, 2H, SiCH2), 2.13 (m, 2H, CH2CF3), 7.11–7.69 (m, 15H, Ph) ppm. 19F
NMR (C6D6, 470 MHz): � −67.3 (t, 3J(H,F) = 11 Hz, CF3) ppm. 29Si NMR
(C6D6, 99 MHz): � −10.8 ppm. MS (EI, m/z): 356 (M+ ), 279 (Ph3SiHF+ ),
259 (Ph3Si+ ). Elemental analysis calcd (%) for C21H19F3Si: C 70.76, H 5.37;
found: C 71.32, H 5.87.

Application (3,3,3-Trifluoropropyl)trimethoxysilane can be used to pro-
duce trifluoropropylsilyl copolymers, which serve as precursors for
poly(methylsilsesquioxane) films with low dielectric constants and low density
[5, 6]. (3,3,3-(Trifluoropropyl)trimethoxysilane can also be applied in conden-
sation reactions with tetraalkoxysilanes. The resulting gels and aerogels show
a remarkable hydrophobicity [7].
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CHAPTER 34

Rhodium-Mediated Synthesis of a
Tetrafluoropyridyl-2-boronate Ester

MICHAEL TELTEWSKOI AND THOMAS BRAUN

Examples for C–F bond functionalization, that is, reactions by which a fluo-
rine group is replaced by a new entity to access higher-value fluorinated com-
pounds, are very limited, and most examples involve hydrodefluorination reactions.
The ortho C–F bond in pentafluoropyridine can be activated by the rhodium boryl
complex [Rh(Bpin)(PEt3)3] [1]. The conversion yields the rhodium derivative [Rh(2-
C5N(Bpin)F4)(PEt3)3]. Treatment of the latter with additional B2pin2 and pentaflu-
oropyridine at 40 ◦C leads to the formation of a tetrafluoropyridyl-2-boronate ester.
The product can be obtained catalytically with a turnover number of 16.

Apparatus PFA tube.

Chemicals [Rh(F)(PEt3)3] or [Rh(OPh)(PEt3)3], B2pin2, dry hexamethyl-
disilane.

Attention! Safety glasses and protective gloves must be used at all times.

Experimental Procedures Synthesis of [Rh(Bpin)(PEt3)3]:
(a) B2pin2 (9 mg, 0.036 mmol) is added to a solution of [Rh(OPh)(PEt3)3] [1]

(20 mg, 0.036 mmol) in hexamethyldisilane (0.5 mL) in a PFA tube. Af-
ter 16 h, the NMR spectroscopic data of the reaction solution at 203 K re-
veal the formation of [Rh(Bpin)(PEt3)3] and PhOBpin. (b) B2pin2 (6 mg,
0.024 mmol) is added to a solution of [Rh(F)(PEt3)3] [2] (10 mg, 0.021 mmol) in
hexamethyldisilane (0.5 mL) in a PFA tube. After 16 h, the NMR spectroscopic
data of the reaction solution at 203 K reveal the formation of [Rh(Bpin)(PEt3)3]
and FBpin.

Characterization Data 1H NMR (300.1 MHz, C6D6): � 1.72 (apparent q, br,
18H, CH2), 1.19 (apparent quint, br, 27H; CH3) ppm. 11B NMR (128.4 MHz,
[D8]toluene): � 46.5 (s, br, � � 1

2
=338 Hz) ppm. 31P{1H} NMR (121.5 MHz,
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[D8]toluene, 203 K): � 20.5 (dd, 1J(Rh,P) = 166, 2J(P,P) = 30 Hz), 9.1 (dm,
1J(Rh,P) = 110 Hz) ppm.

Preparation of the boronate ester 2-C5N(Bpin)F4: B2pin2 (10 mg, 0.04 mmol) is
added to a solution of [Rh(F)(PEt3)3] (5 mg, 0.01 mmol) in hexamethyldisilane
(0.5 mL). After 16 h, B2pin2 (110 mg, 0.43 mmol) and pentafluoropyridine
(44 �L, 0.4 mmol) are added. The NMR spectroscopic data of the reaction
solution reveal the conversion of pentafluoropyridine into 2-C5N(Bpin)F4 with
45% yield after 36 h at 40 ◦C.

Characterization Data 11B NMR (128.4 MHz, C6D6): � 28.5 (s, br) ppm.
19F NMR (282.4 MHz, C6D6): � −82.7 (d of apparent t, J(F,F) = 26,
J(F,F) ≈ J(F,F) ≈ 18 Hz, 1F), −137.9 (ddd, J(F,F) = 26, J(F,F) = 18, J(F,F) =
7 Hz, 1F), −143.6 (apparent q, J(F,F) ≈ 18 Hz, 1F), −156.2 (ddd, J(F,F) = 26,
J(F,F) = 18, J(F,F) = 7 Hz, 1F) ppm. Accurate HR-EI-MS (m/z): 277.08972
(C11H12BF4N1O2

+ ).

Application The boronate ester 2-C5N(Bpin)F4 is a tetrafluoropyridyl deriva-
tive, which is functionalized at the 2-position. Note that it is very difficult to
access compounds with such a substitution pattern [3]. In addition, the fluori-
nated boronate ester itself can provide a new fluorinated building block [4].
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CHAPTER 35

Palladium-Mediated Synthesis of
4-Vinyltetrafluoropyridine and
2,3,5,6-Tetrafluoropyridine

DAVID BREYER AND THOMAS BRAUN

An organometallic strategy to access fluoroorganic compounds involves the se-
lective activation of highly fluorinated precursors followed by derivatization re-
actions in the coordination sphere of a transition metal. Some of the obtained
products are often not accessible by any other means. Pentafluoropyridine can be
selectively activated at the 4-position by [Pd(PiPr3)2] to give the complex trans-
[Pd(F)(4-C5NF4)(PiPr3)2]. Treatment of the latter with Bu3SnCH=CH2 leads to
the formation of 4-vinyltetrafluoropyridine. The hydrido complex trans-[Pd(H)(4-
C5NF4)(PiPr3)2] can be prepared by reaction of trans-[Pd(F)(4-C5NF4)(PiPr3)2] with
HBpin (HBpin, 4,4,5,5-tetramethyl-1,3,2-dioxaborolane). Heating to 60 ◦C gives
2,3,5,6-tetrafluoropyridine. Both tetrafluoropyridine derivatives can be synthesized
catalytically.

35.1 CATALYTIC DERIVATIZATION OF PENTAFLUOROPYRIDINE

Apparatus All preparations should be carried out using standard Schlenk tech-
niques under an argon atmosphere; all chemicals should be purified and dried
by conventional methods and distilled under argon before use.

Attention! Safety glasses and protective gloves must be used at all times. All
reactions should be carried out in a well-ventilated hood.

35.2 PREPARATION OF trans-[Pd(F)(4-C5NF4)(Pi Pr3)2]

Chemicals [PdMe2(tmeda)] (tmeda, tetramethylethylenediamine), PiPr3, penta-
fluoropyridine, toluene, hexane.
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Experimental Procedure [PdMe2(tmeda)] [1] (1.00 g, 4.0 mmol) is dissolved
in toluene (25 mL) and PiPr3 (1.90 mL, 10.0 mmol) is added. After stirring
the reaction mixture for 30 min, pentafluoropyridine (0.83 mL, 8.1 mmol) is
added. The mixture is then stirred for another 15 min, after which the solution
is heated for 1 h to 60 ◦C, 30 min to 80 ◦C, 90 min to 90 ◦C, and 5 h to
105 ◦C, during which the solution turned to dark orange. The solution is then
cooled and filtered from a gray residue through a cannula, and the volatiles are
removed from the toluene filtrate in the vacuum. The resulting orange residue
is washed with hexane at −90 ◦C (3 × ), −60 ◦C (2 × ), and −30 ◦C (2 × ).
The residue is extracted with hexane at room temperature. Evaporation of the
solvent under vacuum yields a yellow powder (yield 1.90 g, 80%).

Characterization Data 1H NMR (300.1 MHz, C6D6): � 1.99 (m, 6H), 1.09 (dd,
J(H,H) = 7.0 Hz, J(P,H) = 14.1 Hz, 36H) ppm. 31P{1H} NMR (121.5 MHz,
C6D6): � 40.1 (d, J(P,F) = 16.0 Hz) ppm.19F NMR (282.4 MHz, C6D6): �
−98.7 (m, 2F), −116.1 (m, 2F), −324.6 (m, 1F) ppm. Elemental analysis calcd
(%) for C23H42F5NP2Pd: C, 46.36; H, 6.94; N, 2.24. Found: C, 46.31; H, 7.10;
N, 2.24.

35.3 PREPARATION 4-VINYLTETRAFLUOROPYRIDINE

Chemicals trans-[Pd(F)(4-C5NF4)(PiPr3)2] [2], pentafluoropyridine, [D8]thf,
Bu3SnCH=CH2, 4-fluorotoluene.

Experimental Procedure In an NMR tube, Bu3SnCH=CH2 (104 �L,
0.46 mmol) is added to a solution of trans-[Pd(F)(4-C5NF4)(PiPr3)2] (29 mg,
0.049 mmol) and pentafluoropyridine (51 �L, 0.46 mmol) in THF-d8 (0.6 mL).
The reaction mixture is then heated for 48 h to 50 ◦C. The yield of 4-
vinyltetrafluoropyridine [3] is determined using an external standard of 4-
fluorotoluene and is 60% (TON = 6).

Characterization Data 1H NMR (500 MHz, [D8]thf): � 6.01 (dm, J(H,H) =
17.6 Hz, 1H), 5.71 (dm, J(H,H) = 17.8 Hz, 1H), 5.19 (dm, J(H,H) = 12.1 Hz,
1H) ppm. 19F NMR (470.4 MHz, [D8]thf): � −91.6 (m, 2F), −144.2 (m, 2F)
ppm. MS (EI): m/z 177 (M+ , 100%).

35.4 PREPARATION OF trans-[Pd(H)(4-C5NF4)(Pi Pr3)2]

Chemicals trans-[Pd(F)(4-C5NF4)(PiPr3)2], HBpin, benzene.

Experimental Procedure A solution of trans-[Pd(F)(4-C5NF4)(PiPr3)2]
(43 mg, 0.07 mmol) in C6H6 (4 mL) is treated with HBpin (13 �L, 0.087
mmol). The reaction mixture is subsequently stirred for 2 h at room temper-
ature. The volatiles are then removed in vacuo to give a white solid (yield
41 mg, 98%).

Characterization Data 1H NMR (300.1 MHz, C6D6): � 1.72 (m, br, 6H), 0.96
(dd, J(H,H) = 7.1 Hz, J(P,H) = 14.3 Hz, 36H), −9.06 (m, J(P,H) = 0.74 MHz,
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1H) ppm. 31P{1H} NMR (121.5 MHz, C6D6): � 57.4 (t, J(P,F) = 1.5 Hz)
ppm. 19F NMR (282.4 MHz, C6D6): � −100.5 (m, 2F), −115.3 (m, 2F) ppm.
Elemental analysis calcd (%) for C23H43F4NP2Pd: C, 47.82; H, 7.51; N, 2.43.
Found: C, 47.86; H, 7.45; N, 1.94.

35.5 PREPARATION OF 2,3,5,6-TETRAFLUOROPYRIDINE

Chemicals trans-[Pd(H)(4-C5NF4)(PiPr3)2] [4], pentafluoropyridine, [D8]thf,
HBpin, fluorobenzene.

Experimental Procedure An NMR tube containing a capillary with fluoroben-
zene was charged with a solution of trans-[Pd(H)(4-C5NF4)(PiPr3)2] (37 mg,
0.064 mmol) in [D8]thf (0.6 mL), pentafluoropyridine (70 �L, 0.64 mmol),
and HBpin (97 �L, 0.46 mmol). The reaction mixture was heated for 3 days
to 60 ◦C. The yield of 2,3,5,6-tetrafluoropyridine was determined on using an
external standard of fluorobenzene and is 44% (TON = 4).

Characterization Data 1H NMR (300.1 MHz, [D8]thf): � 6.45 (m, 1H) ppm.
19F NMR (282.4 MHz, [D8]thf): � −93.3 (m, 2F), −141.5 (m, 2F) ppm.

Application 4-Vinyltetrafluoropyridine and 2,3,5,6-tetrafluoropyridine are flu-
orinated compounds of higher value, and may be used as fluorinated organic
building blocks.
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CHAPTER 36

Preparation of Polyfluoroaryl-
1,2-difluorovinylsilanes

DONALD J. BURTON AND BA V. NGUYEN

36.1 PREPARATION OF

F3C
F

F

SiEt3
F

Apparatus A 150-mL, two-necked flask with Teflon-coated stir bar, septum, T-
shaped N2-inlet connected to a bubbler, syringe (10 mL), safety glasses, 50-mL
flask, silica-gel chromatography column.

Chemicals Acid washed Cd powder,
FF3C Br

, DMF (10 mL), Cu(I)Br
medium-fritted Schlenk funnel, (E)-1-iodo-2-triethylsilyl-1,2-difluoroethene,
pentane.

Attention! Safety glasses should be worn at all times.

Caution All reactions should be carried out in a well-ventilated hood.

Experimental Procedure A dry, two-necked, 150-mL, round-bottomed flask
was equipped with a Teflon-coated magnetic stir bar, septum, and N2 inlet con-
nected to a bubbler. The flask was charged with acid-washed cadmium powder
(3.3 g, 30.0 mmol), 1-bromo-2,3,5,6-tetrafluoro-4-(trifluoromethyl)benzene
(5 g, 16.8 mmol), and 10 mL dry DMF. The mixture was stirred at room
temperature for 20 min. 19F NMR analysis of the reaction mixture indicated
that all of the starting benzene had been consumed. The reaction mixture
was then filtered through a medium-fritted Schlenk funnel under N2 pressure
into a 50-mL flask that contained Cu(I)Br (1 g, 7 mmol) and (E)-1-iodo-2-
triethylsilyl-1,2-difluoroethene (5.1 g, 16.8 mmol) [1]. The mixture was stirred
at room temperature for 2 h. The reaction mixture was introduced onto a
silica-gel column and eluted with pentane. The eluate was collected and the
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solvent removed via rotary evaporation. The yield of (Z)-1-(4-heptafluorotolyl)-
2-triethylsilyl-1,2-difluoroethene was 6.4 g (96%).

Characterization Data 1H NMR: � 1.1 (t, 3JHH = 7.8 Hz, 9H), 0.8 (q, 3JHH =
7.9 Hz, 6H) ppm. 19F NMR: � −57.0 (t, . . . . . , 4JFF = 22.1 Hz, 3F), −135.0
(m, 2F), � -140.4 (m, 2F), −147.5 (dm, 3JFF = 137.2 Hz, 1F), −153.1 (dt,
3JFF = 137.3 Hz, 4JFF = 13.2 Hz, 1F) ppm. 13C NMR: � 162.1 (dd, 1JCF =
279.2 Hz, 2JCF = 70.4 Hz), 148.9 (dd, 1JCF = 232.7 Hz, 2JCF = 43.6 Hz),
144.6 (dm, 1JCF = 261.9 Hz, � 121.1 (q, . . . .), 114.9 (dt, 2JCF = 28.3 Hz,
2JCF = 17.9 Hz), 111.7 (qt, 2JCF = 35.4 Hz, 2JCF = 12.6 Hz), 6.6 (s), 2.4 (s).
FTIR (CCl4, cm−1): 1496.6 (s), 1344.7 (s), 1159.9 (s), 991.2 (m). MS (70 eV)
m/z (relative intensity): 105 (100).

Waste Disposal The residues of the silica-gel column have to be collected in a
labeled container for toxic metal waste that has to be properly deposited.

Application Fluorinated vinyl iodides are key intermediates in the prepara-
tion of polyfunctionalized derivatives. The vinyl iodides can be accessed
via several different methods. Perfluoroolefins can be converted to perfluo-
rovinyl phosphonium tetrafluoroborates via reaction with n-Bu3P followed by
reaction of the (Z)-perfluorovinyl phosphorane with BF3·Et2O. Subsequent
cleavage of the (Z)-perfluorovinyl phosphonium salt with either KF or Na2CO3

gives stereospecifically the (Z)-perfluorovinyl iodide [2]. For aryl fluorine-
containing vinyl iodides, the methodology involves Pd(0)-catalyzed stereospe-
cific coupling of fluorine-containing vinylsilylzinc reagents with aryl iodides
[3]. Polyfluorinated aryl halides do not readily undergo Pd(0)-catalyzed cou-
pling with vinylsilylzinc reagents. However, polyfluorinated iodides or bro-
mides readily react at room temperature with Cd powder to produce in situ
the arylcadmium reagent [4–8]. Metathesis of the arylcadmium reagent with
Cu(I)Br readily provides the polyfluoroarylcopper reagent, which can then be
coupled with 1-iodo-1,2-difluorovinylsilanes or polyfluorinated vinyl iodides.
Because all these reactions are carried out at room temperature, the method-
ology is easy to perform and avoids low-temperature preparation of unstable
polyfluorovinyl lithium or magnesium reagents.

The corresponding vinyl iodide (from the vinylsilane) can be converted
to a vinylzinc, cadmium, or copper reagent, can be coupled with vinylzinc
reagents or vinyl copper reagents, or self-dimerized with Cu◦/DMSO to provide
symmetric dienes [9], or be converted to the vinylstannane [4], which can be
coupled with Pd(0) catalysis or dimerized stereospecifically with Cu(OAc)2

[10].
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CHAPTER 37

Preparation of
(Z)-2-iodo-1,2-difluorostyrenes

DONALD J. BURTON AND LING XUE

37.1 PREPARATION OF

F I

F

Apparatus A 250-mL, three-necked, round-bottom flask, Teflon-coated mag-
netic stir bar, N2 inlet adapter, beaker, flash distillation apparatus.

Chemicals �,�,�-Trifluorostyrene, dry DMF, n-tributylphosphine, BF3·OEt2,
I2, anhydrous KF, aqueous sodium thiosulfate, 4 Å molecular sieves.

Attention! Safety glasses should be worn at all times.

Caution All reactions should be carried out in a well-ventilated hood.

Experimental Procedure A 250-mL, three-necked, round-bottom flask
equipped with a Teflon-coated magnetic stir bar, two septum caps, and a
nitrogen T-shaped adapter was charged with �,�,�-trifluorostyrene (19.1 g,
121 mmol) and 160 mL dry DMF. To the mixture, cooled with an ice–water
bath, n-tributylphosphine (37 mL, 174 mmol) was slowly charged. The reac-
tion mixture gradually turned from yellow to red. Then, BF3·OEt2 (18.2 mL,
148 mmol) was injected dropwise into the reaction mixture. The reaction mix-
ture was allowed to warm to room temperature, and an orange solution was
obtained. The flask was heated in an 80 ◦C oil bath for 2 h. To the reaction
mixture, which was cooled again with an ice–water bath, I2 (93.3 g, 367 mmol)
and anhydrous KF (28.8 g, 497 mmol) were added. The reaction mixture was
stirred at room temperature for 18 h. The 19F NMR spectrum of the reaction
mixture showed that the reaction was completed. Then, the contents of the flask
were poured into a beaker containing 1500 mL of 5% aqueous sodium thiosul-
fate. The organic layer was extracted with ether, washed with H2O, and dried
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over 4 Å molecular sieves. After removal of the ether with a water aspirator,
flash distillation gave (Z)-2-iodo-1,2-difluorostyrene (20.4 g, 63.4%), GLPC
purity �98%.

Characterization Data 1H NMR: � 7.38 (m, 5H) ppm. 19F NMR: � −118.3
(d, 3JFF = 142 Hz, 1F), −133.2 (d, 3JFF = 142 Hz, 1F) ppm. 13C NMR: �
100.5 (dd, 1JCF = 321 Hz, 2JCF = 76 Hz), 122.8–130.0 (m), 153.1 (dd, 1JCF =
234 Hz, 2JCF = 34 Hz) ppm. MS (70 eV) m/z (relative intensity): 266 (M+ ,
100), 139 (69), 119 (94), 99 (46). HRMS: calcd for C8H5F2I, 265.9404; obsvd,
265.9392.

Waste Disposal The waste solvent and thiosulfate solution have to be collected
in a labeled container for waste that has to be properly deposited.

Application Fluorinated vinyl iodides are key intermediates in the prepara-
tion of polyfunctionalized derivatives. The vinyl iodides, containing an aryl
or substituted aryl group on the vinylic carbon, can be readily accessed via
methodology initially developed for the conversion of perfluoroolefins to (Z)-
perfluorovinyl iodides [1]. The tertiary phosphine, n-tributylphosphine, read-
ily attacks a difluoromethylene olefin to initially produce (stereospecifically)
the (Z)-phosphorane, which is easily converted (via BF3·OEt2) to the (Z)-
fluorinated vinyl phosphonium tetrafluoroborate. The tetrafluoroborate salt is
readily cleaved in situ with I2 and anhydrous KF or Na2CO3 to provide stere-
ospecifically the (Z)-vinyl iodide [1]. The reaction described here is general for
o-, m-, and p-substituted �,�,�-trifluorovinyl styrenes. The requisite styrenes
are readily prepared via three methods: (a) Pd(0) cross-coupling of trifluo-
rovinylzinc reagents with aryl iodides [2]. The trifluorovinylzinc reagent is
easily prepared from bromo or iodotrifluoroethene and acid-washed zinc pow-
der [2, 3]. (b) The trifluorovinylzinc reagent can also be efficiently prepared
in situ via metallation of HFC-134A (CF3CFH2) in the presence of anhydrous
zinc chloride [4,5]. Subsequent Pd(0)-catalyzed coupling of this in situ reagent
with aryl iodides gives good to excellent yields of the respective styrenes.
(c) A highly efficient non-organometallic route for the synthesis of �,�,�-
trifluorostyrenes has also been reported [6, 7]. The (E)-aryl vinyl iodides can
also be prepared from (Z)- �,�-difluorostyrenes [8]. The aryl vinyl iodide can
be converted to a vinylzinc, cadmium, or copper reagent and functionalized
further. Also, the aryl vinyl iodide can be coupled with other vinylzinc or
vinylcopper reagents to provide polyfunctionalized compounds. Alternatively,
the aryl vinyl iodide can be self-coupled with Cu◦/DMSO to provide symmetri-
cal dienes [9], or be converted to the vinylstannane [10], which can be coupled
with Pd(0) catalysis or dimerized stereospecifically with Cu(OAc)2 [11, 12].
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CHAPTER 38

Preparation of 1,4-Bis(Z-2-iodo-1,2-
difluoroethenyl)benzene

DONALD J. BURTON AND CRAIG A. WESOLOWSKI

38.1 PREPARATION OF

F

F

I

F

I

F

Apparatus A 50 mL, two-necked flask, Teflon-coated magnetic stir bar, rubber
septum, N2 inlet adapter, 250 mL separatory funnel, silica-gel chromatography
column, safety glasses, I2.

Chemicals Anhydrous KF, 1,4-bis(Z-1,2-difluoro-2-triethylsilylethenyl) ben-
zene, DMSO, ethyl acetate, ethyl ether, H2O, sodium bisulfite, brine, anhydrous
MgSO4, hexanes.

Attention! Safety glasses should be worn at all times.

Caution All reactions should be carried out in a well-ventilated hood.

Experimental Procedure A 50 mL, two-necked, round-bottom flask, equipped
with a Teflon-coated magnetic stir bar, rubber septum, and nitrogen inlet adapter
was charged with anhydrous KF (1.0 g, 17 mmol), I2 (1.33 g, 5.25 mmol),
1,4-bis(Z-1,2-difluoro-2-triethylsilylethenyl)benzene (0.87 g, 2.02 mmol), and
10 mL DMSO. After stirring at 50 ◦C for 3 h, the reaction mixture was poured
into a 250 mL separatory funnel and diluted with 30 mL ethyl acetate, 30 mL
diethyl ether, and 30 mL water. The organic phase was washed sequentially
with 30 mL aqueous 3% sodium bisulfite, 20 mL water, and 20 mL brine. The
organic phase was then dried over anhydrous MgSO4, filtered, and concentrated
via rotary evaporation. The crude orange solid was chromatographed on a silica-
gel column (hexane, Rf 0.56) to yield a light orange solid, which was further
purified by recrystallization from hexanes to give 0.70 g (76%) of 1,4-bis(Z-2-
iodo-1,2-difluoroethenyl)benzene as light orange flakes, mp 131–133 ◦C.
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Characterization Data 1H NMR: � 7.63 (s, 4H) ppm. 19F NMR: � −115.4
(d, 3JFF = 142 Hz, 1F), −134.4 (d, 3JFF = 142.6 Hz, 1F) ppm. 13C NMR: �
152.3 (dd, 1JCF = 233.8 Hz, 2JCF = 34.8 Hz), 128.7 (ddm, 2JCF = 25.7 Hz,
3JCF = 6.6 Hz), 125.2 (ddm, 3JCF = 8.8 Hz, 4JCF = 6.9 Hz), 101.9 (dd, 1JCF =
323.4 Hz, 2JCF = 75.3 Hz) ppm. MS (70 eV) m/z (relative intensity): 453
(M+ −1, 100). HRMS: calcd for C10H4F4I2, 453.8338; obsvd, 453.8364.

Waste Disposal The residues of the silica-gel column have to be collected in a
labeled container for toxic waste that has to be properly deposited.

Application The requisite 1,4-bis(Z-1,2-difluoro-2-triethylsilylethenyl)benzene
is readily prepared via Pd(0) cross-coupling of (E)-Et3SiCF=CFZnX [1], pre-
pared from (E)-ICF=CFSiEt3 [1], with 1,4-diiodobenzene. The 1,4-bis(Z-2-
iodo-1,2-difluoroethenyl)benzene can be coupled with other zinc or copper
reagents to afford polyfunctionalized derivatives. Alternatively, this
bis-vinyliodide can be converted to a bis-vinylzinc reagent and be used in
cross-coupling reactions. This bis-vinyliodide or bis-vinylzinc reagent is a
key intermediate to the short path synthesis of multifunctionalized fluorine-
containing compounds. For example, the bis-vinyliodide is readily converted
to a (Z)-1,4-bis(2-carboalkoxy) benzene via the reported carboalkoxylation
methodology [2].
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CHAPTER 39

Stereospecific Carboamidation Route
to (Z)-N-Phenyl-2,3-difluoro-3-
(triethylsilyl) acrylamide

DONALD J. BURTON AND CRAIG A. WESOLOWSKI

39.1 PREPARATION OF

F

F
O

N
H

Et3Si

Apparatus Fischer–Porter glass pressure reactor, separatory funnel, silica gel
chromatography column.

Chemicals (E)-1,2-difluoro-2-iodotriethylsilylethene, freshly distilled aniline,
Et3N, Pd(PPh3)2Cl2, CO, hexanes, ethyl acetate.

Attention! Safety glasses should be worn at all times.

Caution CO is a toxic gas. All reactions should be carried out in a well-ventilated
fume hood behind a safety shield.

Experimental Procedure A 100 mL Fischer–Porter glass pressure reactor was
charged with (E)-1,2-difluoro-2-iodotriethylsilyl ethene (2.0 g, 6.6 mmol),
freshly distilled aniline (0.92 g, 10 mmol), Et3N (0.73 g, 7.3 mmol), and
dichlorobis(triphenylphosphine) palladium(II). The Fischer–Porter glass pres-
sure reactor was pressurized (behind a safety shield in a fume hood) to 80 psi
with carbon monoxide, and the CO released in a fume hood. This pressurization
was completed for four cycles to rid the system of air. Then, the reaction was
heated to 80 ◦C for 10 h under CO pressure until the CO consumption ceases as
noted by no further decrease in pressure. The reactor was then allowed to cool
to room temperature, and the pressure (CO) was carefully released in a fume
hood. The reaction mixture was transferred to a separatory funnel containing
40 mL ethyl acetate. The organic layer was washed sequentially with aqueous
10% HCl (2 × 30 mL), 20 mL saturated aqueous NaHCO3, and 20 mL brine.
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The organic layer was dried over anhydrous MgSO4, filtered, and concentrated
by rotary evaporation. The crude anilide was purified by silica gel chromatog-
raphy, eluting first with 300 mL hexane, then with 10% ethyl acetate (10% ethyl
acetate in hexanes, Rf 0.41, to yield (Z)-N-phenyl-2,3-difluoro-3-(triethylsilyl)
acrylamide (1.30 g, 66%) as a viscous, yellow oil.

Characterization Data 19F NMR: � −149.7 (dd, 3JFF = 131.8 Hz, 5JF-NH =
12.4 Hz, 1F), −158.8 (d, 3JFF = 131.3 Hz, 1F) ppm. 1H NMR: � 8.05 (d,
5JF-NH = 11.9 Hz, 1H), 7.59 (dm, 3JHH = 8.4 Hz, 2H), 7.33 (tm, 3JHH = 7.4 Hz,
2H), 7.13 (tm, 3JHH = 7.4 Hz, 1H), 1.03 (t, 3JHH = 7.7 Hz, 9H), 0.82 (q =
3JHH = 7.7 Hz, 6H) ppm. 13C NMR: � 165.9 (dd, 1JCF = 287.0 Hz, 2JCF =
77.5 Hz), 156.1 (dd, 2JCF = 31.3 Hz, 3JCF = 2.3 Hz), 153.2 (dd, 1JCF =
232.7 Hz, 2JCF = 30.7 Hz), 136.9 (s), 129.1 (s), 125.0 (s), 120.3 (s), 7.0 (s), 2.1
(apparent t, J = 2.3 Hz). GC-MS (m/z) (relative intensity): 297 (M+ , 15), 268
(70), 120 (68), 105 (18), 77 (100). HRMS: calcd for C15H21NOF2Si: 297.1360;
obsvd: 297.1369.

Application This methodology illustrates a general stereospecific synthetic
route to (Z)-1,2-difluoro-�,�-unsaturated amides and esters. The procedure
is detailed here for an amide derivative. However, if an alcohol is used
in place of the amine (aniline) in this procedure, a general palladium-
catalyzed stereospecific carboalkoxylation of 1,2-difluoro-1-iodoalkenes and
�,�-difluoro-�-iodostyrenes is easily achieved [1]. In the case of the described
acrylamide derivative, the silyl group can easily be cleaved (iododesilylation)
with KF/DMSO/I2 to give stereospecifically the vinyl iodide product. The vinyl
iodide is readily functionalized using Pd(0) catalysis and provides a stereospe-
cific entry into polyfunctionalized compounds.
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CHAPTER 40

Preparation of 2-Trifluoromethyl-
3,3,3-trifluoropropanal

DONALD J. BURTON AND DONALD A. WIEBE

40.1 PREPARATION OF

3C C H

H

CF

F

3

C

O

Apparatus A 50-mL flask, 6-in. Vigreux column, distillation head, 150 ◦C
immersion thermometer, vacuum take-off, 20-mL receiver, Teflon-coated mag-
netic stir bar.

Chemicals Concentrated H2SO4 (25 mL), (CF3)2C=CHOCH3.

Attention! Safety glasses should be worn at all times.

Caution All reactions and handling of polyfluorinated aldehydes should be
carried out in a well-ventilated hood.

Experimental Procedure A 50-mL flask was equipped with a 6-in. Vigreux
column topped with a distillation head, 150 ◦C immersion thermometer, vacuum
take-off, 20-mL receiver, and a Teflon-coated magnetic stir bar. The flask was
charged with 25 mL concentrated H2SO4, which was frozen with a liquid
nitrogen bath. While the acid was frozen, 1-methoxy-2-trifluoromethyl-3,3,3-
trifluoropropene (20.7 g, 107 mmol) was added. The pressure of the system was
reduced to ∼150 mm and the receiver was cooled in a liquid nitrogen bath. The
reaction was warmed to 75 ◦C and the product (aldehyde) distilled as formed
to give 2-trifluoromethyl-3,3,3-trifluoropropanal (16.7 g, 87%)

Characterization Data Bp 42–45 ◦C, IR 1765 cm−1 (s). 1H NMR: � 4.00 (heptet
d, 3JHF = 9.0 Hz, 3JHH = 1.5 Hz, 1H), 9.65 (m, 1H) ppm. 19F NMR: � −64.2
(dd, 3JHF = 9.0 Hz, 4JHF = 2.0 Hz) ppm. MS (70 eV) m/z (relative intensity):
180 (M+ , 27), 161 (91), 160 (89); 132 (52), 113 (100), 112 (83), 69 (87), 29
(77).
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Waste Disposal The residues of the reaction mixture have to be collected in a
labeled waste acid container that has to be properly deposited.

Application The starting vinyl ether (CF3)2C=CHOCH3 is readily prepared by
a Wittig reaction between Ph3P+−-CHOCH3 and hexafluroacetone (polyfluori-
nated ketone). The Wittig reagent precursor, [Ph3P+CH2OCH3]Cl−, is readily
prepared by the procedure of Wittig and Schlosser [1] via the reaction of Ph3P
and ClCH2OCH3 [2]. The hydrolysis of the polyfluorinated vinyl ethers is
a general reaction for a variety of polyfluorinated ketones, containing CF3,
CF3CF2, CF3CF2CF2, CF2Cl, C6H5, and n-C4H9 groups, and provides a useful
chain extension reaction and conversion of the ketone to the chain-extended
aldehyde. These 2-H-polyfluorinated aldehydes are easily converted to the �-
halo (Cl, Br) aldehydes with Cl2 or Br2/acetic acid [3]. They are easily oxidized
to the carboxylic acid [3]. Thus, they provide a useful addition to the organoflu-
orine chemist’s tool box for functional group transformation and an entry to
aldehydes difficult to prepare via other methods.
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CHAPTER 41

Synthesis of Tetrafluorocatechol

SUDHARSANAM RAMANATHAN, DAYONG SANG, VIVEK KUMAR, AND
DAVID M. LEMAL

Tetrafluorocatechol has excited considerable interest in connection with lithium ion
batteries, which have an ever-expanding role in modern society. It has been found that
borate [1,2], phosphate [3], and especially boronate complexes [4–6] of the catechol
improve the performance of the electrolytes. As a result of the electron deficiency
of the ligand, these electrochemically robust compounds are effective at complexing
anions, thereby increasing the electrical conductivity of nonaqueous electrolytes. For
the same reason, their anodic limits are high, which can be valuable for overcharge
protection [4].

Oxidation of the catechol with nitric acid yields o-fluoranil (tetrafluoro-o-
benzoquinone) [7]. This highly electron-deficient and reactive quinone is a versatile
cycloaddend and potentially useful building block in the synthesis of organofluorine
compounds [7–9].

Burdon et al. synthesized tetrafluorocatechol in three steps from hexaflu-
orobenzene [10]. Reaction with ethylene glycol followed by cyclization gave
tetrafluorobenzo-1,4-dioxene, which was cleaved with aluminum chloride in ben-
zene to yield the catechol in an overall yield of 42%. Reproducing that yield has
been difficult [11], however, and in a very recent paper that describes procedural
modifications of the Burdon route, the authors claim that their overall yield of 5%
represents an improvement [4]. Gores and coworkers developed a more practical
variation of the Burdon route that proceeds in three steps from pentafluorophenol
[2]. Conversion to the potassium salt, then high-temperature treatment with ethylene
oxide gave the same dioxene, from which the catechol was obtained with aluminum
chloride in toluene. The overall yield was 57%.

We have developed a variation on the Gores approach to the catechol, outlined
next. The starting material is hexafluorobenzene instead of pentafluorophenol, and
an easily handled liquid oxirane is substituted for the highly toxic gas ethylene oxide.
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Aluminum iodide, prepared in situ, is used in hexanes for cleavage of the intermediate
dioxene, a substitution that facilitates the workup of the catechol. Our overall yield
is 64%.
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41.1 PREPARATION

Apparatus Three-necked flask (1 L), mechanical stirrer, reflux condenser with
gas adapter, dropping funnels (60 and 125 mL), distillation heads (standard
taper 24/40 and 14/20), separatory funnel (1 L), heat gun, filter funnel (6–8 cm
diameter).

Chemicals Hexafluorobenzene, potassium hydroxide, pyridine, dimethyl sul-
foxide, 1,2-epoxybutane, methylene chloride, sodium sulfate, aluminum pow-
der, iodine, hexanes, hydrochloric acid, diethyl ether, sodium bisulfite.

Attention! Safety glasses and protective gloves should be worn at all times, and
all operations should be conducted in an efficient fume hood.

Experimental Procedure 2-Ethyl-5,6,7,8-tetrafluorobenzo-1,4-dioxene. A 1-L,
three-necked flask fitted with a mechanical stirrer, reflux condenser connected
to a nitrogen source, and stopper was charged with pyridine (100 mL) and
freshly crushed KOH pellets (85%, 41 g, 620 mmol). When the stirred mixture
had been brought to reflux, hexafluorobenzene (58 g, 310 mmol) was added
dropwise over 10 min [12]. Refluxing was continued for 7 h, and then the
pyridine was removed by distillation at a bath temperature of 120 ◦C and
pressure down to 20 Torr. The potassium pentafluorophenolate thus formed
was used as such for the next step. The distillation head was removed and the
flask was again equipped with a reflux condenser connected to the nitrogen
source. Dimethyl sulfoxide (100 mL) was added to the solid reaction mass.
When the mixture had been heated with stirring to 120 ◦C, 1,2-epoxybutane
(36 g, 500 mmol) was added drop by drop, and stirring at that temperature
was continued for 8 h. After cooling, the reaction mixture was poured into
ice-cold water (500 mL) and extracted with methylene chloride (5 × 30 mL).
The combined organic extract was washed with brine (100 mL) and dried over
anhydrous sodium sulfate. Methylene chloride was evaporated under vacuum
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and the product was purified by distillation at 130–140 ◦C and 20 Torr. The
dioxene was obtained as yellowish oil (59 g, 81% yield).

Characterization Data 1H NMR (CDCl3): � 4.35 (dd, J = 11.4, 2.4 Hz, 1H),
4.11 (m, 1H), 3.92 (dd, J = 11.4, 7.8 Hz, 1H), 1.78 (m, 2H), 1.09 (t, J = 7.5 Hz,
3H). 19F NMR (CDCl3): � −165.5 (m, 1F), −165.6 (m, 1F), 171.2 (m, 1F),
171.6 (m, 1F). 13C NMR (CDCl3): � 137.4 (dm, 1JCF ∼ 245 Hz), 135.7 (dm,
1JCF ∼ 237 Hz), 135.4 (dm, 1JCF ∼ 242 Hz), 130.2 (dq, J = 12.0, 3.3 Hz),
129.9 (dq, J = 12.0, 3.3 Hz), 75.0, 67.8, 23.7, 9.0. Anal. calcd for C10H8O2F4:
C, 50.85; H, 3.41; F, 32.17. Found: C, 50.83; H, 3.45; F, 32.16.

Tetrafluorocatechol Into a 1-L, three-necked flask fitted with a mechanical stir-
rer and reflux condenser connected to the nitrogen source, hexanes (280 mL),
aluminum powder (200 mesh, 4.5 g, 170 mmol), and iodine (38.6 g, 152 mmol)
were placed. The reaction mass was stirred for 30 min at room temperature
and then refluxed for 6 h to complete formation of aluminum iodide. To the
violet reaction mixture, 2-ethyl-5,6,7,8-tetrafluorobenzo-1,4-dioxene (20.0 g,
84.7 mmol) was added drop by drop, and refluxing was continued for an addi-
tional 9 h. The reaction mixture was allowed to cool, and then chilled in an ice
bath. Hydrochloric acid (6 M, 100 mL) was added drop by drop with stirring
while the temperature was maintained at 10–20 ◦C. After an additional 30 min
of stirring, layers were separated and the organic layer was washed with water
(2 × 50 mL). The combined aqueous layers were extracted with diethyl ether
(3 × 100 mL). The violet ether layers were combined and washed with satu-
rated sodium bisulfite solution (2 × 20 mL). Now orange, the ether solution
was dried over anhydrous sodium sulfate. When the ether was evaporated under
vacuum, the color again became an intense violet. Product was purified by vac-
uum distillation at 70–80 ◦C and 20 Torr. Because the distillate was a solid, a
heat gun was occasionally needed for it to reach the receiver, which was cooled
in ice. The catechol (12.8 g) was crushed and stirred with hexanes (50 mL) for
30 min. White solid was collected on a Buchner or sintered glass funnel and
washed with hexanes (25 mL). The catechol was dried under vacuum (12.2 g,
79% yield; mp 68–69 ◦C, lit. [2] 68 ◦C).

Characterization Data 1H NMR (CDCl3): �5.68 (s, br, 2H). 19F NMR (CDCl3):
� −165.3 (m, 2F), −170.0 (m, 2F). 13C NMR (CDCl3): � 137.8 (ddd, 1JCF =
241, 2JCF = 15.0, 3JCF = 6.9 Hz), 135.7 (dtd, 1JCF = 237, 2JCF = 14.3, 3JCF =
4.6 Hz), 129.9 (d, 2JCF = 12.9 Hz) [13].
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CHAPTER 42

Preparation of an Unsymmetrical
Bis((perfluoroalkyl)sulfonyl)imide

DARRYL D. DESMARTEAU AND THOMAS D. HICKMAN

Bis((perfluoroalkyl)sulfonyl)imides are very strong Brönsted acids and they can be
prepared in large variety. In the general formula

RfSO2NSO2Rf'

H

Rf and R′
f can be simple perfluoroalkyl groups such as CF3 or CnF2n + 1, and these can

be equal or different [1–3]. Rf and R′
f can be connected to form a cyclic sulfonimide

–(CF2)n– [4]. Rf and R′
f may also contain functional groups such as CF2=CF–CF2–,

and CF2=CFO– making possible perfluorinated polymeric materials containing the
sulfonimide function as a pendant group on a polymeric chain [5]. Equally interesting
are polyfunctional and polymeric materials where the sulfonimide function is in the
polymer main chain [6, 7].

RfSO2    NSO2(CF2)nSO2

x

H

NSO2Rf
'

H

Considering the many other structural variations possible, one can appreciate the
large number of potential compounds and materials that can be prepared.

These fluorinated sulfonimides have many applications such as acid catalysis,
selective fluorinations, fuel cell membranes, lithium ion batteries, and ionic liquids
(ILs) [8–13]. Here we will describe the synthesis of the sulfonimide

Efficient Preparations of Fluorine Compounds, First Edition. Edited by Herbert W. Roesky.
c© 2013 John Wiley & Sons, Inc. Published 2013 by John Wiley & Sons, Inc.

256



SYNTHESIS OF CF3SO2N(Na)SO2C4F9 (4) 257

CF3SO2NSO2C4F9

Na

(4) and its use in preparing a low-melting, modest-viscosity IL.

N N

(6)

CF3SO2NSO2C4F9
+

CH3 C4H9

The synthesis route is outlined in Scheme 42.1.

42.1 SYNTHESIS OF CF3SO2N(Na)SO2C4F9 (4)

General

All the syntheses in these procedures involve the use of corrosive and/or toxic chem-
icals. Adequate protective apparel (safety glasses, gloves, and laboratory coat) must
be worn. All chemicals should be handled in a good fume hood or contained in
a closed system. Many of these procedures are carried out using a simple vacuum
system capable of producing a vacuum of 1.0 × 10−3 Torr or better. A typical
two-stage mechanical pump protected by a liquid nitrogen trap and with appropriate
connections is adequate. Teflon glass vacuum valves and ground glass connections
lubricated by fluorinated grease are preferred.

(CF3SO2)2O + xsNH3 CF3SO2NH2 +
(1)

NH4CF3SO3

4 + 5 BMIM CF3SO2NSO2C4F9
H2O

3 + C4F9SO2F CF3SO2N(Na)SO2C4F9
(4)

2 + xs (Me3Si)2NH CF3SO2N(Na)SiMe3
(3)HMDS

1   + NaOH 
H2O CF3SO2NHNa 

(2)

(6)

CH3CN

CH3CN

Bu-BrN N Me

MIM
(

+

5)

Me Bu Br-

BMIM

N N
+

 Br

SCHEME 42.1 Synthesis route to 4 and 6.
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Chemicals The chemicals needed for these syntheses are all available from
commercial sources. Except where noted, the reagent-grade chemicals can be
used as supplied.

Preparation of Sulfonamide (1)

A dry, 250 mL, three-necked flask, fitted with a dropping funnel and containing a
magnetic stir bar, is cooled to −78 ◦C while passing anhydrous NH3 into the flask.
After c. 100 mL liquid NH3 is condensed into the flask, the NH3 connection is
replaced by a N2 gas inlet. The triflic anhydride (50 g) is then added drop by drop
over 30 min with vigorous stirring. (Caution! The reaction is very exothermic.) After
this addition, a flow of dry N2 (c. 100 sccm) is started and the flask with stirring is
allowed to warm in the air to 22 ◦C. The N2 flow is continued overnight. The flask is
then connected to the vacuum line and evacuated for 20 min to remove any remaining
NH3. The white solid is then transferred to a sublimation apparatus and the amide
1 is vacuum sublimed at 80 ◦C onto a cold collector cooled to 0 ◦C (24.1 g, 91%).

NMR (CD3CN): �F −79.4 ppm; �H 6.60 ppm.

Preparation of CF3SO2NHNa (2)

Compound 1 (16.8 g, 0.11 mmol) is placed in a 250 mL flask and neutralized with
1.0 M NaOH to a pH 8.4. The solution is stirred for 3 h at 22 ◦C and then the flask
is connected to the vacuum line. Heating at 100 ◦C under dynamic vacuum for 12
h gives pure 2 (19.2 g, 95%).

NMR (CD3CN): �F −79.3 ppm; �H 6.60 ppm.

Preparation of CF3SO2N(Na)SiMe3 (3)

Into a 250 mL, round-bottom flask with a 24/40 TS connection, 19.2 g of compound
2 and 50 mL each of dry CH3CN and (Me3Si)2NH (HMDS) are placed. The flask is
fitted with a reflux condenser connected to a CaSO4 drying tube. The flask is heated
for 24 h in an oil bath to maintain reflux of the CH3CN at 80 ◦C. The excess CH3CN
and HMDS are then removed under dynamic vacuum and the remaining white to
tan solid is vacuum dried at 100 ◦C for 12 h. The yield of compound 3 is typically
about 95%, but it is best to use it directly from the flask in which it was prepared.
Compound 3 is very moisture sensitive and must be handled in a good dry box. Very
dry CD3CN must be used for the NMR, or one will observe a spectrum for compound
2 and HMDS.

NMR (CD3CN): �F −78.6 ppm; �H 0.02 ppm.

Preparation of CF3SO2N(Na)SO2C4F9 (4)

In a dry box, compound 3 (3.17 g, 13 mmol) is added to a 250 mL, round-bottom
flask fitted with an Ace-Thred R© connector, a Teflon glass valve, and a Teflon-coated
magnetic stir bar. Dried (P4O10) CH3CN (50 mL) is then added followed by C4F9SO2F



SYNTHESIS OF IL (6) 259

(5.90 g, 19.5 mmol) addition. The sealed flask is then heated in an oil bath at 110 ◦C
for 48 h. The depth of the oil bath is such that one-half of the round-bottom part
of the flask is immersed in the oil. (Caution! The flask has 2–3 atm pressure in the
110 ◦C bath.) After heating, the flask is attached to the vacuum line and the product
(CH3)3SiF and the CH3CN and excess C4F9SO2F are removed. The remaining solid
is then dried under vacuum at 80 ◦C for 12 h. The white solid 4 (5.17 g, 87%) is
isolated from the reactor.

19F NMR (CD3CN): CF3
ASO2N(Na)SO2CF2

BCF2
CCF2

DCF3
E: �A −78.9 (s, 3F),

�E −80.3 (m, 3F), �B −112.7 (m, 2F), �C −120.4 (m, 2F), �D −125.2 (m, 2F) ppm.

42.2 SYNTHESIS OF IL (6)

Preparation of BMIM+ Br− (5)

The starting materials for this synthesis require purification. 1-Methylimidizole (1-
MIM) (∼5 g) was added to a 25 mL flask containing 10 g KOH pellets. The flask
was stoppered and allowed to stand at 22 ◦C for 12 h. The imidizole is then vacuum
(10−2 Torr) distilled at 70 ◦C using a small distillation apparatus.

n-Butyl bromide (∼5 g) was added to a 25 mL flask and 98% H2SO4 (5 mL) is
added. The mixture is shaken and the n-butyl bromide is decanted off into a 25 mL
flask containing a magnetic stirring bar. A small portion (∼5 g) of P4O10 is then
added and the flask is closed with Teflon glass valve attached to a ∗∗∗ joint. The
mixture was stirred at 22 ◦C overnight. The flask is connected to the vacuum line and
the n-BuBr is vacuum transferred at 22 ◦C into a 25 mL flask fitted with a Teflon
glass valve and cooled to −196 ◦C. After the transfer, the flask is closed, warmed to
22 ◦C, and dry N2 is added to atmospheric pressure.

Into a 25 mL flask, 1-MIM (1.74 g, 21.2 mmol) is added and the flask is capped
with a rubber septum. Then, n-BuBr (3.48 g, 25.4 mmol) is added by syringe. The
flask is heated to 50 ◦C in a small ultrasound cleaning bath and sonicated for 12 h. The
flask is then connected to vacuum line and heated to 70 ◦C overnight under dynamic
vacuum to dry the BMIM ⊕ Br �.

N N

Ha

HcHb

+

H3
dC C

C
C

CH3
h

H2
f

H2
e H2

g

Br

Tm 83 ◦C. 1H NMR (CD3CN): �a 9.28 (1H, s); �b 7.44 (1H, t); �c 7.48 (1H, t); �d

3.86 (3H, s); �e 4.18 (2H, m); �f 1.79 (2H, m); �g 1.30 (2H, m); �h 0.93 (3H, t) ppm.

Preparation of BMIM ⊕ CF3SO2N �SO2C4F9 (6) IL 5 (3.6 g, 16 mmol) is
dissolved in 20 mL H2O in a 100 mL flask. Compound 4 (6.3 g, 13 mmol) is
dissolved in another 20 mL H2O. This latter is added to IL 5 and the mixture is stirred
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CF3SO2N(H)SO2C4F9 CF3SO2N(Me)SO2C4F94
(CH3)2SO4Conc. H2SO4

6

CF3SO2N(Ag)SO2C4F9 CF3SO2N(F)SO2C4F9

CF3SO2N(Cl)SO2C4F9
ClF

BMIMBr

CF3SO2N(MMIM)SO2C4F9

MIMF2Ag2CO3

SCHEME 42.2 Illustrative reactions of compound 4.

at 22 ◦C for 12 h. IL 6 is insoluble in H2O and separates as a clear dense liquid. IL
6 is washed four times with 15 mL portions of distilled water and then dried under
dynamic vacuum for 36 h at 70 ◦C.

CF3
ASO2N(BMIM)SO2CF2

BCF2
CCF2

DCF3
E; 19F NMR (CD3CN, ppm): �A

−78.9 (s, 3F), �E −80.3 (t, 3F), �B −112.7 (m, 2F), �C −120.4 (m, 2F), �D −125.2
(m, 2F). 1H NMR (CD3CN, ppm): � 8.35 (s, 1H), � 7.33 (m, 1H), � 7.30 (m, 1H), �
4.09 (5, 2H), � 3.78 (2, 3H), � 1.77 (m, 2H), � 1.30 (m, 2H), � 0.91 (t, 3H). DSC: Tg

−86 ◦C. TGA (N2) 10 ◦C/min: −1%, 300 ◦C; −20%, 400 ◦C.

42.3 DISCUSSION

Sulfonamide 4 is useful for preparing a variety of sulfonamide derivatives including
6. Some of these are illustrated in Scheme 42.2 [2, 9, 12].

The N–Cl compound is a potent electrophilic chlorine source and the N–F deriva-
tive is a useful electrophilic-like, selective fluorination reagent. The N–Me compound
is a potent alkylating agent and the halide-free synthesis of an MMIM derivative is
shown.

ILs are a very large area of research and development. These unusual materials
range from liquids at 22 ◦C and below to many with melting points considerably
higher. Room temperature ionic liquids (RTILs) are usually any salt, liquid below
100 ◦C. ILs have very low or no vapor pressure over a wide range of temperatures and
they often have very high thermal stability depending on the nature of the cation and
the anion. ILs have many potential applications such as useful “green” solvents for
chemical reactions, battery electrolytes due to their high conductivity, and lubricants
[14–17].

There are a very large number of known and potential ILs because both the cation
and anion can be varied over a wide range of structures that, in turn, influence
their properties. One limitation to many ILs is their high viscosity. Viscosity is
strongly influenced by both the structure of the cation and the anion. For example,
a widely used anion for ILs is the bis((trifluoromethyl)sulfonyl)imide (CF3SO2)2N�

or TFSI�. Viscosity values for MMIM⊕TSFI� are reported from 44 to 100 cP at
20–25 ◦C, whereas BMIM⊕TFSI� values range from 34 to 69 cP. It was hoped that
the unsymmetrical anion in compound 4 would lower the viscosity but the opposite
occurred. MMIM⊕ NTFS� and BMIM⊕NTFSI� have values at 25 ◦C of 92 and
125 cP, respectively. Clearly the issue of viscosity versus structure in ILs is complex,
as are variations in other properties.
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CHAPTER 43

Preparation of Perfluoroalkyl
Sulfilimines and Sulfoximines

EMMANUEL MAGNIER

The incorporation of a fluoroalkylated group via an electrophilic pathway has re-
cently grown in importance as a result of the increasing number of reagents proposed
so far [1]. Recent innovative research in this area has highlighted the importance
of the perfluoroalkyl sulfoximine structures as new electrophilic perfluoroalkylating
agents as recently introduced by Shibata and coworkers for trifluoro- and monoflu-
oromethylation [2] and Hu and coworkers as well as Prakash and coworkers for
difluoromethylation [3].

We disclosed a Ritter-like reaction between nitriles and sulfoxides activated by
trifluoromethanesulfonic anhydride. This scalable, flexible, and free of solvent pro-
cedure gave rise to a wide range of new acyl sulfilimines. We also described the
preparation of sulfoximines, precursors of electrophilic fluoroalkylating reagents, by
smooth oxidation of the sulfur(IV) precursors [4].

Efficient Preparations of Fluorine Compounds, First Edition. Edited by Herbert W. Roesky.
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43.1 PREPARATION OF PERFLUOROALKYL SULFILIMINES
AS EXEMPLIFIED BY THE PREPARATION OF
N-ACETYL-TRIFLUOROMETHYLPHENYLSULFILIMINE

Apparatus A 100-mL Schlenk flask equipped with septum and magnetic stirrer,
two disposable plastic syringes (5 and 2 mL), safety glasses, laboratory coat,
protective gloves.

Chemicals PhSOCF3, (CF3SO2)2O, dry acetonitrile.

Attention! Safety glasses and protective gloves must be used at all times.

Caution! The reaction should be carried out in a well-ventilated hood.

Experimental Procedure A 100-mL Schlenk flask is charged with phenyl tri-
fluoromethyl sulfoxide (3 g, 15 mmol) and cooled at −15 ◦C. Then, under
argon, acetonitrile (1.2 mL, 22.5 mmol, 1.5 equiv) and trifluoromethanesul-
fonic anhydride (3.9 mL, 22.5 mmol, 1.5 equiv) are added through the septum
with the help of syringes. The reaction mixture is stirred for 16 h at −15 ◦C, and
then diluted with dichloromethane (20 mL). The solution is cooled at −40 ◦C,
carefully hydrolyzed with water (15 mL), allowed to reach room temperature,
and extracted with CH2Cl2 (3 × 45 mL). Combined organic phases are dried
over MgSO4 and concentrated under reduced pressure. The residue is purified
by flash chromatography (ether/pentane, 7:3) to give 2.7 g (75%) of yellow oil.

Characterization Data 19F NMR (CDCl3, 188 MHz): � −64.7 (s, 3F) ppm. 1H
NMR (CDCl3, 300 MHz): � 7.87 (d, J = 8.3 Hz, 2H), 7.72–7.57 (m, 3H), 2.22
(s, 3H) ppm. 13C NMR (CDCl3, 75 MHz): � 183.7, 134.3, 130.2, 128.7, 127.3,
124.2 (q, J = 324 Hz, CF3), 24.0 ppm. Pos. ESI MS (m/z): 189 ([MNa-CF3]+ ),
258 (MNa+ ), 493 (2MNa+ ). Elemental anal. (%): calcd for C9H8F3NOS: C,
45.95; H, 3.43; N, 5.95. Found: C, 45.54; H, 3.53; N, 5.89.

Scope of the Reaction This methodology allows the variation of the function-
alization of the aromatic ring (at ortho, meta, or para position), the nature of
the nitrile (with a decrease of the yield with electron-withdrawing group close
to the nitrogen atom), and the nature of the fluorinated chain (CFCl2, CF2Br,
CF3, C4F9).

43.2 PREPARATION OF PERFLUOROALKYL SULFOXIMINES
AS EXEMPLIFIED BY THE PREPARATION OF
S-(PHENYL)-S-(TRIFLUOROMETHYL)-SULFOXIMINE

Apparatus Round-bottom, 250- and 100-mL, flasks, magnetic stirrer, safety
glasses, laboratory coat, protective gloves.

Chemicals Potassium permanganate, water, HCl 6 M, acetonitrile.

Attention Safety glasses and protective gloves must be used at all times.

Experimental Procedure A 250-mL, round-bottom flask is charged with
N-acetyl-trifluoromethylphenylsulfilimine (6.5 g, 27 mmol). Then, water
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(100 mL) and solid potassium permanganate (4.4 g, 27 mmol, 1 equiv) are
added. The reaction is stirred at room temperature overnight. Solid Na2S2O4 is
added until disappearance of the color, then the reaction is diluted with water
(50 mL) and extracted with CH2Cl2 (3 × 50 mL). The organic layers are dried
over MgSO4 and concentrated under reduced pressure to give the corresponding
N-acyl sulfoximine (6.6 g). This compound is diluted in CH3CN (26 mL) in a
100-mL flask and a solution of HCl 6 N (9 mL) is added. The reaction is stirred
at room temperature for 18 h, and then water (50 mL) is added. The mixture is
extracted with CH2Cl2 (3 × 50 mL). The combined organic layers are washed
with a solution of NaHCO3 10%, dried over MgSO4, and concentrated under
reduced pressure. The residue is purified by column chromatography on silica
gel (pentane/Et2O, 9:1) to give 5.4 g (93%) of a white powder.

Characterization Data Mp: 89.9 ± 0.2 ◦C. 19F NMR (CDCl3, 188 MHz):
� −79.3 (3F, s) ppm. 1H NMR (CDCl3, 300 MHz): � 8.16 (2H, d, J = 7.3 Hz),
7.83–7.75 (1H, m), 7.69–7.61 (2H, m), 3.62 (1H, br s for NH) ppm. 13C NMR
(CDCl3, 75 MHz): � 35.5, 131.6, 130.6, 129.5, 120.9 (q, J = 332 Hz, CF3)
ppm. Pos. ESI (m/z): 210 (MH+ ), 232 (MNa+ ), 441 (2MNa+ ). Anal. calcd
for C8H8F3NOS: C, 43.05; H, 3.61; N, 6.27. Found: C, 43.03; H, 3.56; N, 6.31.

Scope of the Reaction This methodology can be nicely applied to a wide range
of previously prepared sulfilimines (vide supra).

Application The easy N-functionalization of the sulfoximines allowed the intro-
duction of a wide range of functional groups. The most promising derivatives
were obtained with an electron-withdrawing function attached to the nitrogen
for application as electron-withdrawing group [5], liquid crystals properties
[6], and above all as electrophilic perfluoroalkylating reagent. The forma-
tion of an ammonium function by double methylation of the S-(phenyl)-S-
(trifluoromethyl)-sulfoximine generates an activated species able to realize
the trifluoromethylation of �-ketoesters as well as dicyanoalkylidene skele-
tons [2a]. We have recently showed that the trifluoromethanesulfonyl group
was able to sufficiently activate dichlorofluoro- and bromodifluoromethyl sul-
foximines, allowing then the transfer of these halogenated groups on an sp
carbon [7].

O

CO2R

O

CO2R
CF3

Ph
S

CF3

O N+

BF4
-

P1-tBu, CH2Cl2

reagent (1.5 equiv), rt, 1 h

Ph
S

CF2Br

O N
Tf

CFCl2

R H

1) BuLi, THF, –78 °C, 15 min

R CF2Br

CFCl2or or

P1-tBu: tertbutylimino-tris(dimethylamino)phosphorane

2) reagent (0.5 equiv),
–78 °C to rt, 2 h
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CHAPTER 44

Preparation of
Trifluoromethylsulfonium Salts

EMMANUEL MAGNIER

Many recent progresses have been recently realized in the domain of electrophilic
introduction of fluoroalkylated groups due to the availability of various and comple-
mentary reagents [1]. One family of molecule, inspired by the pioneering work of
Yagupolskii et al. [2], is based on sulfonium skeletons. Many teams have contributed
to the growth of this family, which now covers not only electrophilic trifluoromethy-
lation reaction (Yang et al. [3], Umemoto and Ishihara [4], and Matsnev et al. [5]) but
also mono- and difluoroalkylation (Prakash et al. [6]) as well as pentafluoroethylation
[7].

Our group has recently proposed a one-pot and benchmark procedure that allowed
the easy homemade preparation of biaryl- and dibenzothiophenium sulfonium salts
[8]. We have shown that the simple treatment of an aromatic derivative (mono- or
biphenylic) by the couple sodium trifluoromethanesulfinate/trifluoromethanesulfonic
anhydride produced the corresponding sulfonium salts. The flexibility of our method-
ology gives the possibility to adapt the reactivity of the reagent to the nucleophile,
by the variation of its structure and the modification of the substituents attached to
the aromatic rings.

S+

CF3
TfO

CF3SO2K (1 equiv)

(CF3SO2)2O (2 equiv)

R R'R R'
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44.1 PREPARATION OF TRIFLUOROMETHYLSULFONIUM
SALTS AS EXEMPLIFIED BY THE PREPARATION OF
S-(TRIFLUOROMETHYL)DIPHENYLSULFONIUM TRIFLATE

Apparatus A 100-mL Schlenk flask equipped with septum and magnetic stirrer,
two disposable plastic syringes (5 and 2 mL), safety glasses, laboratory coat,
protective gloves.

Chemicals CF3SO2Na, (CF3SO2)2O, benzene.

Attention! Safety glasses and protective gloves must be used at all times.

Caution! Benzene is toxic and volatile. Contact with skin and inhalation must
be avoided. All reactions should be carried out in a well-ventilated hood.

Experimental Procedure A 100-mL Schlenk flask is charged with well-dried
sodium trifluoromethanesulfinate (2.2 g, 12.8 mmol). Under argon, benzene
(1.14 mL, 12.8 mmol, 1 equiv) and then trifluoromethanesulfonic anhydride
(4.28 mL, 24.4 mmol, 2 equiv) are added through the septum with the help
of syringes. After 16 h, the reaction mixture is filtered, diluted with CH2Cl2
(30 mL), and washed with water (3 × 10 mL). The organic phase is dried over
MgSO4 and concentrated under reduced pressure. The residue is purified by
column chromatography on silica gel using dichloromethane/methanol (90:10)
as eluent to give 1.76 g (70%) of a slightly colored powder. Recrystallization
from pentane/ethyl acetate (2:8) affords 1.5 g (60%) of a white solid.

For large-scale reaction (4 g of sodium trifluoromethanesulfinate and
more), the reaction mixture should be cooled to 0 ◦C before the introduc-
tion of trifluoromethanesulfonic anhydride and then slowly bring back to room
temperature.

The purification by column chromatography on silica gel can be avoided by
successive washing of the pasty crude mixture by diethyl ether until a solid is
obtained.

Characterization Data Mp: 82 ± 0.2 ◦C. IR (KBr): 3098, 1270, 1250, 1152,
1090, 630 cm−1;.1H NMR (CDCl3, 200 MHz): � 8.20 (d, J = 8 Hz, 4H),
7.95–7.77 (m, 6H) ppm. 19F NMR (CDCl3, 188 MHz): � −50.6 (m, 3F, SCF3),
−79.0 (m, 3F, SO2CF3) ppm. 13C NMR (CDCl3, 50 MHz): � 137.1, 132.9,
132.3, 123.2 (q, J = 325.0 Hz, CF3), 120.7 (q, J = 318.7 Hz, CF3), 117.6 ppm.
Pos. ESI (m/z): 255 (M+ ). Anal. calcd for C14H10F6O3S2: C, 41.59; H, 2.49.
Found: C, 41.69; H, 2.42.

N

Reagent 1.5 equiv, Pd(OAc)2 0.1 equiv

N

CF3

TFA 10 equiv., Cu(OAc)2 1 equiv

DCE, 110 °C, 48 h, 70%

S+

CF3
TfO

SCHEME 44.1 Metal catalysed trifluoromethylation through CH-activation.
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SCHEME 44.2 Aromatic trifluoromethylation.

Scope of the Reaction This methodology can be nicely applied to a set of
aromatic and biphenylic compounds.

Application Trifluoromethylsulfonium salts have been widely used for the elec-
trophilic trifluoromethylation of numerous soft nucleophiles: thiolates, enam-
ines, enoxysilanes, aromatics, heteroaromatics, �-ketoesters, phosphines, etc.
[1b, 4, 9].

Very recently, interesting work has described new reactivity of sulfonium
salts due to the presence of metals. The Pd(II)-catalyzed ortho-triflu-
oromethylation of 2-phenylpyridine by Umemoto reagent was realized in
the presence of copper(II) acetate and trifluoroacetic acid as promoters
(Scheme 44.1) [10]. The scope of the reaction has been evaluated through the
variation of the heterocyclic groups and the functionalization of the aromatic
part.

Xiao and coworkers have shown the importance of “open” sulfonium salts as
S-(trifluoromethyl)diphenylsulfonium triflate by its use for the trifluoromethy-
lation of iodo heterocyclic compounds in the presence of copper [11]. The
efficiency of this transformation has been proved by the description of im-
pressive numbers of examples, including important variation of heteroaromatic
rings (Scheme 44.2).
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CHAPTER 45

Preparation of Organometallic
Fluorides of Main Group and
Transition Elements

HERBERT W. ROESKY

Over the past 40 years, organometallic fluoride chemistry has developed in a fasci-
nating way. An important factor was the application of new fluorinating reagents,
which are efficient in metathesis reactions without cleavage of all bonds around the
metal center. Otherwise, the thermodynamic favorable inorganic metal fluorides are
formed. We have discovered that Me3SnF and Ph3SnF are reacting in many cases
quantitatively with organometallic precursor under fluoride transformation.

Me3SnF is quantitatively obtained from Me3SnCl and NaF in water. It is separated
by filtration and carefully dried in vacuum. In most of the fluorine transfer reactions,
Me3SnF can be used in stoichiometric quantities. Me3SnF can be applied to metal
complexes containing M–C, M–O, and M–N bonds (M = metal). In metathesis reac-
tions with metal chlorides Me3SnCl is formed and can be easily removed in vacuum
from the reaction product and reconverted with aqueous NaF to Me3SnF. There-
fore, Me3SnF is preferentially used when the fluorinated products are not volatile.
The progress of the fluorination reaction can be easily observed when all of the
Me3SnF has been dissolved in the organic solvent. Me3SnF itself is only slightly
soluble in solvents such as benzene, toluene, tetrahydrofuran (THF), diethyl ether, or
dichloromethane [1–11].

Ph3SnF is mainly used for systems that produce volatile products such as SiF4

and PF3 [11].
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45.1 PREPARATIONS OF TRANSITION AND MAIN GROUP METAL
COMPOUNDS USING Me3SnF AS A FLUORINATING AGENT

Preparation of (�5-C5Me5)TiF3 [1]

Apparatus A 100-mL Schlenk flask with septum, magnetic stirrer, T-shaped N2

inlet, syringe (50 mL), safety glasses, laboratory coat, protective gloves.

Chemicals Me3SnF [9], (�5-C5Me5)TiCl3, dry toluene.

Attention! Safety glasses and protective gloves must be used at all times.

Caution! Because of its toxicity and volatility, care should be taken to avoid
inhalation of toluene, trimethyltin chloride, and trimethyltin fluoride or contact
of their solution with the skin. All reactions should be carried out in a well-
ventilated hood.

Experimental Procedure An oven-dried, two-necked, 100-mL Schlenk flask
equipped with a magnetic stirrer, a septum, and a T-shaped N2 inlet is
charged in a dry box with freshly sublimed Me3SnF (2.75 g, 15 mmol) and
(�5-C5Me5)TiCl3 (1.45 g, 5 mmol). Toluene (50 mL) is added and the re-
sulting mixture is stirred at room temperature for 4 h. During this time, the
suspension disappeared and a clear solution has been formed. The disap-
pearance of the Me3SnF suspension is an indicator for the progress of the
reaction. The solvent and the Me3SnCl are removed in vacuum. The orange
residue is sublimed at 110 ◦C/10−2 mbar to yield 1.1 g (92 %) of orange
(�5-C5Me5)TiF3.

Characterization Data Mp 180 ◦C. 1H NMR: � 1.93 (s, C5Me5) ppm. 19F
NMR: � 124.0 (s) ppm. IR (CsI, cm−1): v̄ 1072, 1023, 704, 648, 595, 590, 486,
341. MS (m/z): 240 (M+ , 38%), 135 (C5Me5, 100%).

Application Figure 45.1 compares the polymerization activities for styrene with
CpTiF3 and CpTiCl3, and dependence on the temperature shows that the fluorine
compound is much more active than the chlorine counterpart [12]. Table 45.1
summarizes the results of styrene polymerization. A comparison of the chlorine
and fluorine derivatives indicates that the fluorine is also much more stable
than the chlorine analogs. It may be noted that the higher activities for the
fluorinated catalyst are reached at low Al to Ti ratio of 300, while that for the
chlorinated system is achieved at a higher Al to Ti ratio of 900. This result
clearly shows the enhanced Lewis acidity of the fluorine-containing metal
centers, which makes them more electrophilic and hence more catalytically
active.

The highest activity in styrene polymerization is reached with (�5-
C5H4Me)TiF3 in combination with MAO. Activities of up to 140,000 kg of
syndiotactic polystyrene in 1 h can be achieved by using a low Al to Ti ratio
of 300. Obviously, a high activity is reached by subtle balance between the
electronic and steric factors at the metal center. The low Al to Ti ratio reduces
the amount of cocatalyst, which contributes to lower costs and sustainable
chemistry [12].
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FIGURE 45.1 Activity of the polymerization of styrene with CpTiX3/MAO (X = Cl and F)
at different polymerization temperatures. [Ti] = 6.25 × 10−5, Al/Ti = 900.

TABLE 45.1 Comparative Styrene Polymerization Dataa: Effect of Fluorine

Catalyst Ab ( × 106) Mw Mw/Mn mp (◦C)

CpTiCl3 1.1 140,000 1.9 258
CpTiF3 3.0 100,000 2.0 265
Cp∗TiCl3 0.015 169,000 3.6 275
Cp∗TiF3 0.69 660,000 2.0 275

a Polymerization condition: toluene with 20-mL styrene at 50 ◦C, MAO:catalyst = 300.
b Activity (A) = gPS/mol cat·h.

Preparation of [LCaF(thf)]2 L = CH[CMe(2,6-iPr2C6H3N)]2 [13]

Apparatus A 100-mL Schlenk flask with septum, magnetic stirrer, syringe
(50 mL), T-shaped N2 inlet, safety glasses, laboratory coat, protective gloves.

Chemicals [LCaN(SiMe3)2(thf)], Me3SnF, dry THF, dry hexane.

Attention! Safety glasses and protective gloves must be used at all times.

Experimental Procedure The Schlenk flask is charged in a dry box with
[LCaN(SiMe3)2(thf)] (1.38 g, 2.0 mmol) and Me3SnF (0.368 g, 2.0 mmol).
After adding THF (40 mL), the mixture is stirred for 16 h. All the volatiles
are removed in vacuum and the residue is extracted with hexane (60 mL). The
solution on concentration in vacuum afforded [LCaF(thf)]2 as a white solid.
The solid can be recrystallized from a mixture of hot toluene and THF. Yield:
0.65 g (60%).
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Characterization Data Mp 277–280 ◦C. 1H NMR (500 MHz, C6H6): � 7.09 (s,
12 H, m-, p-Ar-H), 4.72 (s, 2H, � -CH), 3.54 (m, 8H, O-CH2-CH2) 3.14 (sept,
8H, CH(Me)2), 1.64 (s, 12H, CH3), 1.42 (m, 8H, O-CH2-CH2), 1.24–1.22 (d,
24H, CH(CH3)2), 1.02–1.01 (d, 24H, CH(CH3)2) ppm. 19F NMR (188.77 MHz,
C6D6): � −78 ppm. MS (70 eV) (m/z): 202 (100%, 2,6-iPr2C6H3NCMe).

Waste Disposal The residues of Me3SnCl, Me3SnF, and the organometallic
compounds have to be collected in a labeled container for toxic metal waste
that have to be properly deposited [11].

Application The monoanionic �-diketiminate ligand is a versatile tool for ad-
dressing synthetic challenges, as amply shown with soluble [LCaF(thf)]2 and
[LCaOH(thf)]2. The ability of CaF2 in optics encouraged us to use the �-
diketiminatocalcium compounds with HF·Py (Py = pyridine) for the prepa-
ration of CaF2 dip coatings in common organic solvents. The CaF2 coatings
were obtained by dipping about 12 times unpolished pure silicon surface suc-
cessively into toluene solutions of the calcium compound and HF·Py followed
by toluene washing and drying at room temperature. The coating of CaF2 on
the silicon surface was investigated by scanning electron microscopy (SEM)
and energy dispersive X-ray (EDX) spectroscopic analyses [13].
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CHAPTER 46

Preparation of Pentafluorosulfanyl
Carbonyl Compounds

JOHN T. WELCH

The pentafluorosulfanyl (SF5) group affords the agrichemical and medicinal chemist
the unique opportunity to introduce a totally novel substituent, a substituent that is
remarkably robust toward the majority of synthetic transformations.

The organic chemistry of the SF5 group, previously reviewed [1] and extensively
developed by Gard, has only recently come under more widespread investigation
with the ready availability of previously difficultly accessible building blocks or
reagents [2]. SF5 groups are relatively hydrolytically and chemically stable [3]; for
example, the hydrolytic stability of aromatic SF5 group equals or exceeds that of the
trifluoromethyl (CF3) group.

The relative steric demand and symmetry of the SF5 group can be compared and
contrasted with both the tert-butyl and CF3 groups. The unique octahedral geometry
around sulfur enables ligands to interact with host molecules without many classic
conformational constraints. The volume of the SF5 group is slightly less than that of
a tert-butyl group [1a] and therefore considerably greater than that of a CF3 group.
However, the electrostatic surface presented by SF5 is comparable to that of CF3; a
pyramid of electron density as opposed to the inverted cone of density of the CF3

group. The electron-withdrawing effects of the two groups are similar in magnitude
as assessed by the carbon 1s photoelectron spectra [4]. The electronegativity of the
SF5 group has been proposed to be as high as 3.65 in comparison to the 3.36 value
of the CF3 group [5].

The unique properties of the SF5 group have shown diverse utility in biological
applications. With the unique octahedral geometry around sulfur and a square pyra-
midal array of fluorines, the SF5 group has a reduced barrier to rotation and as such
can optimize receptor interactions efficiently. The potential dehydrofluorination of a
CF3 group to form a Michael-type acceptor and hence a potential mechanism-based
inhibitor is not possible with a SF5 group. In environmental degradation studies of
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SF5-substituted molecules, degradation was shown to lead to environmentally benign
products [6]. Finally, the remarkable hydrophobicity and steric demand of the SF5

group profoundly influence molecular conformation in aqueous solutions as shown
in heptapeptide studies.

46.1 PREPARATIONS OF PENTAFLUOROSULFANYL CARBONYL
COMPOUNDS USING SF5Br

Preparation of 2-Pentafluorosulfanyl Heptanal

Apparatus A 100-mL round flask with septum, magnetic stirrer, T-shaped N2

inlet, syringe (50 mL), safety glasses, laboratory coat, protective gloves.

Chemicals SF5Br, hept-1-enyl acetate, dry hexane, triethylboron.

Attention! Safety glasses and protective gloves must be used at all times.

Caution! Because the toxicity of pentafluorosulfanyl bromide is unknown, care
should be taken to avoid inhalation of pentafluorosulfanyl bromide or contact
of the solution with the skin. All reactions should be carried out in a well-
ventilated hood.

Experimental Procedure 1-Bromo-2-pentafluorosulfanylalkyl acetates
Into a round-bottom flask cooled to 0 ◦C, a SF5Br stock solution in hexane

(6.0 mL, 1.59 M, 9.5 mmol, 1.2 equiv) and triethylborane (0.80 mL, 1 M,
0.80 mmol, 0.1 equiv) were added. The enol acetate (7.7 mmol, 1.0 equiv)
was then added drop by drop over approximately 5–10 min. The mixture
was allowed to stir at 0 ◦C for 30 min and then quenched with saturated
sodium bicarbonate solution. The mixture was extracted with diethyl ether
and the organic fractions washed with brine, dried over magnesium sulfate,
filtered, and concentrated. Purification by flash column chromatography using
hexane/dichloromethane afforded the pure product.

2-Pentafluorosulfanyl aldehydes. A mixture of a 1-bromo-2-pentafluoro-
sulfanylalkyl acetate (2.3 mmol, 1.0 equiv), aqueous hydrochloric acid (3.5 M,
4 mL, 14 mmol, 5.9 equiv), and acetic acid (17 M, 3 mL, 51 mmol, 22 equiv)
was refluxed for 3 h. After cooling to room temperature, 10 mL diethyl ether
was added and the mixture poured into a beaker containing 40 mL of 20 %
sodium bicarbonate. The mixture was stirred until there was no visible bubbling
observed then the layers were separated. The aqueous layer was extracted with
diethyl ether and the combined organic fractions dried over sodium sulfate, fil-
tered, and concentrated. Purification by flash column chromatography eluting
with hexane/dichloromethane gives the pure product.

Characterization Data 1-Bromo-2-pentafluorosulfanylheptyl acetate. Yield:
91%, colorless oil, two isomers (3.3:1). 1H NMR (400 MHz, CDCl3): � 7.27
(bs, 1H), 7.11 (d, 3.4 Hz, 1H), 4.16 (m, 1H), 4.02 (m, 1H), 2.27 (m, 4H), 2.10
(s, 6H), 1.73 (m, 1H), 1.56 (m, 3H), 1.36 (m, 8H), 0.91 (t, 7.0 Hz, 6H) ppm.
13C NMR (100 MHz, CDCl3): � 167.1 (C=O), 167.0 (C=O), 90.7 (Cipso, qn,
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8.2 Hz), 88.1 (Cipso, qn, 8.2 Hz), 73.3 (C–Br, qn, 5.5 Hz), 71.8 (C–Br, qn,
5.5 Hz), 31.4, 31.3, 27.7 (bs), 27.5 (bs), 26.4, 22.2, 20.7, 20.5, 13.8 ppm. 19F
NMR (376 MHz, CDCl3): � 83.4 (9 peaks, 145 Hz, 1F), 83.3 (9 peaks, 142 Hz,
1F), 59.7 (dd, 144 Hz, 5.4 Hz, 4F), 58.8 (d, 143 Hz, 4F) ppm.

2-Pentafluorosulfanylheptanal. Yield: 77%, colorless oil. 1H NMR (400 MHz,
CDCl3): � 9.59 (m, 1H), 4.24 (m, 1H), 2.13 (m, 2H), 1.29 (m, 6H), 0.86 (t,
6.9 Hz, 3H) ppm. 13C NMR (100 MHz, CDCl3): � 190.6 (C=O, qn, 5.1 Hz),
90.4 (CO, qn, 7.3 Hz), 31.2, 27.2 (CO, qn, 3.6 Hz), 26.1, 22.2, 13.7 ppm. 19F
NMR (376 MHz, CDCl3): � 82.5 (9 peaks, 144 Hz, 1F), 64.1 (dd, 145 Hz,
6.1 Hz, 4F) ppm. Anal. calcd for C7H13F5OS: C, 35.00; H, 5.45. Found: C,
34.93; H, 5.51.

Application Little has been reported about the reactions of SF5-containing
aldehydes; however, these substances undergo many of the common reactions
of aldehydes easily. Reduction with sodium borohydride gave the correspond-
ing primary alcohols. The generally high yields of this process are indicative
of the stability of the SF5 group to the reaction conditions.

Nucleophilic addition to the carbonyl group using organolithium or Grignard
reagents as anticipated gave the corresponding alcohols with high diastereose-
lectivity (�99%). In contrast to decomposition that occurred on the exposure
of aromatic SF5 compounds to n-butyllithium [7], the aliphatic SF5 group was
observed to be quite robust (Scheme 46.1).
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SCHEME 46.1 Reactions of �-SF5-aldehydes.
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CHAPTER 47

Preparation of Power-Variable
Electrophilic Trifluoromethylating
Agents, S-(Trifluoromethyl)
dibenzothiophenium Salts Series

TERUO UMEMOTO

Electrophilic trifluoromethylating agents, useful for the preparation of trifluoromethyl
compounds, S-, Se-, and Te-(trifluoromethyl)dibenzo-, -seleno-, and -tellurophenium
salts, have been developed by the author and coworkers as power-variable elec-
trophilic trifluoromethylating agents [1–5].

X–

Power order
   A: Te < Se < S
   R: Alkyl < H < NO2

A+

CF3

RR

The trifluoromethylating power of the reagents increases in the order of Te �
Se � S, and furthermore increases by electron-withdrawing substituents, while it
decreases by electron-donating ones. Powerful reagents trifluoromethylate less reac-
tive nucleophiles well, while less powerful reagents do more reactive nucleophiles
well. Intermediately powerful reagents trifluromethylate intermediately reactive nu-
cleophiles well. Because of this variation, trifluoromethylations of a wide range of
nucleophilic substrates are possible.
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X=BF4 1
    OTf  2

–OTf

3

X–S+

CF3

S+

CF3

NO2O2N
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X=BF4 4
    OTf  5

S+

CF3

t-But-Bu

6

S+

CF3

SO3
–

7

S+

CF3

SO3
–O2N

Among the heteroatoms, the S-series reagents are the most useful because of broad
applications. S-(Trifluoromethyl)dibenzothiophenium tetrafluoroborate (1) and tri-
flate (2) are particularly useful because of satisfactory reactivity, stable crystalline
solid, and relatively easy preparation. 3,7-Dinitro-S-(trifluoromethyl)dibenzothio-
phenium triflate (3), S-(trifluoromethyl)dibenzothiophenium-3-sulfonate (6), and 7-
nitro-S-(trifluoromethyl)dibenzothiophenium-3-sulfonate (7) were derived from the
same intermediate [2, 3]. 3,7-Bis(tert-butyl)dibenzothiophenium tetrafluoroborate
(4) and triflate (5) were also prepared [1].

Salts 1 and 2 have essentially the same trifluoromethylating power, but salt
1 can be prepared at less cost. Dinitro 3 is more powerful and bis(tert-butyl) 4 is
less powerful. Thus, the power order is 4 ≈ 5 � 1 ≈ 2 � 3. A zwitterionic type of
6 and 7 has an advantage of easy posttreatment following trifluoromethylation. The
power order is 6 � 7.

47.1 PREPARATION OF S-(TRIFLUOROMETHYL)
DIBENZOTHIOPHENIUM TETRAFLUOROBORATE (1)

Apparatus 1-L and 500-mL glass flasks, mechanical and magnetic stirrers, T-
shaped N2 inlet, 50-mL dropping funnel.

Chemicals 2-(Trifluoromethanesulfinyl)biphenyl (8) [1,4], 60% fuming sulfuric
acid, methanol, diisopropyl ether, dry dichloromethane, sodium tetrafluorobo-
rate, NaHCO3.

Attention! Safety glasses, protective gloves, and laboratory coat must be used
at all times.

Caution! Because of its toxicity, care should be taken to handle 60% fuming
sulfuric acid. All reactions should be carried out in a well-ventilated hood.
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Experimental Procedure

S CF3O

SO3-H2SO4

HSO4
–

NaBF4
BF4

–

8 9 1

step 1 step 2

S+

CF3

S+

CF3. 1/3H2SO4

(47.1)

Step 1: An oven-dried, three-necked, 1-L glass flask equipped with a 50-mL
dropping funnel, a mechanical stirrer, and a T-shaped N2 inlet is charged
with 2-(trifluoromethanesulfinyl)biphenyl (8) (64 g, 237 mmol) and dry
dichloromethane (160 mL). The flask is cooled on an ice bath and then 60%
fuming sulfuric acid (29 mL; SO3, 426 mmol) is slowly dropped through a
dropping funnel over 30 min to the stirred mixture cooled on an ice bath. After
addition, the ice bath is removed and the mixture is stirred for 1.5 h at room
temperature. The mixture is then cooled on an ice bath. Methanol (17 mL,
421 mmol) is carefully dropped through a dropping funnel to the cooled and
stirred reaction mixture (caution: a vigorous exothermic reaction occurs on mix-
ing). After that, diisopropyl ether (∼500 mL) is carefully added to the cooled
and stirred reaction mixture (caution: a vigorous exothermic reaction may still
occur). The reaction mixture is filled with precipitates, which are collected by
filtration and recrystallized from methanol–ethyl acetate and dried. The prod-
uct (∼72 g, ∼79% yield) is assigned as S-(trifluoromethyl)dibenzothiophenium
hydrogen sulfate 1/3(H2SO4) adduct 9: mp 122–127 ◦C (with dec.). 19F NMR:
� −52.8 (s) ppm. MS (m/z): 253 (M+ -HSO4·1/3(H2SO4)).

Step 2: An oven-dried, three-necked, 500-mL glass flask equipped with a magnetic
stirrer and a T-shaped N2 inlet is charged with sodium tetrafluoroborate (14.1
g, 126 mmol) and acetonitrile (200 mL). The mixture is heated on an oil bath
of 60 ◦C to give a clear solution. Salt 9 (48 g, 126 mmol) obtained in step 1
is added in portions to the stirred solution over 5 min. The mixture is stirred
at 60 ◦C for 1.5 h and cooled to room temperature. Powdered NaHCO3 (∼48
g, ∼572 mmol) is added in portions to the mixture (caution: carbon dioxide
generates) and the mixture is stirred at room temperature for 3 h. Insoluble
materials are removed by filtration. The solvent is evaporated from the filtrate
and the residue is recrystallized from acetonitrile–diethyl ether to give product
1 (∼41 g, ∼95% yield).

Characterization Data of Product 1 Mp 171–172 ◦C. 1H NMR: � 7.79–8.22
(m, 2, 3, 7, and 8H), 8.36–8.52 (m, 1, 4, 6, and 9H) ppm. 19F NMR: � −52.5
(s, CF3), −150.1 (s, BF4) ppm. MS (SIMS): m/z 253 (M+ -BF4).
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47.2 PREPARATION OF S-(TRIFLUOROMETHYL)
DIBENZOTHIOPHENIUM TRIFLATE (2)

NaOTf
9

2

(Tf=SO2CF3)
–OTf

S+

CF3

(47.2)

Triflate 2 is prepared in ∼92% yield with sodium triflate instead of sodium tetraflu-
oroborate in the procedure of step 2 for tetrafluoroborate 1. Triflate 2 is recrystallized
from acetonitrile–diethyl ether.

Characterization Data of Triflate 2 Mp 155 ◦C. 1H NMR: � 7.78–8.18 (m,
2, 3, 7, and 8H), 8.38–8.55 (m, 1, 4, 6, and 9H) ppm. 19F NMR: � −52.6 (s,
SCF3), −78.1 (s, SO2CF3) ppm. MS (m/z): 184 (M+ -OSO2CF3-CF3).

47.3 PREPARATION OF 3,7-DINITRO-S-(TRIFLUOROMETHYL)
DIBENZOTHIOPHENIUM TRIFLATE (3)

S+

CF3

–OTf

3

2
94% HNO3

Tf2O
NO2O2N (47.3)

Apparatus A 50-mL glass flask, magnetic stirrer, T-shaped N2 inlet, syringe
(10 mL).

Chemicals S-(Trifluoromethanesulfinyl)dibenzothiophenium triflate (2), 94%
concentrated nitric acid, trifluoromethanesulfonic anhydride (triflic anhydride),
diethyl ether.

Attention! Safety glasses, protective gloves, and laboratory coat must be used
at all times.

Caution! Because of its toxicity, care should be taken to handle 94% concen-
trated nitric acid and triflic anhydride. All reactions should be carried out in a
well-ventilated hood.

Experimental Procedure An oven-dried, two-necked, 50-mL glass flask
equipped with a magnetic stirrer, a septum, and a T-shaped N2 inlet is charged
with 94% concentrated nitric acid (1.41 mL, 33.6 mmol). Triflic anhydride
(6.86 mL, 40.8 mmol) is slowly added to the nitric acid at room temperature
with a syringe while stirring. After an additional stirring for 1 h, powdered
2 (4.5 g, 11.2 mmol) is added and the reaction mixture is stirred for 2 days
at room temperature. The liquid layer is removed from the resulting solid as
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much as possible by decantation. Diethyl ether is slowly and carefully added
to the solid layer while stirring under cooling with an ice bath (caution: a vig-
orous exothermic reaction occurs). After an adequate amount of diethyl ether
is added, the resulting pale yellow crystals are collected by filtration and dried
at room temperature. Yield: ∼3.9 g (∼70% yield).

Characterization Data of Salt 3 dec 130–135 ◦C. 1H NMR: � 8.69 (d, J = 9
Hz, 1 and 9H), 8.91 (dd, J = 9.0 Hz, 1.8 Hz, 2 and 8H), 9.34 (d, J = 1.8 Hz, 4
and 6H) ppm. 19F NMR: � −48.4 (s, CF3), −78.1 (s, SO2CF3) ppm. MS (m/z):
343 (M+ -OTf).

47.4 PREPARATION OF S-(TRIFLUOROMETHYL)
DIBENZOTHIOPHENIUM-3-SULFONATE (6)

8
60% SO3-H2SO4

6

S+

CF3

SO3
–

. EtOH

(47.4)

Apparatus A 1-L glass flask, mechanical stirrer, T-shaped N2 inlet, 100-mL
dropping funnel.

Chemicals 2-(Trifluoromethanesulfinyl)biphenyl (8) [1,4], 60% fuming sulfuric
acid, dry dichloromethane, diisopropyl ether, ethanol.

Attention! Safety glasses, protective gloves, and laboratory coat must be used
at all times.

Caution! Because of its toxicity, care should be taken to handle 60% fuming
sulfuric acid. All reactions should be carried out in a well-ventilated hood.

Experimental Procedure An oven-dried, three-necked, 1-L glass flask
equipped with a mechanical stirrer, a dropping funnel, a condenser, and a T-
shaped N2 inlet is charged with 8 (52.5 g, 195 mmol) and dry dichloromethane
(150 mL). The T-shaped N2 inlet is set at the top of the condenser. The solu-
tion is cooled on an ice bath, and 60% fuming sulfuric acid (65.1 mL; SO3,
960 mmol) is added dropwise over 30 min through the dropping funnel into
the solution while stirring. After the addition, the reaction mixture is stirred at
42 ◦C for 20 h. The reaction mixture is then cooled on an ice bath and then
diisopropyl ether (∼500 mL) is carefully added to the reaction mixture while
stirring (caution: a vigorous exothermic reaction occurs on mixing with the
ether). The resulting gummy oil is separated from the solution by decantation
and then washed a few times with diisopropyl ether. Ethanol (∼165 mL) is
added to the gummy oil and the mixture is stirred until all the oily material
becomes white powdered precipitate. It may take close to 2 h. The precipitate is
collected by filtration, washed with ethanol (2 times), and dried under vacuum
for about 6 h at 60 ◦C. Product 6 (∼62 g, ∼84% yield) is identified as an adduct
with one molecule of ethanol.
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Characterization Data of Product 6 EtOH adduct: Mp 142–147 ◦C (with dec.).
1H NMR: � 1.17 (t, J = 7 Hz, CH3CH2OH), 3.60 (q, J = 7 Hz, CH3CH2OH),
7.92 (td, J = 8 Hz, 1 Hz, 7H), 8.10 (td, J = 8 Hz, 1 Hz, 8H), 8.42 (dd, J = 8
Hz, 1 Hz, 2H), 8.46–8.57 (m, 1, 6, and 9H), 8.90 (d, J = 1 Hz, 4H) ppm. 19F
NMR: � −53.9 (s, CF3) ppm. MS (m/z): 333 (M+ + 1).

47.5 PREPARATION OF 7-NITRO-S-(TRIFLUOROMETHYL)
DIBENZOTHIOPHENIUM-3-SULFONATE (7)

S+

CF3

7

6
fuming H2SO4

SO3
–O2N

HNO3

.H2O

(47.5)

Apparatus A 50-mL glass flask, magnetic stirrer, T-shaped N2 inlet.

Chemicals S-(Trifluoromethyl)dibenzothiophenium-3-sulfonate (6), concen-
trated nitric acid, 20% fuming sulfuric acid, diethyl ether, methanol,
dichloromethane.

Attention! Safety glasses, protective gloves, and laboratory coat must be used
at all times.

Caution! Because of toxicity, care should be taken to handle fuming sulfuric
acid and concentrated nitric acid. All reactions should be carried out in a
well-ventilated hood.

Experimental Procedure An oven-dried, 50-mL glass flask equipped with a
magnetic stirrer and a T-shaped N2 inlet is charged with 2.0 mL of 20% fuming
sulfuric acid and 0.6 mL of concentrated nitric acid. Into the stirred mixture, salt
6 (2.0 g, 6.0 mmol) is added in several portions. The reaction mixture is stirred
at room temperature for 16 h. Then, the mixture is cooled on an ice bath and
diethyl ether is added slowly and carefully to the reaction mixture while stirring
(caution: a vigorous exothermic reaction occurs). The ether is removed from
the resulting precipitate by decantation. Again, some diethyl ether is added to
the precipitate and the ether is removed by decantation. While stirring, a small
amount of methanol and then a large amount of diethyl ether are added, and
the precipitate is collected by filtration. The precipitate is washed with a 10:1
mixture of dichloromethane and methanol and dried to give product 7 (∼1.7 g,
∼75% yield).

Characterization Data of Product 7 dec 196–210 ◦C as a monohydrate. 1H
NMR: � 8.27 (dd, J = 1.2 Hz, 8.1 Hz, 2H), 8.65 (d, J = 8.1 Hz, 1H), 8.75 (d,
J = 8.6 Hz, 9H), 8.86 (dd, J = 2.1 Hz, 8.6 Hz, 8H), 9.05 (d, J = 1.2 Hz, 4H),
9.64 (d, J = 2.1 Hz, 6H) ppm. 19F NMR: � −50.9 (s, CF3) ppm. MS (m/z): 378
(M+ + 1).
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47.6 TRIFLUOROMETHYLATION OF SODIUM SALT OF
2-METHYL-1,3-CYCLOPENTANEDIONE WITH
S-(TRIFLUOROMETHYL)DIBENZOTHIOPHENIUM TRIFLATE (2)

+ +

2

S+

CF3

S
–OTf

O

O

–Na+
O

O

CF3

quantitative
 yield8

(47.6)

Apparatus A 50-mL glass flask, magnetic stirrer, T-shaped N2 inlet, septum,
syringe (500 �L).

Chemicals S-(Trifluoromethyl)dibenzothiophenium triflate (2), 2-methyl-1,3-
cyclopentanedione, 60% sodium hydride in oil, dry dimethylformamide (DMF),
diethyl ether, dry hexane.

Attention! Because of strong base, care should be taken to handle sodium
hydride. Safety glasses, protective gloves, and laboratory coat must be used at
all times.

Caution! All reactions should be carried out in a well-ventilated hood.

Experimental Procedure An oven-dried, 50-mL flask equipped with a mag-
netic stirrer, a septum, and a T-shaped N2 inlet is charged with sodium hydride
(60% in oil) (104 mg, 2.6 mmol), which is then washed with dry hexane to
remove oil (the detailed procedure for removing the oil: a few milliliters of
dry hexane is added to the flask, the mixture is stirred with a magnetic stirrer
and left, and the upper clear hexane solution is removed by a syringe. This
procedure is repeated three times and finally the mixture is dried by means of a
vacuum pump). Dry DMF (5 mL) is added to the flask and the mixture is cooled
at 0 ◦C. 2-Methyl-1,3-cyclopentanedione (291 mg, 2.6 mmol) is slowly added
to the mixture while stirring (note: hydrogen gas evolves). After stirring for an
additional 0.5 h, the mixture is cooled to −45 ◦C. Then, salt 2 (804 mg,
2 mmol) is added to the mixture while stirring. The reaction mixture is
warmed to room temperature over a period of 1 h and maintained for 1
h at room temperature. 19F NMR of the reaction mixture shows a singlet
at −69.8 ppm (CF3) that corresponds to product 8. The yield of the prod-
uct is calculated to be around 84% by using a CF3 signal (a singlet at
−78 ppm) of a triflate anion part of salt 2 in this reaction as an inter-
nal standard. To isolate the product, diethyl ether is added to the reaction
mixture, which is then washed with water and then aqueous NaCl solution,
dried with anhydrous magnesium sulfate, and filtered. Evaporation of sol-
vent from the filtrate gives a residue that includes the product, dibenzothio-
phene, and some others, which are separated by column chromatography on
silica gel.
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TABLE 47.1 Trifluoromethylation of Nucleophiles with
S-(Trifluoromethyl)dibenzothiophenium Salts

Entry Nucleophile Salt Solvent
Reaction

conditions Product Yield

1 O

O

–Na+ 1 DMF −45 ◦C -> rt, 1 h O

O

CF3

70%
2 2 DMF −60 ◦C -> rt, 1 h 84%
3 6 DMF −45 ◦C -> rt, 1 h 86%

4 OK

o
B

o
Ph

1 THF −78 ◦C -> 0, 2.5 h
O

CF3 65%
5 2 THF −78 ◦C -> 0, 2.5 h 86%

6
Li

2 THF −78 ◦C -> rt, 1.3 h
CF3

58%
7 5 THF −78 ◦C -> rt, 3 h 67%

8
OSiMe3

2 DMF Pyridine (l equiv),
80 ◦C, overnight O

CF3 65%

9
N

2 DMF DMPy (1 equiv),
0 ◦C, 2 h

2-CF3-cyclhexanone 57%
2,6-Bis(CF3)
cyclohexanone

26%

10 Aniline 3 DMF rt, 0.5 h 2-CF3-aniline 54%
4-CF3-aniline 20%

11 Aniline 7 DMF 80 ◦C, 0.5 h 2-CF3-aniline 37%
4-CF3-aniline 18%

12 2-Naphthol 3 DMF DMPy (1 equiv) 1-CF3-2-naphthol 52%
−20 ◦C -> rt, 1.25
h

8-CF3-2-naphthol 6%

13 R-SNa 2 THF rt, 0.5 h R-SCF3 47%
14 R-SNa 5 THF 0 ◦C -> rt, 0.5 h R-SCF3 76%
15 Ar-SNa 2 DMF −30 ◦C -> rt, 1 h Ar-SCF3 78%
16 Ph3P 3 CH3CN rt, 5 h Ph3P+ CF3

−OTf 78%

rt, room temperature; DMPy, 4-(N,N-dimethylamino)pyridine; R, n-C12H25; Ar, 2-phenylphenyl.

Application

According to Equation 47.7, an S-(trifluoromethyl)dibenzothiophenium salt reacts
with a nucleophile (Nu−) to give a trifluoromethyl compound along with the quantita-
tive formation of dibenozothiophene [1–3]. Many electrophilic trifluoromethylations
are exemplified in Table 47.1.

+ Nu– CF3-Nu +

X–S+

CF3

S

quantitative yield

(47.7)

Salts 1 and 2 have basically the same trifluoromethylating power. As salt 2 is
more soluble in organic solvent than 1, it often provides better results. Moderately
powerful salts 1 and 2 satisfactorily react with nucleophiles such as carbanions of
active methylene compounds (entries 1 and 2, Table 47.1), lithium acetylides (entries
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4 and 5), silyl enol ethers (entry 8), enamines (entry 9), and thiolates (entries 13 and
15), while powerful salt 3 does so with less reactive nucleophiles such as aromatics
(entries 10 and 12) and triphenylphosphine (entry 16). As metal enolates of ketones
are too reactive, salts 1 and 2 do not fit with them. However, salts 1 and 2 can
trifluoromethylate them well when their reactivity is moderated by combining with
a suitable Lewis acid (entries 4 and 5) [5]. Less powerful salt 5 provides better
yields in trifluoromethylating the acetylide (67%, entry 7) and the alkanethiolate
(76%, entry 14) than salt 2. With these acetylide and alkanethiolate, less powerful
Se-(trifluoromethyl)dibenzothiophenium triflate gives furthermore improved yields
(89% and 87%) [1].

When zwitterionic 6 and 7 are used for trifluoromethylation, trifluoromethylated
compounds are produced together with dibenzothiophene-3-sulfonic acids or their
salts, which are soluble in water or insoluble in organic solvents. Therefore, the
by-products are easily removed from products by washing with water or an organic
solvent. Their reactions are exemplified in entries 3 and 11 [Table 47.1].

These trifluoromethylating agents have been applied to the first enantioselective
electrophilic trifluoromethylation [5] and many other reactions [6–8]. In industrial
applications, Amgen reported the synthesis of a potent drug candidate for treatment
of metabolic syndrome as well as type 2 diabetes using 6 (Eq. 47.8) [9]. Merck [10],
Eli Lilly [11], Sumitomo Pharma [12], Takeda Pharma [13], and Novartis [14] have
also used the trifluoromethylating agents in their drug researches.

N
H

S

N
OSiMe3

F

6
N
H

S

N

F

CF3

O

~100%

rt 19 h
in CH3CN

(47.8)

Recently, much attention has been paid to metal-catalyzed trifluoromethylation.
In this area, the electrophilic trifluoromethylating agents have made significant con-
tribution. Wang et al. reported a new Pd(II)-catalyzed trifluoromethylation of arenes
with salt 1 or 2 through C–H functionalization (Eq. 47.9) [15]. Xu et al. reported a
new copper(I)-catalyzed trifluoromethylation of aryl boronic acids using salt 1 or 2
(Eq. 47.10) [16]. High valence metal PdIV and CuIII species have been suggested as
a possible reaction mechanism.

N
1

Pd(OAc)2 (10 mol%)
Cu(OAc)2 (1.0 equiv)
in DCE, TFA (10 equiv),
110 oC, 48h

N

CF3

86%

(47.9)
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Ph B(OH)2

2

CuOAc (20 mol%)
Collidine (2 equiv)
in DMAC, rt, 20h

Ph CF3

80%

(47.10)

It is worthwhile to compare the S-CF3 salts with the corresponding O-CF3 salts,
O-(trifluoromethyl)dibenzofuranium salts [17]. There is a complete difference in the
reaction manner between them. As seen in Equation 47.11, the O-CF3 salts exclusively
give N- and O-CF3 products with aniline and phenol.

O+

CF3
SbF6

–

aniline NH-CF3 93%

t-Bu

–90oC –> –10oC
    in CH2Cl2

O-CF3 75%
PhOH
 /(i-Pr)2NEt

(47.11)

The S-salts form C-products with aniline and phenol. However, when the pow-
erful dinitrated 3 is heated in phenol, the product is an O-CF3 product, �,�,�-
trifluoroanisole [17]. Thus, while the O-CF3 salts exclusively undertake the CF3

+

formation mechanism, the S-CF3 salts undertake the different reaction mechanism
varying from CF3· to CF3

+ depending on the trifluoromethylating power of the
S-salts, the reactivity of nucleophiles, and the reaction conditions [3,17,18].
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CHAPTER 48

Synthesis of Fluorine-Containing
Heterocycles from
� ,�-Dihydropolyfluoroalkylsulfides
and Fluorinated Thiocarboxylic
Acids Derivatives

VADIM M. TIMOSHEMKO AND YURIY G. SHERMOLOVICH

Heterocyclic compounds constitute the essential part of all pesticides and medical
products. The replacement of H atoms in heterocyclic systems with fluorine atoms or
perfluoroalkyl groups exerts great influence on the physical, chemical, and biological
properties of these molecules. The main methods for preparing these compounds can
be divided into two groups.

The first one consists of procedures where the fluorine atom or perfluoroalkyl
groups are introduced into the existent heterocyclic molecule.

The second method which was more intensively studied during the last years
consists of the synthesis of heterocyclic compounds from fluorine-containing building
blocks. The most known and used precursors are fluorine-containing olefines, vinyl
ketones, acids, and aromatic compounds.

In the present chapter we will demonstrate the use of �,�-dihydropolyfluoroalkyl
sulfides, esters, and amides of polyfluorinated aliphatic thiocarboxylic acids for the
synthesis of fluorine-containing heterocycles.

Efficient Preparations of Fluorine Compounds, First Edition. Edited by Herbert W. Roesky.
c© 2013 John Wiley & Sons, Inc. Published 2013 by John Wiley & Sons, Inc.

290



PREPARATION OF 1,1-DIHYDROPOLYFLUOROALKYLSULFIDES 291

48.1 PREPARATION OF 1,1-DIHYDROPOLYFLUOROALKYLSULFIDES

RF OTos + RSH
KOH/DMSO

RF SR

RF = CF3, R = CH2Ph (a);
RF = CF3, R = p -Tol (b); 
RF = CF3CF2, R = p-Tol (c);
RF = CF3(CF2)2, R = CH2Ph (d);
RF = H(CF2)4, R = p -Tol (e)

1 2

Apparatus Three-necked flask, mechanical stirrer, N2-inlet, dropping funnel,
safety glasses, laboratory coat, protective gloves.

Chemicals Benzylmercaptane, p-toluenemercaptane, dry dimethyl sulfoxide,
KOH, (C2H5)2O.

Attention! Safety glasses and protective gloves must be used at all times.

Caution! Mercaptanes are harmful.

Common Procedure for Benzyl Sulfides 2a, d [1, 2]

Experimental Procedure 2a To a suspension of fine-powdered KOH (22.4 g,
0.4 mol) in dry DMSO (160 mL), benzylmercaptane (49.7 g, 0.4 mol) in DMSO
(30 mL) was added under N2 atmosphere keeping the temperature below 30 ◦C.
The mixture was stirred for 3–4 h until it became clear and a solution of 2,2,2-
trifluoroethyl tosylate (50.8 g, 0.2 mol) in DMSO (50 mL) was added keeping
the temperature below 30 ◦C by regulation of the rate of addition. The mixture
was stirred for 5 h at 30 ◦C and 8 h at room temperature. Then 200 mL of
H2O was added and the product was extracted with ether (4 × 100 mL). The
etheral extracts were combined and washed with H2O (300 mL), and then with
a NaOH solution (50 mL, 10% in water), and finally with water to neutralize the
reaction. Lacmus indicator was added to show the neutral state. After drying
over Na2SO4 ether was distilled off, and the residue was fractionalized in
vacuum. Yield: 37.10 g (90%).

Characterization Data bp 41–42 ◦C (0.05 mm Hg). 1H NMR, �: 2.89 (2H, q,
J = 9.9 Hz, CF3CH2), 3.83 (2H, s, CH2), 7.25–7.37 (5H, m, HAr) ppm. 19F
NMR, �: –67.0 (s, CF3) ppm.

Common Procedure for the Preparation of Tolyl Sulfides 2b,c,e

Experimental Procedure 2c To a suspension of fine-powdered KOH (3.37 g,
0.06 mol) in dry DMSO (50 mL) a solution of p-tolylmercaptane (7.45 g,
0.06 mol) in DMSO (30 mL) was added under N2 atmosphere keeping the
temperature below 30 ◦C. The mixture was stirred for 1.5–2 h until it became
clear, and a solution of pentafluoropropyl tosylate (15.2 g, 0.05 mol) in DMSO
(20 mL) was added drop by drop. The reaction mixture was heated to 65 ◦C
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to start the exothermic reaction. The reaction temperature increased to 80 ◦C,
and the mixture was stirred at 75–80 ◦C for additional 2–3 h, monitoring the
full conversion of tosylate by 19F NMR. The mixture was diluted with water
(100 mL) and stirred for 0.5 h. Then the solution was transferred to a separating
funnel, an additional amount of water (100 mL) was added, and the mixture
was extracted with diethyl ether (3 × 100 mL). The combined etheral solution
was washed with water (75 mL), dried over MgSO4, and finally the ether was
distilled off. The residue was separated by fractional distillation in vacuum.
Yield: 10.2 g (80%).

Characterization Data bp 50–54 ◦C (0.09 mm Hg). 1H NMR, �: 2.35 (3H, s,
CH3), 3.40 (2H, t, J = 16.5 Hz, CF2CH2), 7.15 (2H, d, J = 8.0 Hz, ArH-para),
7.41 (2H, d, J = 8.0 Hz, ArH-para) ppm. 19F NMR, �: –85.61 (3F, s, CF3),
–118.02 (2F, J = 8.0 Hz, CF2) ppm.

Waste Disposal All liquid and solid residues of the reactions have to be collected
in a proper labeled container for toxic waste for utilization by incineration.

48.2 PREPARATION OF SULFONES [1]

CF3CF2 STol-p
H2O2/HOAc

CF3CF2 SO2Tol-p

3

Experimental Procedure To a solution of CF3CF2CH2STol-p (10.2 g, 0.04 mol)
in HOAc (50 mL) was added H2O2 (10 g of 50% water solution), and the mixture
was carefully warmed to 60 ◦C and then stirred for 4 h at this temperature.
The reaction mixture was poured into water (400 mL) and left for 1–1.5 h
for precipitating the sulfone. Crystals were filtered off, washed with water
(100 mL), and dried. Yield: 11.1 g (96%).

Characterization Data mp 61–63 ◦C. 1H NMR, � 2.47 (3H, s, CH3), 3.80 (2H,
t, J = 15.5 Hz, CF2CH2), 7.39 (2H, d, J = 8.0 Hz, ArH-para), 7.85 (2H, d,
J = 8.0 Hz, ArH-para) ppm. 19F NMR, � –86.02 (3F, s, CF3), –117.43 (2F,
J = 8.0 Hz, CF2) ppm.

48.3 PREPARATION OF
1,1-DICHLOROPOLYFLUOROALKYLSULFIDES [3,4]

CF3 S
SO2Cl2/DCM

CF3 SRPh

4

Cl Cl

Apparatus Two-hundred-and-fifty-milliliter flask, with septum, magnetic stir-
rer, T-shaped N2-inlet, syringe (50 mL), safety glasses, laboratory coat, protec-
tive gloves.
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Chemicals Benzyl-2,2,2-trifluoroethylsulfide, SO2Cl2, DCM.

Caution! Hydrogen chloride evolved has to be trapped with NaOH water
solution.

Attention! Safety glasses and protective gloves must be used at all times.

Experimental Procedure To a solution of benzyl-2,2,2-trifluoroethylsulfide
(15.09 g, 73.2 mmol) in dry DCM (100 mL) was added a solution of SO2Cl2
(20.25 g, 150 mmol) in DCM (30 mL) under stirring for 1 h. The mixture
was refluxed for 3 h and DCM was removed in vacuum to give as a residue
1,1-dichloro-2,2,2-trifluoroethylbenzyl sulfide, which can be used without ad-
ditional purification. Yield: 19.5 g (97%).

Characterization Data 1H NMR (CDCl3), � 4.25 (s, 2H, CH2), 7.32 (m, 5H,
HAr) ppm. 19F NMR (CDCl3), � –77.80 (s, CF3) ppm.

48.4 PREPARATION OF DITHIOESTERS

Preparation of Trifluorothioacetyl Chloride [4]

S

ClF3CF3C S
Cl Cl P2O5

Apparatus One-hundred-milliliter flask with septum, magnetic stirrer, T-shaped
N2-inlet, syringe (50 mL), safety glasses, laboratory coat, protective gloves.

Chemicals Benzyl dichlorosulfide, P2O5.

Attention! Safety glasses and protective gloves must be used at all times.

Experimental Procedure A mixture of 1,1-dichloro-2,2,2-trifluoroethyl benzyl
sulfide (0.1 mol) and P2O5 (0.2–0.3 mol) was prepared by shaking the mixture
in a airtight flask. Then the flask was connected with a cooled receiver, and
slowly heated on an oil bath to 150–180 ◦C. The volatile product was collected
in the cooled receiver. Yield: 81%.

Characterization Data bp 28–29 ◦C. 19F NMR (CDCl3), � –77.7 ppm.

Waste Disposal To the residues in the flask the solution of NaOH (20% in water)
is carefully added and the mixture is kept for 24 h at room temperature. Finally,
the mixture is collected in a labeled container for waste.

48.5 PREPARATION OF P-TOLYLTRIFLUORODITHIOACETATE [3]

F3C Cl

S
F3C STol-p

S

+ p -TolSH

Experimental Procedure p-Toluenethiol (2.48 g, 20 mmol) was added to a solu-
tion of trifluorothioacetyl chloride (10.39 g, 70 mmol) in 20 mL of diethyl ether
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at room temperature. After stirring for 1 h the next portion of p-toluenethiol
(3.73 g, 30 mmol) was added, and the mixture was stirred for 8 h. The mixture
was distilled in vacuum at 12 mm Hg. Yield: 8 g (58%).

Characterization Data bp 110–112 ◦C (12 mm Hg). 19F NMR (CDCl3,
188 MHz) � –65.98 (s, CF3) ppm. 1H NMR (CDCl3, 300 MHz) � 2.44 (3H, s,
CH3), 7.29 (2H, d, J = 8.1 Hz, HAr), 7.35 (2H, d, J = 8.4 Hz, HAr) ppm.

48.6 PREPARATION OF N-BUTYL TRIFLUORODITHIOACETATE [5]

CF3SiMe3 + Me4NF
–Me3SiF

F3C
S

S
 CS2+

n-C4H9I
F3C

SC4H9-n

S
Me4N

Experimental Procedure (1) To a solution of 0.152 g (2 mmol) of CS2 in
monoglyme (4 mL) at –60 ◦C, [Me4N]F (0.186 g, 2 mmol) and Me3SiCF3

(0.3 g, 2.1 mmol) were added. The reaction mixture was stirred for 1 h at
–40 ◦C, and then for 1 h at room temperature. The solvent and the volatile
compounds were evaporated; the residue was washed with Et2O and dried at
0.02 Torr. The resulting salt of composition Me4NCF3CS2 (0.43 g, 98% yield)
was obtained as hygroscopic pink solid.

Characterization Data mp 225–228 ◦C (decomposition). 1H NMR (CD3CN),
� d 3.11 (12H, s, Me4N) ppm; 19F NMR (CD3CN): � –63.2 (3F, s) ppm; 13C
NMR (Me2SO-d6): � 118.2 (q, 1JCF = 279 Hz, CF3), 229 (q, 2JCF = 40 Hz,
CS), 54.5 (q, 1JCH = 144 Hz, CH3) ppm. Anal. calcd. for C6H12F3NS2: C 32.8;
H 5.5; S 29.2. Found: C 32.5; H 5.75; S 29.0.

Experimental Procedure (2) To a solution of Me4NCF3CS2 0.55 g (2.5 mmol)
in CH3CN (6 mL) was added 0.55 g (3 mmol) of n-butyliodide. The reaction
mixture was stirred for 1 h at room temperature and the precipitate of Me4NI
was filtered off. The filtrate was concentrated and the residue was purified by
distillation. n-Butyl trifluorodithioacetate CF3C(S)Sn-C4H9 was obtained as
red liquid, bp 73 ◦C at 12 Torr. Yield 95% (0.5 g).

Characterization Data 1H NMR, � 3.25 (2H, t, 3JHH = 7.3 Hz, CH2), 1.71 (2H,
quintet, 3JHH = 7.6 Hz, CH2), 1.44 (2H, sept, 3JHH = 7.3 Hz CH2), 0.95 (3H,
t, 1JCF = 7.3 Hz, CH3) ppm; 19F NMR (CDCl3): � –65.6 (3F, s). Anal. calcd.
for C6H9F3S2: C 35.6; H 4.5; S 31.7. Found: C 35.8; H 4.4; S 31.0.

48.7 PREPARATION OF BENZYL PERFLUOROBUTANEDITHIOATE [2]

C3F7 S
Cl Cl

ZnS
C3F7 S

S

Experimental Procedure A mixture of dichlorosulfide (0.01 mol) and zinc
sulfide (0.2 mol) in acetonitrile (20 mL) was refluxed for 8 h. The mixture was
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cooled to room temperature and filtered, acetonitrile distilled off at atmospheric
pressure, and the residue separated by fractional distillation in vacuum. Yield:
76%.

Characterization Data bp 90 ◦C (0.1 mbar). 19F NMR (CDCl3): � –80.6 (t,
J = 11 Hz, CF3), –103.9 (tm, J = 11 Hz, CF2), –124.5 (m, CF2) ppm. 1H
NMR, � 4.45 (s, CH2), 7.30 (m, C6H5) ppm. 13C NMR (CDCl3): � 41.8 (CH2),
104–121 (m, CF2CF2CF3), 128.1, 129.0, 130.1, 132.7 (C6H5), 211 (t, J =
25.5 Hz, C=S).

48.8 PREPARATION OF KETOSULFONES [6,7]

A. [6]

CH3SO2Tol-p CF3
SO2Tol-p

O

CF3
SO2Tol-p

HO OH
CF3

O

OEt
+

NaH/THF
+

Apparatus A three-necked flask (250 mL), mechanical stirrer, N2-inlet, drop-
ping funnel (50 mL), safety glasses, laboratory coat, protective gloves.

Chemicals NaH (60% oil dispersion) methyl p-tolyl sulfone, ethyl trifluoroac-
etate.

Attention! Safety glasses and protective gloves must be used at all times.

Experimental Procedure To a stirred solution of methyl p-tolyl sulfone (1.7 g,
10 mmol) in THF (20 mL) under N2 at 0 ◦C was added NaH (60% oil dispersion;
0.6 g, 15 mmol) in portions after which the resulting suspension was stirred
at 0 ◦C for 10 min, and then treated drop by drop with ethyl trifluoroacetate
(3.6 mL, 30 mmol) at 0 ◦C. After 2 h under reflux, the resulting solution was
poured into a saturated aqueous NaCl solution (250 mL). Then the mixture was
acidified by addition of diluted HCl and extracted with Et2O (4 × 100 mL). The
combined extracts were dried (MgSO4) and evaporated under reduced pressure
to give crude ketosulfone, which was recrystallized from hexane to give a
mixture of ketone : hydrate CF3C(O)CH2SO2p-Tol and CF3C(OH)2CH2SO2p-
Tol in the ratio of 1 : 2. Yield: 78%.

Characterization Data mp 74–76 ◦C. Hydrate: 1H NMR (CDCl3), � 7.39 and
7.85 (dd, 4H, 3JHH = 8.4 Hz, C6H4), 4.79 (br, 2OH), 3.58 (s, 2H, CH2), 2.47 (s,
3H, CH3) ppm; 19F NMR (CDCl3), � –88.23 (s, CF3) ppm; 13C NMR (CDCl3),
� 145.93, 136.67, 130.01, 128.43 (4CAr), 121.60 (q, CF3, JCF = 287.6 Hz),
92.55 (q, CF3C, 2JCF = 33.5 Hz), 56.59 (CH2), 21.73 (CH3) ppm. Ketone: 1H
NMR (CDCl3), � 7.41 and 7.83 (dd, 4H, 3JHH = 8.4 Hz, C6H4), 4.46 (s, 2H,
CH2), 2.48 (s, 3H, CH3) ppm; 19F NMR (CDCl3), � –79.81 (s, CF3) ppm; 13C
NMR (CDCl3), � 180.23 (q, C=O, 2JCF = 39.0 Hz), 146.42, 135.41, 130.29,
128.68 (4CAr), 114.68 (q, CF3, JCF = 290.0 Hz), 60.99 (CH2), 21.78 (CH3)
ppm.
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B. [7]

H(CF2)4 SO2Tol-p
1. O NH

2. HCl, H2O
H(CF2)3

SO2Tol- +p
H(CF2)3

SO2Tol-p
OHHOO

Experimental Procedure A mixture of sulfone (3.7 g, 10 mmol) and mor-
pholine (2.6 g, 30 mmol) in benzene (30 mL) was refluxed for 1 h, then the
solvent was removed in vacuum, and the residue was heated with conc. HCl
(10 mL) at 90 ◦C for 10 min. After cooling the mixture to room temperature,
the product was isolated by extraction with CHCl3. Evaporation of CHCl3 and
recrystallization from benzene gave a mixture of ketone to hydrate (1:3) in 75%
yield.

Characterization Data mp 48–50 ◦C. Hydrate: 1H NMR (CDCl3), � 7.86 (d,
2H, ArH, 2JHH = 8.0 Hz), 7.39 (d, 2H, ArH, 2JHH = 8.0 Hz), 6.26 (tt, 1H,
HCF2, 2JHF = 52.2, 3JHF = 5.8 Hz), 5.23 (br, 2OH), 3.63 (s, 2H, CH2), 2.47
(s, 3H, CH3) ppm. 13C NMR (CDCl3), � 146.06 (s, CAr-CH3), 135.51 (s, CAr-
SO2), 130.12 (m-Ar), 128.37 (s, o-Ar), 110.03 (tt, CF2C-O, JCF = 262.9 Hz),
109.37 (tm, CF2C=O, JCF = 263.0 Hz), 107.78 (tt, HCF2, JCF = 254.2 Hz),
94.56 (t, C-OH, 2JCF = 27.5 Hz), 57.18 (s, CH2), 21.76 (s, CH3) ppm. 19F
NMR (CDCl3), � –126.80 m (2F, CF2), –130.63 (m, 2F, CF2), –138.14 (dm, 2F,
HCF2, 2JFH = 52.2 Hz) ppm. Ketone: 1H NMR (CDCl3), � 7.83 (d, 2H, ArH,
2JHH = 8.0 Hz), 7.41 (d, 2H, ArH, 2JHH = 8.0 Hz), 6.05 (tt, 1H, HCF2, 2JHF

= 52.0, 3JHF = 5.0 Hz), 4.51 (s, 2H, CH2), 2.48 (s, 3H, CH3) ppm. 13C NMR
(CDCl3), � 184.30 (t, C=O, 2JCF = 29.5 Hz), 146.43 (s, CAr-CH3), 136.88
(s, CAr-SO2), 130.29 (m-Ar), 128.74 (s, o-Ar), 112.84 (tt, CF2C=O, JCF =
264.3 Hz), 111.10 (tm, CF2C=O, JCF = 267.1 Hz), 108.22 (tt, HCF2, JCF =
252.8 Hz), 61.65 (s, CH2), 21.80 (s, CH3) ppm. 19F NMR (CDCl3), � –122.07
(m, 2F, CF2), –131.52 (m, 2F, CF2), –137.83 (dm, 2F, HCF2, 2JFH = 52.0 Hz).

48.9 PREPARATION OF HETEROCYCLES

Synthesis of Fluorinated Thiopyran Derivatives [2,3,8]

Preparation of 2-chloro-2-(trifluoromethyl)-3,6-dihydro-2H-thiopyran
(2) [8]

S
CF3

Cl

2

3

6
S

ClCF3 Et2O

1 2

Apparatus Twenty-five-milliliter flask, magnetic stirrer, safety glasses, labora-
tory coat, protective gloves.
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Chemicals Trifluorothioacetyl chloride, 1,3-butadiene, diethyl ether.

Attention! Safety glasses and protective gloves must be used at all times.

Caution! Trifluorothioacetyl chloride is corrosive lachrymator.

Experimental Procedure 1,3-Butadiene gas was bubbled into a solution of
trifluorothioacetyl chloride (1) (1.48 g, 10 mmol) in 5-mL diethyl ether under
stirring and cooling in an ice-water bath until decoloration of the solution. Then
the solvent was distilled off at atmospheric pressure to give a pure residue of
composition C5H4(CF3)2S (2) as a pale-yellow liquid. Yield: 1.86 g (92%).

Characterization Data 1H NMR, � 2.74 (1H, dm, AB, JAB = 17.7 Hz, H-3eq),
2.98 (1H, dm, AB, JAB = 17.7 Hz, H-3ax), 3.31 (1H, dm, AB, JAB = 17.7 Hz,
H-6eq), 3.67 (1H, dm, AB, JAB = 17.7 Hz, H-6ax), 5.82 (1H, dm, J = 10.8 Hz),
6.00 (1H, dm, J = 10.8 Hz) ppm. 19F NMR, � –78.46 (s, CF3) ppm. 13C NMR,
� 25.64 (s, C-6), 35.75 (q, J = 1.5 Hz, C-3), 72.51 (q, J = 31.5 Hz, C-2), 122.52
(s), 123.41 (s), 124.31 (q, J = 282.0 Hz, CF3) ppm.

48.10 PREPARATION OF 6-(TRIFLUOROMETHYL)-
2H-THIOPYRAN (3) [8]

26

SCF3S
CF3

Cl

2

3

6

2

DMF, 100 oC

–HCl

3

Apparatus Twenty-five-milliliter flask, magnetic stirrer, outlet tube, safety
glasses, laboratory coat, protective gloves.

Chemicals Adduct 2, dry DMF, hexane.

Attention! Safety glasses and protective gloves must be used at all times.

Caution! Eliminated hydrogen chloride must be trapped with a NaOH water
solution.

Experimental Procedure A solution of adduct 2 (1.97 g, 10 mmol) in 10 mL
of anhydrous DMF was heated at 100 ◦C by means of a boiling water bath
for 2 h. The resulting dark-brown solution was diluted with 50-mL cold water
and extracted with hexane (5 × 10 mL). The hexane extracts were combined,
washed with water (2 × 20 mL), dried over Na2SO4, evaporated, and the
residue was distilled in vacuum. Yield: 1.32 g (81%), brownish liquid.

Characterization Data bp 80–82 ◦C (130 mm Hg) 1H NMR, � 3.34 (2H, dq, J =
5.4, 0.7 Hz, CH2), 5.78 (1H, dt, J = 9.8, 5.4 Hz, H-3), 6.13 (1H, ddq, J = 9.8,
5.9, 5JHF = 1.2 Hz, H-4), 6.66 (1H, dq, J = 5.9, 4JHF = 1.5 Hz, H-5) ppm.
19F NMR, � –66.16 (m, CF3) ppm. 13C NMR, � 24.52 (s, C-2), 119.73 (q,
J = 1.5 Hz, C-4), 122.39 (q, J = 271.5 Hz, CF3), 123.84 (q, J = 6.0 Hz, C-5),
125.41 (s, C-3), 125.61 (q, J = 34.0 Hz, C-6) ppm.

GC/MS (m/z): 166 (M+ , 56%), 165 (M+ –H, 63%), 97 (100%), 69 (CF3
+ ,

33%).
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48.11 PREPARATION OF 2-TRIFLUOROMETHYLTHIOPYRYLIUM
TETRAFLUOROBORATE (4) [8]

S
+

CF3
BF4

–
SCF3

Ph3C+BF4
–/MeCN

43

Apparatus Twenty-five-milliliter flask, magnetic stirrer, safety glasses, labora-
tory coat, protective gloves.

Chemicals 6-Trifluoromethyl-2H-thiopyran (3), trityl tetrafluoroborate, dry
CH3CN, diethyl ether.

Attention! Safety glasses and protective gloves must be used at all times.

Experimental Procedure 6-Trifluoromethyl-2H-thiopyran (3) (1.67 g, 10
mmol) was added to a suspension of trityl tetrafluoroborate (3.4 g, 10.3 mmol)
in dry CH3CN (10 mL) at 0 ◦C under stirring. The solution was stirred at room
temperature for further 30 min, and then diethyl ether (30 mL) was added. A
precipitate of thiopyrylium salt was formed, filtered off, and finally washed
with ether and dried. Yield: 2.05 g (81%).

Characterization Data mp 150–160 ◦C. 1H NMR, � 9.09 (1H, t, J = 8.3 Hz,
H-5), 9.21 (1H, d, J = 8.3 Hz, H-3), 9.30 (1H, t, J = 8.3 Hz, H-4), 10.40 (1H,
d, J = 8.3 Hz, H-2) ppm. 19F NMR, � –59.84 (3F, s, CF3), –149.26 (4F, s, BF4)
ppm. 13C NMR (CD3CN), � 121.35 (q, J = 277 Hz, CF3), 137.93 (q, J = 3 Hz,
C-3), 140.58 (s, C-5), 153.58 (s, C-4), 156.41 (q, J = 38 Hz, C-2), 160.82 (s,
C-6) ppm.

48.12 PREPARATION OF 2-METHOXY-6-TRIFLUOROMETHYL-2H-
THIOPYRAN (5) [8]

26

SCF3 OMeS
+

CF3 BF4
–

4

MeOH/K2CO3

5

Apparatus Twenty-five-milliliter flask, magnetic stirrer, safety glasses, labora-
tory coat, protective gloves.

Chemicals 2-Trifluoromethylthiopyryliumtetrafluoroborate (4), dry CH3OH,
K2CO3.

Attention! Safety glasses and protective gloves must be used at all times.

Experimental Procedure The suspension of fine-powdered K2CO3 (1.1 g,
8 mmol) in 5 mL of methanol was stirred, and then 2-trifluoro-
methylthiopyrylium tetrafluoroborate (4) (1.0 g, 4 mmol) was added. The
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mixture was vigorously stirred at room temperature for 1 h and excess of
methanol was removed in vacuum. The residue was treated with diethyl ether
(5 mL), insoluble materials were filtered off, and the ether was evaporated to
yield 0.48 g (61%) of 5 as yellow liquid.

Characterization Data 1H NMR, � 3.27 (3H, s, CH3O), 5.21 (1H, dq, J =
6.4 Hz, 0.8 Hz, H-2), 6.11 (1H, ddq, J = 10.0 Hz, 6.4 Hz, 0.2 Hz, H-3), 6.53 (ddq,
J = 10.0 Hz, 6.6 Hz, 5JHF = 1.0 Hz, H-4), 6.91 (dq, J = 6.6 Hz, 4JHF = 1.4 Hz,
H-5) ppm. 19F NMR, � –66.12 (m, CF3) ppm. 13C NMR (CD3CN), � 53.09 (s,
CH3O), 75.62 (s, C-2), 119.22 (q, J = 1.5 Hz, C-4), 121.20 (q, J = 5.5 Hz,
C-5), 122.52 (q, J = 272 Hz, CF3), 123.86 (q, J = 34 Hz, C-6) ppm.

GC/MS (m/z): 196 (M+ , 20%), 165 (M+ –CH3O, 100%), 97 (M+ –CF3,
18%), 69 (CF3

+ , 12%).

48.13 PREPARATION OF 2-METHOXY-6-(TRIFLUOROMETHYL)-3,4-
DIHYDRO-2H-THIOPYRAN-3,4-DIOL (6) [8]

SCF3

OH
OH

OMeSCF3 OMe OsO4 (cat.)

K3[Fe(CN)6], K2CO3
H2O-t-BuOH

5 6

Apparatus Twenty-five-milliliter flask, magnetic stirrer, safety glasses, labora-
tory coat, protective gloves.

Chemicals Thiopyran 5, OsO4 (Merck, 10 mM solution in 0.05 M sulfuric acid),
t-BuOH, K3[Fe(CN)6], Na2SO3, ethyl acetate.

Attention! Safety glasses and protective gloves must be used at all times.

Caution! OsO4 solution is a highly toxic oxidizer. The reaction has to be done
in a well-ventilated hood because of the volatility of OsO4.

Experimental Procedure The mixture of K3[Fe(CN)6] (1.48 g, 4.5 mmol) and
K2CO3 (0.63 g, 4.5 mmol), 1.5 mL (15 �mol) of osmium(VIII)-oxide solution
(Merck, 10 mM solution in 0.05 M sulfuric acid) in H2O (2 mL) and t-BuOH
(2 mL) was vigorously stirred for 30 min at room temperature, then compound
5 (0.3 g, 1.5 mmol) was added and the reaction mixture was stirred for 3 days at
room temperature. Consumption of 5 was monitored by 19F NMR spectra of the
nonaqueous phase. After the reaction was complete, Na2SO3 (0.19 g, 1.5 mmol)
was added, stirring was continued for additional 10 min, and insoluble material
was filtered off and washed with CH3OH. The filtrate was extracted with ethyl
acetate (5 × 10 mL), evaporated, and the residue was exposed to column
chromatography on SiO2 (CH2Cl2–MeOH, 10:1). Fraction with Rf = 0.50 was
collected to give 35 mg (10%) of compound 6 as one diastereomer.
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Characterization Data Viscous oil. 1H NMR, � 3.52 (3H, s, CH3), 4.10 (1H,
dd, J = 4.8 Hz, 4.1 Hz, H-3), 4.41 (1H, dm, J = 4.1 Hz, H-4), 4.94 (1H, d, J
= 4.8 Hz, H-2), 5.17 (2H, OH), 6.36 (1H, dq, J = 3.6 Hz, 4JHF = 1.2 Hz, H-5)
ppm. 19F NMR, � –67.21 (m, CF3) ppm. 13C NMR (CD3CN), � 57.55 (s, CH3),
64.82 (s, CH-OH), 66.16 (s, CH-OH), 87.14 (s, C-2), 121.61 (q, J = 274 Hz,
CF3), 123.59 (q, J = 33.3 Hz, C-6), 127.48 (q, J = 5.0 Hz, C-5) ppm.

Waste Disposal All liquid residues of reactions have to be collected in a proper
labeled container for toxic waste disposal.

48.14 PREPARATION OF ENAMINONE [9]

RF
SO2Tol-p

HO OH POCl3/DMF
RF

SO2Tol-p
O

NMe2

RF = H(CF2)3 (a), CF3 (b)

1

2a,b

Apparatus One-hundred-milliliter flask, magnetic stirrer, condenser.

Chemicals Keto sulfon hydrate, POCl3, dry DMF.

Attention! Safety glasses and protective gloves must be used at all times.

Experimental Procedure A sample of DMF (6 mL) was added to POCl3
(2.8 mL, 30 mmol) under stirring for 1 h. Then, a solution of keto sulfone
hydrate 1a or b (5 mmol) in DMF (6 mL) was added, stirred for 2 h at
20 ◦C, and then poured onto wet ice. The crystalline precipitate was filtered
off, washed with water, and dried. Yield: 88% for 2a and 82% for 2b. The
recovered enaminones were used in the subsequent syntheses without further
purification. Analytical pure samples were obtained by recrystallization.

Characterization Data 2a: bp 28–29 ◦C. IR spectrum (neat), �, cm−1: 1610
(C=C), 1660 (C=O). 1H NMR, � 8.26 (1H, s, CH=N), 7.28 and 7.75 (4H, dd,
3JHH = 8.0 Hz, C6H4), 6.16 (1H, tt, 2JHF = 53.0 Hz, 3JHF = 6.0 Hz, HCF2),
3.44 (3H, s, NCH3), 3.04 (3H, s, NCH3), 2.42 (3H, s, CH3) ppm. 19F NMR, �
–118.14 (2F, m, CF2), −133.56 (2F, m, CF2), −133.42 (2F, dm, JFH = 53.0,
HCF2) ppm. Mass spectrum, m/z: 404 [M]+ . Found, %: C, 44.53; H, 3.74; N,
3.77; S, 8.07. C15H15F6NO3S. Calcd. %: C, 44.67; H, 3.75; N, 3.47; S, 7.95.

2b: mp 155–157 ◦C (methanol). 1H NMR, � 8.16 (1H, s, CH=N), 7.25 and 7.73
(4H, dd, 3JHH = 8.0 Hz, C6H4), 3.42 (3H, s, NCH3), 2.92 (3H, s, NCH3), 2.40
(3H, s, CH3) ppm. 19F NMR, � −73.04 (s, CF3) ppm.

48.15 PREPARATION OF ALKANOYL VINYLIC ETHER [10]

F3C SO2Tol-p
HO OH

F3C SO2Tol-p
O

OMe1

HC(OMe)3/Ac2O

2



PREPARATION OF PYRAZOLES 301

Apparatus One-hundred-milliliter flask, magnetic stirrer, condenser.

Chemicals Keto sulfon hydrate, trimethylformate, acetic anhydride.

Attention! Safety glasses and protective gloves must be used at all times.

Experimental Procedure A mixture of ketosulfone 1 (10 mmol), and trimethyl-
formate (20 mmol) in acetic anhydride (30 mmol) was refluxed for 4 h. After
cooling, the reaction mixture compound 2 was filtered off, washed with ether,
and can be used without additional purification. Yield: 72%.

Characterization Data mp 153–155 ◦C. 1H NMR (CDCl3), � 8.37 (s, 1H,
=CH), 7.32 and 7.86 (dd, 4H, C6H4, 3JHH = 8.4 Hz), 4.24 (s, 3H, OCH3), 2.43
(s, 3H, CH3) ppm; 13C NMR (CDCl3), � 174.48 (q, C=O, 2JCF = 40.0 Hz),
171.21 (CH=), 144.81 (CAr), 137.55 (CAr), 129.67 (CHAr), 128.52 (CHAr),
117.24 (C=CH), 114.95 (q, CF3, JCF = 290.0 Hz), 66.03 (OCH3), 21.72 (CH3)
ppm, 19F NMR (CDCl3), � –78.21 (s, CF3) ppm.

48.16 PREPARATION OF PYRAZOLES [9, 10]

RF
SO2Tol-p

O

R

R'NHNH2 N
N

RF SO2Tol-p

R'

2 3a,b

RF = H(CF2)3, R' = Ph (a), RF = CF3, R' = H (b)
R = NMe2, OMe

Apparatus One-hundred-milliliter flask, magnetic stirrer, condenser.

Chemicals Phenyl hydrazine, hydrazine sulfate, acetonitrile.

Attention! Safety glasses and protective gloves must be used at all times.

Experimental Procedure 3a Phenyl hydrazine (1 mmol) was added to a solution
of 2a (1 mmol) in acetonitrile (7 mL) and stirred for 2 h at 20 ◦C. The reaction
mixture was filtered and the filtrate was evaporated at 50 ◦C (10–15 mm Hg).
The residue was recrystallized from ethanol. Yield: 88%.

Characterization Data mp 144–146 ◦C (ethanol). 1H NMR, � 8.18 (1H, s,
HC=N), 7.33 and 7.86 (4H, dd, 3JHH = 8.0 Hz, C6H4), 7.36–7.56 (5H, m,
C6H5), 6.24 (1H, tt, 2JHF = 52.0 Hz, 3JHF = 6.0 Hz, HCF2), 2.46 (3H, s, CH3)
ppm. 19F NMR, � −103.71 (2F, m, CF2), −129.61 (2F, m, CF2), −138.74 (2F,
dm, JFH = 52.0 Hz, HCF2) ppm. 13C NMR, � 144.89 [s, C(Py)SO2], 142.15 (s,
CH=N), 138.70 [s, C(Ar)CH3], 138.47 [C(Ar)SO2], 130.59 [t, JCF = 32.5 Hz,
C(Py)CF2], 130.48 [s, C(Ph)H], 129.85 [s, C(Ar)H], 128.67 [s, C(Ar)H], 127.91
[s, C(Ph)H], 127.23 [s, C(Ph)H], 112.52 (tm, JCF = 253.0 Hz, HCF2CF2CF2),
109.60 (tt, JCF = 258.5 Hz, 2JCF = 32.0 Hz, HCF2CF2CF2), 107.67 (tt,
JCF = 253.0 Hz, 2JCF = 29.5 Hz, HCF2CF2CF2), 21.60 [s, CH3(Ar)] ppm.
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Mass spectrum, m/z: 449.2 [M]+ . Found, %: C, 50.88; H, 3.11; N, 6.32; S,
7.22. C19H14F6N2O2S. Calcd. %: C, 50.89; H, 3.15; N, 6.25; S, 7.15.

Experimental Procedure 3b Hydrazine sulfate (1 mmol) and K2CO3 (2 mmol)
were added to a solution of enaminone 2b (1 mmol) in acetonitrile (7 mL). The
mixture was heated under reflux with stirring for 8 h, followed by filtration
and evaporation to dryness. The residue was purified by chromatography using
ethyl acetate as the eluent to give pyrazole 3b in 55% yield as yellow oil, Rf 0.9
(Silufol UV-254 plate, ethyl acetate as eluent, developed with iodine vapor).

Characterization Data 1H NMR, � 11.53 (1H, br. s, NH), 8.30 (1H, s, CH=N),
7.31 and 7.80 (4H, dd, 3JHH = 8.0 Hz, C6H4), 6.29 (1H, tt, 2JHF = 52.5 Hz,
3JHF = 6.0 Hz, HCF2); 2.46 (3H, s, CH3) ppm. 19F NMR, � −107.32 (2F, m,
CF2), −131.94 (2F, m, CF2), −138.14 (2F, dm, 2JFH = 52.5 Hz, HCF2) ppm.

48.17 PREPARATION OF PYRIMIDINES [9]

F3C SO2Tol-p
O

NMe2

2b

NH·HCl

NH2H2N+ N N

F3C
SO2Tol-p

NH2

4

Experimental Procedure for 4 Guanidine hydrochloride (1 mmol) and K2CO3

(2 mmol) were added to a solution of enaminone 2b in acetonitrile (7 mL).
The reaction mixture was heated at reflux with stirring for 2 h, cooled, and the
precipitate of 4 formed was filtered off, washed on the filter plate with water,
and dried. Yield: 84%.

Characterization Data mp 260–262◦C (acetonitrile). 1H NMR, � 9.09 (1H, s,
CH=N), 8.43 (2H, br. s, NH2), 7.41 and 7.78 (4H, dd, 3JHH = 8.0 Hz, C6H4),
2.38 (3H, s, CH3) ppm. 19F NMR spectrum, � −64.36 (s, CF3) ppm.

48.18 PREPARATION OF PYRIMIDINE-2,4-ONES [11]

Apparatus Fifty-milliliter flask, magnetic stirrer, condenser.

Chemicals Sodium cyanate, triethylamine, acetonitrile.

Attention! Safety glasses and protective gloves must be used at all times.

HCF2CF2 SO2Bn
NaOCN/Et3N

N NH

HCF2

SO2Bn

O

O
HN NH

HCF2

SO2Bn

O

OHCl/H2O

1 2 3

Et3NH
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Experimental Procedure Et3N (1.1 mL, 7.8 mmol) was added to a solution
of sulfone 1 (7.4 mmol) in 15 mL of acetonitrile, the mixture was stirred for
5 min, and powdered NaOCN (1.0 g, 15.4 mmol) was added. The suspension
was stirred at 70 ◦C for 4–6 h (monitoring by 19F NMR), and the hot mixture
was filtered through a layer of Celite R©. After cooling, a quantity of triethylam-
monium salt 2 precipitated, and was taken for analysis. The warm solution of
salt 2 in acetonitrile was acidified with conc. HCl (5 mL) and, after this, stored
for 12 h. During this time crystals of 3 precipitated which were filtered off,
washed with water, dried, and recrystallized from ethanol. Yield: 81%.

Characterization Data for 2 mp 230–232 ◦C (decomp.). 1H NMR
([D6]DMSO): � 10.43 (broad s, 1 H, NH), 7.30 (m, 3 H, ArH), 7.20 (m, 2
H, ArH), 6.70 (t, 2JH,F = 55.2 Hz, 1 H, CHF2), 4.56 (s, 2 H, CH2SO2), 3.39
(broad, NH–H2O), 3.07 (q, 6 H, NCH2), 1.16 (t, 9 H, CH3) ppm. 19F NMR
(CH3CN): � −120.10 (d, 2JH,F = 55.2 Hz, 2 F, CF2H). 13C NMR ([D6]DMSO):
� 163.19 (s, C4), 161.29 (t, 2JC,F = 21.1 Hz, C6), 158.77 (s, C2), 130.50 (s,
ArC-ortho), 129.97 (s, ArCpara), 128.07 (s, ArC-meta), 127.97 (s, ArC-ipso),
108.31 (t, JC,F = 240.0 Hz, CF2H), 103.07 (s, C5), 59.55 (s, CH2SO2), 45.75
(s, CH2N), 8.55 (s, CH3) ppm. C18H25F2N3O4S (417.464): Calcd.: C, 51.79;
H, 6.04; N, 10.07; S, 7.68; found: C, 51.62; H, 6.00; N, 10.14; S, 7.34.

Characterization Data for 3 mp 257–260 ◦C. 1H NMR ([D6]DMSO): � 12.15
(s, 1 H, NH), 12.4 (s, 1 H, NH), 7.37 (m, 3 H, ArH), 7.30 (m, 2 H, ArH), 7.17
(t, 2JH,F = 52.5 Hz, 1 H, CHF2), 4.76 (s, 2 H, CH2), 3.35 (broad, NH−H2O)
ppm. 19F NMR (CH3CN): � −120.09 (d, 2JH,F = 52.5 Hz, 2 F, CF2H) ppm. 13C
NMR ([D6]DMSO): � 160.15 (s, C4), 150.62 (t, 2JC,F = 24.5 Hz, C6), 149.52
(s, C2), 131.04 (s, ArC-ortho), 128.83 (s, ArC-para), 128.65 (s, ArC-meta),
127.92 (s, ArC-ipso), 110.76 (t, 3JC,F = 4.1 Hz, C5), 106.65 (t, JC,F = 245.3 Hz,
CF2), 60.20 (s, CH2). C12H10F2N2O4S (316.284): calcd.: C, 45.57; H, 3.19; N,
8.86; S, 10.14; found: C, 45.23; H, 3.30; N, 9.06; S, 10.13.

48.19 PREPARATION OF TRIAZOLES [12]

CF3CF2 SO2Tol-p
(CH3)3SiN3/DABCO

N
N
H

N

F3C SO2Tol-p

N
N

N

F3C SO2Tol-p
HCl

DABCOH1
2

3

Apparatus Fifty-milliliter flask, magnetic stirrer, condenser.

Chemicals Trimethylsilyl azide, DABCO, benzene.

Attention! Safety glasses and protective gloves must be used at all times.

Experimental Procedure Solution of trimethylsilyl azide (0.28 mL, 2.1 mmol)
was added to solution of sulfone 1 (0.58 g, 2 mmol) and 1,4-diazabicyclo-
[2.2.2]octane (0.45 g, 4 mmol) in benzene (10 mL) which was heated to
80 ◦C. After cooling to 20 ◦C the precipitate of salt 2 was filtered off.
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Yield: 97%. The salt 2 was dissolved in 5 mL of water and the solution was
acidified with conc. HCl. After solidification of the separated oil the triazole
3 was filtered off and crystallized from water. Yield: 82%.

Characterization Data for 3 mp 150–151 ◦C. 1H NMR (CDCl3): � 7.37, 7.93
(4H, dd, C6H4), 2.45 (3H, s, CH3) ppm. 19F NMR (CDCl3), � –60.87 (3F, c,
CF3) ppm.

48.20 PREPARATION OF TRIAZOLES

N
N
H

N

SO2Tol-p

3

F3C
N

N
H

N

F3C
Na(Hg)

4

Apparatus Five-hundred-milliliter flask, magnetic stirrer, argon, condenser.

Chemicals Sodium amalgam (3%), methanol.

Attention! Safety glasses and protective gloves must be used at all times.

Caution! Because of its toxicity and volatility, care should be taken to avoid
inhalation of Hg vapor. All reactions should be carried out in a well-ventilated
hood.

Experimental Procedure To a mixture of triazole (0.3 mol) and Na2HPO4

(17 g, 0.12 mol) in absolute CH3OH (150 mL) under argon and stirring,
sodium amalgam (3%, 125 g) was added and the mixture was stirred at 30 ◦C
for 72 h. Methanol solution was decanted and Hg was washed with CH3OH
(2 × 70 mL). Combined methanolic solutions were evaporated in vacuum
(20 mm Hg) and the residue was dissolved in 200 mL of H2O. Water solution
was acidified with conc. HCl to pH 2–2.5, extracted with ether (4 × 100 mL),
dried over MgSO4, evaporated, and the residue was crystallized from CHCl3.
Yield: 60%.

Characterization Data mp 78–79 ◦C. 1H NMR (CDCl3), � 14.80 (br, 1H, NH),
8.45 (s, 1H, CH) ppm. 19F NMR (MeOH), � –57.88 (s, CF3) ppm.

Waste Disposal The residues of Hg have to be collected in a labeled container
for toxic metal waste which has to be properly deposited.

48.21 PREPARATION OF TRIFLUOROTHIOACETAMIDE [13]

O

NH2F3C

S

NH2F3C

P2S5

Apparatus Five-hundred-milliliter flask, magnetic stirrer, argon, condenser.

Chemicals Trifluoroacetamide, P2S5, toluene, hexamethyldisiloxane.
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Attention! Safety glasses and protective gloves must be used at all times.

Caution! Because of its toxicity and smelling, reactions with P2S5 should be
carried out in a well-ventilated hood.

Experimental Procedure Phosphorus pentasulfide (110.7 g, 0.249 mol) was
added to a suspension of trifluoroacetamide (47 g, 0.416 mol) in a mixture of
hexamethyldisiloxane (134.8 g, 0.830 mol) and 200 mL of toluene. The reaction
mixture was stirred at 45 ◦C for 15 h. Solvents were removed in vacuum (20 mm
Hg) up to one-half of its volume and the residue was diluted with 50 mL
of diethyl ether. Organic solution was consecutively washed with NaHCO3

solution (4 × 50 mL), saturated aqueous NaCl solution (2 × 100 mL), and
water (2 × 100 mL). The water phase was additionally washed with diethyl
ether (2 × 100 mL). The combined ethereal solutions were dried over Na2SO4

and the solvents were removed in vacuum. The residue was crystallized from
hexane. Yield: 23.64 g (44%).

Characterization Data mp 42–44 ◦C. 1H NMR (CDCl3): � 7.40 (1H, broad,
NH), 7.63 (1H, broad, NH) ppm. 19F NMR (CDCl3): � –71.18 (s, CF3) ppm.

48.22 PREPARATION OF THIAZOLIDINONE [13]

S

NH2F3C
DMAD S

N
H

F3C

MeOOC

O
S

NF3C

MeOOC

OMeO

P2O5

1 2 3

Apparatus Flask, magnetic stirrer.

Chemicals Trifluorothioacetamide, dimethyl acetylenedicarboxylate.

Attention! Safety glasses and protective gloves must be used at all times.

Experimental Procedure The equimolar mixture of trifluorothioacetamide and
DMAD was kept at room temperature until reaction was complete (72 h). The
solidified mass was dissolved in a mixture of petroleum ether–diethyl ether
(1 : 1). The solution was stirred at –20 ◦C for 40 h to obtain the methanol
adduct 2. Yield: 95%.

Characterization Data mp 115–117 ◦C. 1H NMR (CDCl3): � 3.47 (3H, s, CH3),
3.85 (3H, s, CH3), 6.92 (1H, s, CH=), 7.72 (1H, broad, NH) ppm. 19F NMR
(CDCl3): � –82.00 (s, CF3) ppm. 13C NMR with C–H coupling (CDCl3): �
51.3 (q, CH3O, JCH = 146.3 Hz), 52.7 (q, CH3O, JCH = 148.9 Hz), 96.85
(qm, C-2, 2JCF = 35.0 Hz), 115.6 (d, C-6, JCH = 173.0 Hz), 121.7 (q, CF3,
JCF = 283.5 Hz), 143.7 (s, C-5), 166.0 (d, C-4, 3JC

4
H

6 = 5.4 Hz), 166.8 (q,
C-7, 2JC

7
H

6 = 5.0 Hz) ppm. Anal. Calcd. for C8H8F3NO4S: S, 11.82; N, 5.16.
Found: S, 12.25; N, 4.68.
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48.23 PREPARATION OF 2-TRIFLUOROMETHYLIMIDAZOLINE [14]

S

NH2F3C
+ F3C

H2N

H2N HN

N

Apparatus Flask, magnetic stirrer.

Chemicals Trifluorothioacetamide, propane 1,3-diamine, diethyl ether.

Attention! Safety glasses and protective gloves must be used at all times.

Experimental Procedure To a stirred solution of thioamide (5 mmol, 1 equiv)
in Et2O (20 mL), propane 1,3-diamine (10 mmol, 2 equiv) was added and the
mixture was stirred at 15–20 ◦C for 22 h. The reaction mixture was diluted
with 20 mL of diethyl ether and washed with water (2 × 20 mL). The water
layer was extracted with ether (2 × 20 mL). Combined ethereal solution was
dried over Na2SO4 overnight and ether was removed in vacuum. The remaining
crude product was purified by crystallization from hexane–CHCl3 (4 : 1). Yield:
78%.

Characterization Data mp 110–111 ◦C. 1H NMR (CDCl3), �: 1.82 (m, 2JHH =
11.4 Hz, 3JHH = 5.4 Hz, 2 H, C5H2), 3.44 (t, 3JHH = 5.4 Hz, 4 H, C4H2, and
C6H2), 4.95 (s, 1 H, NH) ppm. 19F NMR (CDCl3), � –74.76 (s, 3 F, CF3) ppm.
MS (m/z): 153 [M + H]+ ppm.
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CHAPTER 49

Synthesis of
Octafluorocyclooctatetraene

JOHN M. BUZBY, ALDOS C. BAREFOOT, III, MICHAEL W. GRAYSTON,
EVAN D. LAGANIS, ROY F. WALDRON, AND DAVID M. LEMAL

Octafluorocyclooctatetraene (1) was first prepared in 1975 by vapor-phase photoly-
sis of tetrafluorocyclobutenedicarboxylic anhydride (2) [1]. Its formation apparently
proceeded via the cycloadduct (3) of two highly reactive intermediates, tetrafluoro-
cyclobutadiene and tetrafluorocyclopentadienone [2].

F8 O

O

O

F4 COF8

1 2 3

Later a more practical synthesis was developed, starting with photocycloaddi-
tion of hexafluorobenzene to 1,2-dichlorodifluoroethylene [3]. The initially formed
bicyclic adducts (4) photocyclized to tricyclooctenes (5) under the reaction condi-
tions, but heating returned the bicyclooctadienes (4). Reductive dechlorination with
zinc in acetic acid gave cyclooctatetraene (1) via its labile bicyclooctatriene valence
isomer (6) [4]. It was subsequently found that zinc in dimethyl sulfoxide assisted
with ultrasound smoothly dechlorinated the mixture of tricyclic adducts to yield anti-
tricyclooctadiene (7) which ring opened quantitatively to tetraene 1 at 150 ◦C. This
variation on the synthesis, gives cleaner tetraene 1 in higher yield and is the method
of choice. Tetraene 1 has also been prepared by three other routes: photolysis of
tetrafluorocyclopentadienone [5], photorearrangement of perfluorobarrelene [6], and
pyrolysis of 3,4-diiodocyclobutene [7].
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The tetraene exists in equilibrium with a tiny amount of its bicyclic isomer 6
(Keq = 0.003 at 20 ◦C) [8], and like the parent cyclooctatetraene, it undergoes
Diels–Alder reactions via the bicyclic form. Treatment of the compound with boron
trifluoride at 250 ◦C results in rearrangement to octafluorobenzocyclobutene, again
via isomer 6. Photolysis of tetraene 1 results in cyclization to anti-tricyclooctadiene
(7) accompanied by a small amount (20:1) of its syn isomer [9]. Multiphoton ioniza-
tion spectroscopy [10] and multiphoton photochemistry [11] of tetraene 1 have been
analyzed. Explored extensively by the Hughes group, the rich organometallic chem-
istry of octafluorocycloooctatetraene features novel structures and transformations
[12–21].

49.1 PREPARATION

Apparatus Photolysis apparatus (see description later), three-necked flasks (100
and 500 mL) with gas adapters, dry ice condenser, mechanical stirrer, small
pressure-equalizing dropping funnel, vacuum distillation assembly with short
Vigreux column, ultrasonic bath (e.g., 40 KHz), U-trap with Dewar flask,
manometer, drying tube, small steel or Monel bomb, bomb heater.

Chemicals Hexafluorobenzene, 1,2-dichlorodifluoroethylene, zinc dust, dime-
thyl sulfoxide, isopentane, isopropanol, dry ice.

Attention! Safety glasses and protective gloves should been worn at all times,
and all operations should be conducted in an efficient fume hood.

Experimental Procedure 7,8-Dichlorooctafluoro-anti-tricyclo[4.2.0.0.2,5]oct-
3-enes [3]. Photolysis apparatus was assembled as depicted in Figure 49.1.
A 450-W medium pressure mercury lamp surrounded by a Vycor filter sleeve
was contained in a water-cooled quartz immersion well with a 60/40 male
joint. The immersion well was mounted in a borosilicate vessel that has two
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Water inlet

N2

Reactants level

Mercury lamp

Vycor filter

Quartz water jacket

Photolysis vessel

Mercury level

FIGURE 49.1 Apparatus for the photocycloaddition. (For a color version of the figure,
please see color plates.)

side arms with 14/20 male joints and an I.D. only ∼2 mm larger than the O.D.
of the well. Enough clean mercury was placed in the vessel to reach almost to
the bottom of the arc when the well was in place. This way all of the mixture
to be photolyzed, contained in the narrow annulus between well and vessel,
was efficiently irradiated. To prevent freezing of the large immersion well joint
by photolysis of its grease, the joint was wrapped with a layer of Teflon tape
before silicone grease was applied. One of the side arms was connected to a
nitrogen source and the other was sealed after the reactants were introduced.

A 100-mL, three-necked flask fitted with a dry ice condenser and stop-
per was flushed with nitrogen through the condenser, and hexafluorobenzene
(25 mL, 40 g, 220 mmol) was poured in. The open neck was fitted with a gas
inlet connected by flexible tubing to a preweighed canister containing (E,Z)-
1,2-dichlorodifluoroethylene (bp 21–22 ◦C) and mounted on a balance. With
dry ice/isopropanol in the condenser and the flask cooled in an ice bath, the
alkene (25.55 g, 192 mmol) was introduced, most by pouring. After the flask
was swirled to complete mixing, the transfer tubing end was clamped shut and
the condenser was replaced with a stopper. When the photolysis apparatus had
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been flushed with nitrogen, the cooling water started, and the whole assem-
bly placed in a bath of ice–water, the mixture of reactants was poured in
through the open side arm via the transfer tubing. The side arm was stop-
pered and the apparatus was maintained under nitrogen. Reactants filled the
annular space up to the bottom of the side arms. Irradiation was begun, and
external cooling by a bath of flowing water was continued throughout the pho-
tolysis. After 70 h, 19F NMR showed that no (Z)-alkene remained, but there
was still some (E)-alkene; so irradiation was continued for another ∼30 h.
The golden brown product was distilled through a short Vigreux column under
reduced pressure to preclude ring opening of the tricyclic adducts. Unreacted
hexafluorobenzene (14.73 g) was collected up to 44 ◦C at 115 Torr, then
the pressure was lowered and tricyclooctenes distilled up to 50 ◦C at 2 Torr
(26.32 g, 82.5 mmol, 43% yield) [22].

Characterization Data 19F NMR (CDCl3, isomers in decreasing order of abun-
dance): trans, �−113.5, −113.6 (F7 endo, F8 exo); −118−119 (F3, F4); −166.1
(F6); −178.3 (F1), −185.7 (F5); −188.7 (F2); endo, cis, � −118−119 (F3, F4);
−127.0 (F7, F8); −176.2 (F1, F6); −188.5 (F2, F5); exo, cis, �∼ −119.4 (F3,
F4, F7, F8); −167.2 (F1, F6); −185.7 (F2, F5) ppm.

1
2

3

4 5
6

7

8

Octafluoro-anti-tricyclo[4.2.0.0.2,5]octa-3,7-diene [23]. A 500-mL, three-necked
flask was fitted with a mechanical stirrer, small pressure-equalizing dropping
funnel, and a gas takeoff adapter. A length of polyethylene tubing connected
to the tip of the dropping funnel extended close to the bottom of the flask. The
assembly was mounted in an ultrasonic bath that was maintained at ∼22 ◦C.
The adapter was connected to a U-trap contained in a Dewar flask, and the
trap was connected in turn to an aspirator via a drying tube, with a manometer
in the line. Tricyclooctenes from the above procedure (10.08 g, 31.6 mmol)
were introduced into the dropping funnel, and dimethyl sulfoxide (150 mL) and
activated zinc dust (7.90 g, 120 mmol) were placed in the flask. The system was
evacuated to 17 Torr, the trap was cooled with dry ice/isopropanol, and then the
tricyclooctenes were added during 1 h with stirring and sonication. The mixture
darkened in 15–20 min and a white solid accumulated in the trap. Reaction was
allowed to proceed for 45 min after addition was complete. Recrystallization
of the wet crystals from isopentane at −28 ◦C gave 4.58 g (58% yield) of dry,
colorless crystals of the diene, mp 41–42 ◦C. On a half-gram scale, diene with
mp 40–42 ◦C was obtained in 64% yield without recrystallization.

Characterization Data 19F NMR (CDCl3): � −119.7 (s, 4 vinyl F), −183.8
(s, 4 bridgehead F) ppm. 13C NMR (CDCl3): � 131.9 (d of m, 1JCF ∼343 Hz),
99.0 (d of m, 1JCF ∼283 Hz) ppm. IR (vapor): 1744, 1369, 1214, 1101, 891,
814 cm−1. MS (m/z): 248 (M+ ), 179 (base, M+ –CF3) [9].
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Octafluorocyclooctatetraene. A small sample of the diene was sealed in a heavy-
walled glass ampoule and heated in an oil bath at 150 ◦C. The half-life for
quantitative ring opening to the tetraene was ∼ 0.5 h [9]. On a large scale, the
use of a steel or Monel bomb for the isomerization is advisable.

Characterization Data Mp 40–41.5 ◦C. 19F NMR (CDCl3): � −123.1 (narrow
s, 8F) ppm. 13C NMR (CDCl3): � 138.2 (d of m, 1JCF ∼ 272 Hz) ppm. IR
(CH2Cl2): 1724, 1692, 1333 cm−1. MS (m/z): 248 (M+ ) [1]. X-ray crystal
structure [24].
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CHAPTER 50

Preparation of Fluoroolefins

MORITZ F. KUEHNEL AND DIETER LENTZ

Fluoroolefins are important starting materials for the synthesis of a variety of polymers
such as PTFE, FEP, PFA, and Nafion R©, which have numerous applications ranging
from nonadhesive coatings and chemically resistant lubricants to fuel-cell mem-
branes. While many simple olefins such as tetrafluoroethene and trifluoropropene are
commercially available, the access to more sophisticated fluoroalkenes is very lim-
ited. Apart from a few examples, olefin metathesis is not applicable to fluoroolefins.

On a lab scale, fluoroolefins are often synthesized by base-induced elimination
reactions. Typically, alkyllithiums (e.g., n-butyllithium) are necessary for dehydroflu-
orination reactions, while alkali hydroxides (e.g., KOH) and nitrogen bases (e.g.,
DBU) are sufficient for dehydrobrominations. Precursors are conveniently accessible
by palladium-catalyzed cross-coupling of vinyl synthons. The choice of a suitable
precursor, solvent, and base is crucial to a successful synthesis, especially differences
in volatility are of particular concern to allow for an efficient separation of the product
from the reaction mixture. Fractional condensation and low-temperature distillation
are the most commonly used purification techniques.

Fluoroolefins are volatile and subject to polymerization, nucleophilic addition,
and substitution reactions. They should be stored under inert conditions at low
temperatures.

50.1 PREPARATION OF CYCLOHEXYLLITHIUM [1–3]

Apparatus A 1000-mL, two-necked Schlenk flask, magnetic stirrer, reflux con-
denser, 100-mL dropping funnel, glass frit, PTFE cannula, argon-filled glove
box, heat gun, safety glasses, laboratory coat, protective gloves.

Chemicals Cyclohexyl chloride, powdered lithium (0.6% Na, washed with dry
pentane and dried in vacuo before use), dry toluene.

Efficient Preparations of Fluorine Compounds, First Edition. Edited by Herbert W. Roesky.
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Attention! Safety glasses and protective gloves must be used at all times.

Caution! All manipulations have to be performed under an atmosphere of dry
argon using standard Schlenk techniques. Powdered lithium reacts with water
to release highly flammable hydrogen gas. Cyclohexyllithium is pyrophoric
and reacts violently with air and water. All reactions should be carried out in a
well-ventilated hood to avoid inhalation of toluene.

Experimental Procedure In a glove box, a 1000-mL, two-necked Schlenk flask
equipped with a magnetic stirrer, a dropping funnel, and a reflux condenser is
charged with powdered lithium (3.50 g, 504 mmol, 2.2 equiv) and removed
from the glove box. After addition of toluene (500 mL), cyclohexyl chloride
(27.21 g, 229 mmol) is added drop by drop over a period of 1 h while the reaction
is initiated by heating with a heat gun until a temperature slightly above room
temperature is maintained by itself. After 3 h, the purple reaction mixture is
filtered over a glass frit and the yellow filtrate is cooled to −80 ◦C overnight to
precipitate cyclohexyllithium as colorless crystals. The supernatant is removed
with a cannula; the crystals are washed with cold toluene and dried in vacuo
overnight. Yield: 12.47 g (60%).

Characterization Data IR (NaCl, cm−1): v̄ 2800, 2720, 1450, 1340, 1260,
1160, 1080, 1030, 1015, 980, 900, 850, 830, 790, 770, 675, 600, 570.

Waste Disposal Residues of cyclohexyllithium in the supernatant are most con-
veniently deactivated by drop-by-drop addition of 2-propanol under argon.

Application Cyclohexyllithium is a strong secondary alkyllithium base similar
to sec-butyllithium. Its conjugate acid cyclohexane has a high boiling point
of 81 ◦C; it is therefore highly suitable for the synthesis of low-boiling fluo-
roalkenes by dehydrohalogenation.

50.2 PREPARATION OF TETRAFLUOROALLENE [3,4]

Apparatus A 1000-mL, two-necked Schlenk flask, magnetic stirrer, two stop-
pers, septum, low-temperature thermometer, fractionation column (2 cm ×
50 cm, packed with Raschig rings) equipped with a column head cooled to
−80 ◦C using a suitable cryostat, collection flask cooled to −80 ◦C, two cold
traps, Dewar flasks, vacuum line, argon-filled glove box, safety glasses, labo-
ratory coat, protective gloves.

Chemicals 1,1,3,3,3-Pentafluoropropene, cyclohexyllithium, dry diethyl ether,
dry ice, ethanol, liquid N2.

Attention! Safety glasses and protective gloves must be used at all times.

Caution! All manipulations have to be performed under an atmosphere of dry
argon using standard Schlenk techniques. Due to its high reactivity toward
nucleophiles, tetrafluoroallene is potentially toxic. Care should be taken to
avoid inhalation of tetrafluoroallene, pentafluoropropene, and diethyl ether; all
reactions should be carried out in a well-ventilated hood. Cyclohexyllithium
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is pyrophoric and reacts violently with air and water. Liquefied gases may
expand explosively when allowed to warm to room temperature without proper
pressure release. Tetrafluoroallene slowly dimerizes at room temperature and
should be stored at −80 ◦C or −196 ◦C. Liquid nitrogen and dry ice can cause
skin burns.

Experimental Procedure In a glove box, a 1000-mL, two-necked Schlenk flask
equipped with a magnetic stirrer and two stoppers is charged with cyclohexyl-
lithium (4.52 g, 50.2 mmol, 1.1 equiv). After removal from the glove box, cold
diethyl ether (500 mL) is added at −80 ◦C, the resulting suspension is cooled
to −196 ◦C and degassed. 1,1,3,3,3-Pentafluoropropene (6.06 g, 45.9 mmol)
is condensed into the flask. After allowing the reaction mixture to warm to
approximately −100 ◦C, the flask is vented with argon, a stopper is replaced
by a septum, and a low-temperature thermometer is inserted into the suspen-
sion. The mixture is stirred for 3 h at −75 ◦C and subsequently allowed to
warm to −20 ◦C, resulting in a cloudy red solution. A stopper is replaced by
a fractionation column with its head cooled to −80 ◦C and the reaction mix-
ture is heated to reflux. Distillation (−39 ◦C to + 15 ◦C) gives a mixture of
tetrafluoroallene and diethyl ether. Fractional condensation of the distillate via
two subsequent traps kept at −125 ◦C and −196 ◦C, respectively, yields 3.49 g
(69 %) tetrafluoroallene in the second trap.

On a smaller scale or if a cryostat is not available, the fractionation col-
umn can be replaced by a dry ice condenser during the reaction. Isolation of
tetrafluoroallene is achieved by repeated fractional condensation of the reaction
mixture via two subsequent traps kept at −125 ◦C and −196 ◦C.

Characterization Data Mp −165 ◦C, bp −39 ◦C. 19F NMR (376 MHz, CDCl3):
� −63.9 (s) ppm. 13C NMR (100 MHz, CDCl3): � 117.9 (qi, J = 39 Hz), 140.1
(tdd, J = 276, 14, 5 Hz) ppm. IR (gas, cm−1): v̄ 2071 (s), 1250 (s), 1040 (s).

Application Tetrafluoroallene is highly reactive toward various nucleophilic and
electrophilic reagents (Figure 50.1). It can be used as a versatile building block
in [2 + 2] cycloadditions and 1,3-dipolar cycloadditions to yield fluorinated
heterocycles. Nucleophilic addition of alcohols and amines leads to ethers and
amides, respectively. Tetrafluoroallene forms �2 complexes with electron-rich
transition metals and can dimerize in the presence of metal carbonyls to give
�-�3:�3 complexes.

50.3 PREPARATION OF OCTAFLUORO-1,2-
DIMETHYLENECYCLOBUTANE
(TETRAFLUOROALLENE DIMER) [17–19]

Apparatus Glass ampoule 8 mm OD × 200 mm, three cold traps, oven (used
for drying glassware), vacuum line.

Chemicals Tetrafluoroallene, �-terpinene, liquid N2, acetone.

Attention! Safety glasses and protective gloves must be used at all times.
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FIGURE 50.1 Synthetic potential of tetrafluoroallene [5–16].

Caution! All manipulations have to be performed under an atmosphere of dry
argon using standard Schlenk techniques. Tetrafluoroallene and octafluoro-1,2-
dimethylenecyclobutane are potentially toxic. Care should be taken to avoid
inhalation; all reactions should be carried out in a well-ventilated hood. Pressur-
ized glass ampoules can explode violently, causing serious injuries. Adequate
precautions such as protective shields may be necessary.

Experimental Procedure A few drops of �-terpinene are added to a glass
ampoule and tetrafluoroallene (2.48 g, 20.6 mmol) is added via vacuum transfer.
The ampoule is flame-sealed under vacuum, placed in an oven and heated to
55 ◦C for 65 h. Subsequently, the ampoule is cooled to −196 ◦C, broken open
inside a PVC hose connected to a cold trap, and all volatiles are removed in
vacuo. Fractional condensation of the volatiles via two traps kept at −100 ◦C
(acetone/liquid N2) and −196 ◦C, respectively, gives 2.0 g (81%) octafluoro-
1,2-dimethylenecyclobutane in the first trap.

Characterization Data Mp −35 ◦C, bp 64 ◦C. 19F NMR (376 MHz, CDCl3):
� −72.0 (m, 2F), −73.7 (m, 2F), −113.4 (br s, 4F) ppm. 13C NMR (100 MHz,
CDCl3): � 82.4, 112.2 (t, 1JCF = 289 Hz), 150.2 (t, 1JCF = 306 Hz) ppm. IR
(gas, cm−1): v̄ 1788 (s), 1734 (vs), 1394 (m), 1359 (vs), 1335 (s), 1282 (vw),
1249 (w), 1195 (w), 1179 (s), 1172 (s), 1131 (m), 896 (vs), 785 (vw), 668 (vw),
621 (w), 567 (m).

Application The chemistry of octafluoro-1,2-dimethylenecyclobutane is very
limited. Examples include isomerization, cycloaddition, and oxidation reac-
tions; an �4 manganese complex has been reported (Figure 50.2) [17, 19, 20].
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50.4 PREPARATION OF 2,3-DIBROMO-1,1,1-
TRIFLUOROPROPANE [21,22]

Apparatus A 250-mL, three-necked flask with magnetic stirrer, reflux conden-
ser, thermometer and gas dispersion tube, cryostat, UV lamp, ice–water bath,
two cold traps, vacuum line, safety glasses, laboratory coat, protective gloves.

Chemicals 3,3,3-Trifluoropropene, bromine, dry ice, ethanol, liquid N2.

Attention! Safety glasses and protective gloves must be used at all times.

Caution! All manipulations have to be performed under an atmosphere of dry
argon using standard Schlenk line techniques. Bromine is toxic and corrosive.
Care should be taken to avoid inhalation or contact with skin, all reactions
should be carried out in a well-ventilated hood. Cold liquefied gases may
expand explosively when allowed to warm to room temperature without proper
pressure release. Dry ice can cause skin burns.

Experimental Procedure The three-necked flask equipped with stirrer, reflux
condenser, thermometer, and gas dispersion tube is charged with bromine
(310 g, 1.94 mol), and placed inside an ice–water bath. The condenser is
cooled to −45 ◦C with a suitable cryostat and 3,3,3-trifluoropropene (200 g,
2.08 mol, 1.1 equiv) is introduced through the dispersion tube at a slow rate
so that the temperature of the reaction mixture remains below 25 ◦C, while
being irradiated with a UV lamp. After 4.5 h, the obtained yellow solution is
purified by fractional condensation via two traps kept at −78 ◦C and −196 ◦C,
respectively, to give 2,3-dibromo-1,1,1-trifluoropropane (485 g, 98%) in the
first trap.
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If a cryostat is not available, the reflux condenser can be replaced by a dry
ice condenser.

Characterization Data bp 115–120 ◦C. 19F NMR (376 MHz, CDCl3): � −86.3
(d, 3F, CF3) ppm. 1H NMR (400 MHz, CDCl3): � 3.5–4.1 (m, CH2Br, 2H),
4.2–4.6 (m, CHBr, 1H) ppm. IR (neat, cm−1): v̄ 2990 (w), 1340, 1275, 1250,
1180, 1110, 910, 895.

Waste Disposal The residues of bromine are toxic and should be deactivated
using an aqueous solution of sodium thiosulfate.

50.5 PREPARATION OF 2-BROMO-3,3,3-
TRIFLUOROPROPENE [22,23]

Apparatus A 500-mL, three-necked flask, mechanical stirrer, dropping funnel,
fractionation column (2 cm × 50 cm, packed with Raschig rings) equipped
with a column head cooled to 0 ◦C using a suitable cryostat, collection flask
cooled to 0 ◦C, drying tube, safety glasses, laboratory coat, protective gloves.

Chemicals 2,3-Dibromo-1,1,1-trifluoropropane, potassium hydroxide pellets,
ice–water bath, dry ice–ethanol bath.

Attention! Safety glasses and protective gloves must be used at all times.

Caution! Hot potassium hydroxide is highly corrosive! Care should be taken
to avoid inhalation of 2,3-dibromo-1,1,1-trifluoropropane and 2-bromo-3,3,3-
trifluoropropene; all reactions should be carried out in a well-ventilated hood.

Experimental Procedure The three-necked flask equipped with stirrer, drop-
ping funnel, and fractionation column is charged with potassium hydroxide
pellets (161 g, 2.87 mol, 3.9 equiv); the column head is cooled to 0 ◦C, the col-
lection flask is equipped with a drying tube and placed in an ice–water bath. The
reaction mixture is heated to 100 ◦C, and 2,3-dibromo-1,1,1-trifluoropropane
(150 g, 0.59 mol) is added drop by drop during a period of 2.5 h. 2-Bromo-3,3,3-
trifluoropropene is collected by fractional distillation. Yield: 84.3 g (482 mmol,
82%).

On a smaller scale or if a cryostat is not available, the fractionation column
can be replaced by a standard distillation apparatus. The yield decreases to
approximately 60%.

Characterization Data Bp 33–35 ◦C. 19F NMR (376 MHz, CDCl3): � −69.3
(dd, 4JFH = 1.35 Hz, 4JFH = 0.90 Hz, 3F, CF3) ppm. 1H NMR (400 MHz,
CDCl3): � 6.0 (m, 1H), 6.4 (m, 1H) ppm. IR (gas, cm−1): v̄ 1640 (w), 1285,
1185, 1090.

Application 2-Bromo-3,3,3-trifluoropropene is a valuable fluorinated C3 build-
ing block for the synthesis of styrenes, arylimines, and indoles by palladium-
catalyzed cross-coupling reactions (Figure 50.3) [24–27]. In addition, it can
be used as a useful precursor to the in situ generation of trifluoropropynyl-
lithium and trifluoropropenyllithium to access fluorinated propargylic and al-
lylic amines and alcohols [21, 28–32].
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50.6 PREPARATION OF 1,1-DIFLUOROALLENE [22]

Apparatus A 1000-mL, three-necked flask with magnetic stirrer, dropping fun-
nel, septum, low-temperature thermometer, fractionation column (2 cm ×
50 cm, packed with Raschig rings) equipped with a column head cooled to
−80 ◦C using a suitable cryostat, collection flask cooled to −80 ◦C, Dewar
flasks, safety glasses, laboratory coat, protective gloves.

Chemicals 2-Bromo-3,3,3-trifluoropropene, n-butyllithium 2.5-M solution in
hexanes, dry hexane, hexane, dry ice, ethanol.

Attention! Safety glasses and protective gloves must be used at all times.

Caution! All manipulations have to be performed under an atmosphere of dry
argon using standard Schlenk line techniques. Care should be taken to avoid
inhalation of 1,1-difluoroallene and hexane; all reactions should be carried out
in a well-ventilated hood. n-Butyllithium is pyrophoric and reacts violently
with air and water. Liquefied gases may expand explosively when allowed to
warm to room temperature without proper pressure release. 1,1-Difluoroallene
should be stored at −80 ◦C or −196 ◦C. Liquid nitrogen and dry ice can cause
skin burns.

Experimental Procedure The three-necked flask equipped with magnetic stir-
rer, low-temperature thermometer, and dropping funnel is charged with dry
hexane (250 mL) and 2-bromo-3,3,3-trifluoropropene (20.0 g, 114 mmol). The
flask is cooled with a hexane slush bath by addition of liquid nitrogen until
the solution reaches −85 ◦C. A solution of n-butyllithium (50 mL, 125 mmol,
1.1 equiv) is added drop by drop over a period of 30 min to the reaction mixture
at such a rate that the temperature remains below −80 ◦C. After additional
15 min, the dropping funnel is replaced by the fractionation column with its
head cooled to −80 ◦C, and the reaction mixture is allowed to warm slowly
to room temperature and subsequently heated to reflux. Distillation gives pure
1,1-difluoroallene in the collection flask. Yield: 72%.
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On a smaller scale or if a cryostat is not available, the fractionation column
can be replaced by a dry ice condenser cooled to 0 ◦C and connected to a trap
kept at −78 ◦C. Fractional condensation of its content via two subsequent traps
kept at −100 ◦C and −196 ◦C yields 1,1-difluoroallene in up to 97% yield.

Characterization Data Mp −137 ◦C, bp −23 ◦C. 19F NMR (376 MHz, CDCl3):
� −106.9 (t, 4JFH = 3.5 Hz, 2F, CF2) ppm. 1H NMR (400 MHz, CDCl3): � 6.04
(t, 4JHF = 3.5 Hz, 2H, CH2) ppm. IR (gas, cm−1): v̄ 3289 (w), 3049 (m), 2976
(m), 2907 (m), 2793 (w), 2532 (w), 2439 (m), 2315 (w), 2268 (w), 2119 (m),
2020 (vs), 1835 (w), 1754 (w), 1618 (w), 1515 (m), 1488 (vs), 1479 (vs), 1471
(vs), 1395 (m), 1339 (vs), 1330 (vs), 1321 (vs), 1247 (vs), 1232 (vs), 1010 (m),
992 (m), 935 (s), 920 (s), 876 (w), 870 (w), 862 (w), 854 (w), 846 (w), 810 (s),
802 (s), 668 (w).

Application 1,1-Difluoroallene is an interesting fluorinated substrate for [2 +
2], [4 + 2], and 1,3-dipolar cycloaddition reactions (Figure 50.4) [22,33–37].
Nucleophilic addition reactions have also been reported [38]. In a number of
transition-metal complexes, difluoroallene was shown to coordinate preferen-
tially via the non-fluorinated side [3, 11–16, 39].

50.7 PREPARATION OF 1,1-DIFLUORO-2-IODOETHENE [40]

Apparatus A 2000-mL, single-necked flask with a PFTE needle valve, magnetic
stirrer, vacuum line, cold trap, distillation apparatus.

Chemicals 1,1-Difluoroethene, iodine monochloride, 2,6-lutidine, 1,8-diazabi-
cyclo[5.4.0]undec-7-ene (DBU), ice–water bath, liquid N2.
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Attention! Safety glasses and protective gloves must be used at all times.

Caution! Iodine monochloride is corrosive. Care should be taken to avoid inhala-
tion of iodine monochloride, 1,1-difluoroethene, and 1,1-difluoro-2-iodoethene
and contact with the skin. All manipulations should be performed in a well-
ventilated hood.

Experimental Procedure The flask equipped with a stirrer is charged with io-
dine monochloride (100 g, 600 mmol), cooled to −196 ◦C and evacuated. After
placing it in an ice–water bath, difluoroethene (40 g, 620 mmol) is introduced
in several portions into the flask via the vacuum line, the consumption is being
monitored by the decrease in pressure. When no more difluoroethene is con-
sumed, 2,6-lutidine (300 mL) and DBU (110 g, 720 mmol) are added. After
stirring overnight, all volatiles are removed from the reaction mixture into a
trap cooled to −196 ◦C. Water (3 × 50 mL) is added to the residue, stirred
for 5 min and again, all volatiles are removed under vacuum. Distillation of the
combined volatiles yields 1,1-difluoro-2-iodoethene (97 g, 511 mmol, 85%).

Characterization Data Bp 35 ◦C. 1H NMR (400 MHz, CDCl3): � 4.82 (dd,
3JHF = 22.8 Hz, 3JHF = 2.1 Hz, 1H, CHI) ppm. 19F NMR (376 MHz, CDCl3):
� −71.4 (dd, 2JFF = 26.2 Hz, 3JFH = 2.1 Hz, 1F, CF2), −75.8 (dd, 2JFF =
26.2 Hz, 3JFH = 23.6 Hz, 1F, CF2) ppm. 13C NMR (100 MHz, CDCl3): � 156.5
(dd, 1JCF = 296 Hz, 1JCF = 286 Hz, CF2), 24.2 (dd, 2JCF = 37 Hz, 2JCF =
29 Hz, CHI) ppm. IR (gas, cm−1): v̄ 3126, 3117, 2662, 2270, 1726, 1717, 1700,
1469, 1317, 1308, 1144, 1136, 953, 946, 747, 738, 731.

Application 1,1-Difluoro-2-iodoethene is a useful difluorovinyl building block
for palladium-catalyzed cross-coupling reactions to give fluorinated styrenes
and enynes (Figure 50.5) [40–42].

50.8 PREPARATION OF 1,1,4,4-TETRAFLUOROBUTA-
1,3- DIENE [40,43]

Apparatus Two 100-mL Schlenk flasks with magnetic stirrer, two cold traps,
PTFE cannula (ID = 1 mm), rubber septum.
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Chemicals 1,1-Difluoro-2-iodoethene, activated zinc powder (treated with di-
lute hydrochloric acid, washed with water, ethanol, and acetone, and dried
in vacuo), dry N,N-dimethylformamide (DMF), Pd(PPh3)4, dry ice, ethanol,
liquid N2.

Attention! Safety glasses and protective gloves must be used at all times.

Caution! All manipulations have to be performed under an atmosphere of dry
argon using standard Schlenk techniques. DMF is toxic. Care should be taken to
avoid contact with skin or inhalation. Organozinc reagents can react violently
with water. Liquefied gases may expand explosively when allowed to warm
to room temperature without proper pressure release. Liquid nitrogen and dry
ice can cause skin burns. 1,1,4,4-Tetrafluorobuta-1,3-diene should be stored
at −80 ◦C.

Experimental Procedure In the Schlenk flask, 1,1-difluoroiodoethene (13.0 g,
68.4 mmol) is added drop by drop to a suspension of activated zinc powder
(8.0 g, 122 mmol, 1.8 equiv) in DMF (50 mL) at room temperature. An exother-
mic reaction occurs while the mixture is stirred for 1 h. Subsequently, the excess
zinc is allowed to settle at the bottom of the flask and the supernatant is trans-
ferred via cannula to another Schlenk flask containing 1,1-difluoroiodoethene
(13.0 g, 68.5 mmol, 1.0 equiv) and Pd(PPh3)4 (2.0 g, 1.7 mmol, 2.5 mol%).
The flask is connected to a trap kept at −78 ◦C and heated to 75 ◦C for 4 h,
during which a colorless liquid condenses in the trap. Fractional condensation
via two traps kept at −120 ◦C (ethanol/N2 slush) and −196 ◦C (liquid N2) gives
1,1,4,4-tetrafluorobuta-1,3-diene (5.2 g, 41.3 mmol, 60%) in the first trap.

Characterization Data Bp 3–4 ◦C. 19F NMR (376 MHz, CDCl3): � −86.8
(m, 2F, CF2), −88.1 (m, 2F, CF2) ppm. 1H NMR (400 MHz, CDCl3):
� 4.52 (m, 2H, CH) ppm. 13C NMR (100 MHz, CDCl3): � 72.3 (m,
CH), 155.6 (m, CF2) ppm. IR (gas, cm−1): v̄ 3122 (vw), 1740 (sh), 1715
(vs), 1321 (s), 1172 (m), 1140 (w), 949 (m), 922 (s), 826 (w), 739 (vw),
548 (vw).

50.9 PREPARATION OF 1,4-DIBROMO-1,1,2,2-
TETRAFLUOROBUT-2-ENE [40,43]

Apparatus A 100-mL Schlenk flask with magnetic stirrer, vacuum line, separa-
tion funnel, two traps.

Chemicals 1,1,4,4-Tetrafluorobuta-1,3-diene, bromine, dichloromethane,
ethanol, liquid N2.

Attention! Safety glasses and protective gloves must be used at all times.

Caution! Bromine is toxic and corrosive. Care should be taken to avoid con-
tact with skin and inhalation of bromine, 1,1,4,4-tetrafluorobuta-1,3-diene,
1,4-dibromo-1,1,4,4-tetrafluorobut-2-ene, and dichloromethane; all reactions
should be carried out in a well-ventilated hood.
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Experimental Procedure In the Schlenk flask, bromine (6.7 g, 42 mmol) is
dissolved in dichloromethane (10 mL) and 1,1,4,4-tetrafluorobuta-1,3-diene
(5.2 g, 42 mmol) is added by vacuum transfer. After stirring for 5 h at
room temperature, sodium thiosulfate (5 mL saturated solution in water)
is added and the reaction mixture is stirred for an additional 5 min. Sub-
sequently, it is transferred to the separation funnel, the phases are sep-
arated, and the aqueous layer is extracted with dichloromethane (3 ×
2 mL). Fractional condensation of the combined organic layers via two
traps kept at −60 ◦C (ethanol/N2 slush) and −196 ◦C (liquid N2) gives
1,4-dibromo-1,1,4,4-tetrafluorobut-2-ene (9.87 g, 34.5 mmol, 82 %) in the
first trap.

Characterization Data Bp 105–107 ◦C. 19F NMR (376 MHz, CDCl3): � −50.3
(m, 4F, CF2Br) ppm. 1H NMR (400 MHz, CDCl3): � 6.33 (m, CH, 2H) ppm.
13C NMR (100 MHz, CDCl3): � 114.2 (t, 1JCF = 301 Hz, CF2Br), 129.3 (tt,
2JCF = 27 Hz, 3JCF = 7 Hz, CH) ppm.

50.10 PREPARATION OF 1,1,4,4-TETRAFLUOROBUTA-1,2,3-TRIENE

Apparatus Three traps, U-shaped tube (ID = 1 cm), oil bath, vacuum line,
Dewar flasks.

Chemicals 1,4-Dibromo-1,1,4,4-tetrafluorobut-2-ene, potassium hydroxide
(technical grade flakes), dry ice, ethanol, liquid N2.

Attention! Safety glasses and protective gloves must be used at all times.

Caution! All manipulations must be performed under strict exclusion of air us-
ing standard vacuum-line techniques. 1,1,4,4-Tetrafluorobuta-1,2,3-triene has
been reported to explode violently above −5 ◦C or on contact with air; it
polymerizes even at −80 ◦C and must be stored at −196 ◦C; it can be safely
transferred under reduced pressure using a vacuum line. Hot potassium hy-
droxide is highly corrosive.

Experimental Procedure A reservoir trap containing 1,4-dibromo-1,1,4,4-
tetrafluorobut-2-ene (1.0 g, 3.5 mmol) is cooled to −196 ◦C and con-
nected to the vacuum line via a U-shaped tube charged with potassium
hydroxide and two traps kept at −78 ◦C and −196 ◦C, respectively. The
U-shaped tube is placed in an oil bath and maintained at 88 ◦C. Un-
der dynamic vacuum, the reservoir is allowed to warm very slowly to
room temperature inside an empty Dewar flask, passing a slow stream
of starting material over the hot KOH. It is important to keep the pres-
sure below 10−2 mbar. 1,1,4,4-Tetrafluorobuta-1,2,3-triene (40–99%) col-
lects in the last trap, unreacted starting material can be recovered from the
second trap.

Characterization Data mp −130 ◦C, bp −5 ◦C. 19F NMR (376 MHz, CD2Cl2,
−80 ◦C): � −96.1 (s, 4F, CF2) ppm. 13C NMR (100 MHz, CD2Cl2, −80 ◦C):
� 147.8, 158.9 ppm. IR (gas, cm−1): v̄ 1732, 1281, 973, 939, 536.
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FIGURE 50.6 Synthetic potential of 1,1,4,4-tetrafluorobuta-1,2,3-triene.

Application Tetrafluorobutatriene is a powerful dienophile for [4 + 2] cy-
cloadditions with a number of 1,3-dienes. It forms air-stable transition-metal
complexes with rhodium and iridium (Figure 50.6) [44–46].

50.11 PREPARATION OF HEXAFLUOROBUTA-1,3-DIENE [47]

Apparatus A 50-mL, single-necked flask with a PTFE needle valve, magnetic
stirrer, three traps, Dewar flasks, vacuum line.

Chemicals Tri(n-butyl)(trifluorovinyl)tin, trifluorobromoethene, palladium ac-
etate, Me-Phos (dicyclohexyl-2-(2′-methylbiphenyl)-phosphine), dry DMF,
ethanol, liquid N2.

Attention! Safety glasses and protective gloves must be used at all times.

Caution! All manipulations must be performed under exclusion of air using
standard Schlenk and vacuum line techniques. Tributyltin compounds and DMF
are toxic; care should be taken to avoid contact with skin and inhalation of tri-
butyl(trifluorovinyl)tin, trifluorobromoethene, hexafluorobutadiene, and DMF.
Cold liquefied gases may expand explosively when allowed to warm to room
temperature without proper pressure release. Liquid nitrogen can cause skin
burns. Hexafluorobuta-1,3-diene should be stored at −80 ◦C.

Experimental Procedure The single-necked flask is charged with DMF
(12 mL), tributyl(trifluorovinyl)tin (11.13 g, 30 mmol), palladium acetate
(14 mg, 0.063 mmol, 0.25 mol %), and Me-Phos (114 mg, 0.31 mmol,
1.25 mol%). After degassing at −196 ◦C, trifluorobromoethene (4.05 g,
25 mmol) is added by vacuum transfer and the mixture is stirred at 60 ◦C
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for 40 h. Fractional condensation of the reaction mixture via three subsequent
traps kept at −50 ◦C, −130 ◦C, and −196 ◦C yields hexafluorobuta-1,3-diene
(3.24 g, 20 mmol, 80 %) in the second trap.

Characterization Data Mp −132 ◦C, bp 5–10 ◦C. 19F NMR (376 MHz, CDCl3):
� −93.3 (m, 2F, CF2), −107.8 (m, 2F, CF2), −180.2 (m, 2F, CF) ppm. 13C NMR
(100 MHz, CDCl3): � 116.0 (CF), 152.3 (CF2) ppm. IR (gas, cm−1): v̄ 1795
(m), 1765 (vs), 1330 (vs), 1191 (s), 1141 (vs), 1136 (vs), 972 (vs).

Application Hexafluorobutadiene is used for the synthesis of fluoropolymers
and as an etching agent. It can also be used to synthesize fluorinated heterocycles
by cycloaddition reactions and undergoes substitution and addition reactions.
Transition-metal complexes with �1-�1, �4, and �2 coordination modes have
been synthesized (Figure 50.7) [16, 48–55].

50.12 PREPARATION OF 1,1,2,4,4-PENTAFLUOROBUTA-1,3-DIENE [47]

Apparatus A 50-mL, single-necked flask with a PTFE needle valve, magnetic
stirrer, three traps, Dewar flasks, vacuum line.

Chemicals Tri(n-butyl)(2,2-difluorovinyl)tin, trifluorobromoethene, palladium
acetate, X-Phos (dicyclohexyl-2-(2′,4′,6′-triisopropylbiphenyl)-phosphine),
dry DMF, ethanol, liquid N2.

Attention! Safety glasses and protective gloves must be used at all times.
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Caution! All manipulations must be performed under exclusion of air using
standard Schlenk and vacuum line techniques. Tributyltin compounds and
DMF are toxic; care should be taken to avoid contact with skin and inhala-
tion of tri-butyl(1,1-difluorovinyl)tin, trifluorobromoethene, pentafluorobuta-
diene, and DMF. Cold liquefied gases may expand explosively when allowed
to warm to room temperature without proper pressure release. Liquid nitrogen
can cause skin burns. 1,1,2,4,4-Pentafluorobuta-1,3-diene should be stored at
−80 ◦C.

Experimental Procedure The single-necked flask is charged with DMF (3 mL),
tributyl(1,1-difluorovinyl)tin (3.20 g, 9.06 mmol), palladium acetate (5 mg,
0.022 mmol, 0.25 mol%), and X-Phos (54 mg, 0.11 mmol, 1.26 mol%). After
degassing at −196 ◦C, trifluorobromoethene (1.29 g, 8.0 mmol) is added by
vacuum transfer and the mixture is stirred at 60 ◦C for 39 h. Fractional con-
densation of the reaction mixture via three subsequent traps kept at −50 ◦C,
−130 ◦C, and −196 ◦C yields 1,1,2,4,4-pentafluorobuta-1,3-diene (1.12 g,
7.78 mmol, 97 %) in the second trap.

The product may contain up to 5% trifluorobromoethene, which can be
removed by reaction with activated zinc in dry DMF followed by fractional
condensation (yield after purification approximately 30%).

Characterization Data Mp −110 ◦C, bp 19 ◦C. 1H NMR (400 MHz, CDCl3):
� 4.9 (m, 1H, CH) ppm. 19F NMR (376 MHz, CDCl3): � −78.4 (m, 1F, CF2),
−79.5 (m, 1F, CF2), −101.9 (m, 1F, CF2), −118.8 (m, 1F, CF2), −179.3 (m, 1F,
CF) ppm. 13C NMR (100 MHz, CDCl3): � 70.2 (m, CH), 121.8 (m, CF=CF2),
152.5 (m, CF2), 155.6 (m, CF2) ppm. IR (gas, cm−1): v̄ 1790 (w), 1728 (vs),
1389 (m), 1323 (s), 1300 (m), 1246 (m), 1184 (m), 1146 (m), 1084 (m), 935
(s), 845 (w), 789 (w).

50.13 PREPARATION OF 1,1-DIFLUOROBUTA-1,3-DIENE [47]

Apparatus A 250-mL, single-necked flask with a PTFE needle valve, magnetic
stirrer, three traps, Dewar flasks, vacuum line.

Chemicals Tri(n-butyl)(vinyl)tin, 1,1-difluoro-2-iodoethene, Pd(PPh3)4, dry
DMF, ethanol, liquid N2.

Attention! Safety glasses and protective gloves must be used at all times.

Caution! All manipulations must be performed under exclusion of air using stan-
dard Schlenk and vacuum line techniques. Tributyltin compounds and DMF
are toxic; care should be taken to avoid contact with skin and inhalation of tri-
butyl(vinyl)tin, difluoroiodoethene, difluorobutadiene, and DMF. Cold lique-
fied gases may expand explosively when allowed to warm to room temperature
without proper pressure release. Liquid nitrogen can cause skin burns. 1,1-
Difluorobuta-1,3-diene should be stored at −80 ◦C.

Experimental Procedure The single-necked flask is charged with DMF
(30 mL), tributyl(vinyl)tin (10.10 g, 53.4 mmol), 1,1-difluoro-2-iodoethene
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(17.46 g, 55.1 mmol), and Pd(PPh3)4 (400 mg, 0.34 mmol, 0.65 mol%). After
degassing at −196 ◦C the mixture is stirred at 60 ◦C for 23 h. Fractional con-
densation of the reaction mixture via three subsequent traps kept at −50 ◦C,
−130 ◦C, and −196 ◦C yields 1,1-difluorobuta-1,3-diene (4.23 g, 47.0 mmol,
88%) in the second trap.

Characterization Data Bp 3–5 ◦C. 1H NMR (400 MHz, CDCl3): � 6.24 (ddddd,
3JHH = 17.2 Hz, 3JHH = 11 Hz, 3JHH = 11 Hz, 4JHF = 1 Hz, 4JHF = 1 Hz,
1H, CH=CH2), 5.15 (m, 3JHH = 17.2 Hz, 1 H, –CH=CH2), 5.02 (m, 3JHH =
11 Hz, 1H, CH2), 4.96 (m, 3JHH = 11 Hz, 3JHF = 24 Hz, 1H, –CH=CF2) ppm.
19F NMR (376 MHz, CDCl3): � −86.09 (dd, 2JFF = 26 Hz, 3JFH = 24 Hz,
1F, =CF2), −88.61 (d, 2JFF = 26 Hz, 1F, =CF2) ppm. 13C NMR (100 MHz,
CDCl3): � 156.7 (dd, 1JCF = 296.5 Hz, 1JCF = 290.7 Hz, =CF2), 126.1 (dd,
4JCF = 5.0 Hz, 4JCF = 1.3 Hz, CH2), 116.4 (dd, 3JCF = 11.0 Hz, 3JCF = 2.7 Hz,
CH=CH2), 82.8 (dd, 2JCF = 26.7 Hz, 2JCF = 16.8 Hz, CH=CF2) ppm. IR
(gas, cm−1): v̄ 3110 (w), 3097 (w), 1734 (vs), 1731 (vs), 1725 (vs), 1437 (m),
1425 (m), 1339 (s), 1327 (s), 1215 (s), 1210 (s), 1205 (s), 990 (m), 904 (s),
895 (m), 658 (w).

50.14 PREPARATION OF 1,1,2-TRIFLUOROPENTA-1,4-DIENE [47]

Apparatus A 100-mL Schlenk flask, 100-mL, single-necked flask with PTFE
needle valve, magnetic stirrer, three traps, PTFE cannula (ID = 1 mm), rubber
septum, Dewar flasks, vacuum line.

Chemicals Trifluorobromoethene, activated zinc powder (treated with dilute
hydrochloric acid, washed with water, ethanol, and acetone, and dried in vacuo),
allyl bromide, dry DMF, Pd(PPh3)4, ethanol, liquid N2.

Attention! Safety glasses and protective gloves must be used at all times.

Caution! All manipulations have to be performed under exclusion of air and
moisture using standard Schlenk and vacuum line techniques. DMF is toxic.
Care should be taken to avoid contact with skin or inhalation; all reactions
should be carried out in a well-ventilated hood. Organozinc reagents can re-
act violently with water. Cold liquefied gases may expand explosively when
allowed to warm to room temperature without proper pressure release. Liquid
nitrogen can cause skin burns. 1,1,2-Trifluoropenta-1,4-diene should be stored
at −80 ◦C.

Experimental Procedure In the Schlenk flask, trifluorobromoethene (2.41 g,
15 mmol) is added to a suspension of activated zinc powder (2.94 g, 45 mmol,
3.0 equiv) in DMF (10 mL) by vacuum transfer. An exothermic reaction occurs
while the mixture is stirred at room temperature for 1 h and at 60 ◦C for another
2 h. Subsequently, the excess zinc is allowed to settle at the bottom of the flask
and the supernatant is transferred via cannula to the PTFE valve flask containing
allyl bromide (1.81 g, 15 mmol, 1.0 equiv) and Pd(PPh3)4 (173 mg, 0.15 mmol,
1.0 mol%). After degassing at −196 ◦C, the mixture is stirred at 80 ◦C for
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6 h. Fractional condensation of the reaction mixture via three subsequent traps
kept at −50 ◦C, −130 ◦C, and −196 ◦C yields 1,1,2-trifluoropenta-1,4-diene
(1.37 g, 11.2 mmol, 86%) in the second trap.

Characterization Data bp 37–38 ◦C. 1H NMR (400 MHz, CDCl3): � 5.77 (ddt,
1H, 3JHH = 16.9 Hz, 3JHH = 10.4 Hz, 3JHH = 6.2 Hz, 1H, CH), 5.12–5.22
(m, 2H, CH2), 2.97–3.03 (m, 2H, CH2) ppm. 19F NMR (376 MHz, CDCl3): �
−105.9 (ddt, 2JFF = 87.2 Hz, 3JFF = 32.7 Hz, 4JFH = 2.7 Hz, 1F, CF2), −124.7
(ddt, 3JFF = 114.4 Hz, 2JFF = 87.2 Hz, 4JFF = 4.2 Hz, 1 F, CF2), −174.1
(ddt, 3JFF = 114.4, 3JFF = 32.7 Hz, 3JFH = 22.2 Hz, 1F, CF) ppm. 13C NMR
(100 MHz, CDCl3): � 153.2 (ddd, 1JCF = 286.2 Hz, 1JCF = 270.4 Hz, 2JCF =
46.3 Hz, CF2), 134.0 (s, CH), 127.2 (ddd, 1JCF = 235.3 Hz, 2JCF = 53.0 Hz,
2JCF = 15.8 Hz, CF), 118.4 (s, CH2), 30.1 (dd, 3JCF = 22.3 Hz, 4JCF =
2.5 Hz, CH2) ppm. IR (gas, cm−1): v̄ 3096, 3025, 2997, 2919, 1801, 1652,
1646, 1436, 1431, 1430, 1424, 1304, 1267, 1218, 1141, 1105, 1072, 993, 929,
923, 792.
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CHAPTER 51

Preparation of Ionic Liquids of
Fluorocomplex and Oxofluorocomplex
Anions by Fluoroacid–Base Reactions

KAZUHIKO MATSUMOTO AND RIKA HAGIWARA

Ionic liquids are attractive materials for various applications such as electrolytes
and reaction media because of their unique properties such as nonflammability,
negligible vapor pressure, and wide temperature range of the liquid phase [1–4].
Many ionic liquids containing fluoroanions have been prepared because of their
higher hydrolytic stability than that of chloro or bromo analogs. One of the problems
in synthesis of ionic liquids is halide impurities [5]. Fluorohydrogenate ionic liquids,
which often exhibit high conductivities, low viscosities, and low melting points,
contain (FH)nF− as anionic species and are usually prepared by reaction of chloride
salts with excess HF [6, 7]. One application of fluorohydrogenate ionic liquids is
their use as precursors of ionic liquids based on fluorocomplex anions [8]. In this
reaction, Lewis acidic fluorides (MFm) react with (FH)nF− to give MF−

m+1 and the
by-product HF. This method provides ionic liquids with a low content of halide
impurity and water, because the halide impurities are removed in synthesis of the
starting material, fluorohydrogenate ionic liquid, and water is not involved in this
reaction. The following describes the details of this method, taking [EMIm][BF4]
and [EMIm][NbF6] (EMIm, 1-ethyl-3-methylimidazolium) for example. The first
procedure is applied to the cases of volatile Lewis acidic fluorides such as PF5,
AsF5, and WF6 [8,9], and the second procedure is applied to the cases of non- or low-
volatile Lewis acidic fluorides or oxofluorides such as TaF5, UF5, VOF3, MoOF4, and
WOF4 [8−12]. The precursor ionic liquid, [EMIm][(FH)2.3F], is prepared according
to a literature method [6, 7]. Alkylpyridinium and alkylpyrrolidinium salts are also
prepared in the same manner [9, 10,12].
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51.1 PREPARATION OF 1-ETHYL-3-METHYLIMIDAZOLIUM
TETRAFLUOROBORATE ([EMIm][BF4])

Apparatus PFA (tetrafluoroethylene–perfluoroalkylvinylether copolymer) re-
actor (o.d. 1/2′′, 20 cm in length) with a stainless steel valve, magnetic stirrer,
fluoride-resistant vacuum line, safety glasses, laboratory coat, protective gloves.

Chemicals BF3, [EMIm][(FH)2.3F].

Attention! Safety glasses and protective gloves must be used at all times.

Caution! HF and BF3 should be carefully treated because they are highly cor-
rosive and toxic. Appropriate protective equipment should be used as well.
The pressure of the reactor and vacuum line should be always monitored to
avoid an unexpected burst by high pressure. The following Lewis acid–base
reaction is highly exothermic and temperature controlling with a coolant may
be necessary if the reaction is performed on a large scale.

Experimental Procedure A PFA reactor is charged in a dry box with
[EMIm][(FH)2.3F] (1.74 g, 9.88 mmol). The reactor is connected to the vacuum
line and evacuated for 10 min. The valve of the reactor is closed and BF3 gas
is introduced to the reaction line (∼2 atm). The reactor is cooled to −196 ◦C
and BF3 is condensed onto frozen [EMIm][(FH)2.3F]. The reaction proceeds by
warming up the mixture to room temperature. The valve of the reactor should
be opened during this process to monitor the pressure inside. The liquid phase
in the reactor is stirred for 30 min to promote the reaction. Introduction of BF3

is repeated several times until the uptake of BF3 gas ceases. All the volatiles are
roughly pumped off at room temperature for 3 h through a soda lime chemical
trap and a liquid nitrogen trap in series (10–100 Pa). The final pumping at
70 ◦C for 2 days through a liquid nitrogen trap (�1 Pa) resulted in the product
[EMIm][BF4] (1.95 g, 9.84 mmol).

Characterization Data Anal. calcd for C6H11BF4N2: C, 36.38; H, 5.56; N,
14.15. Found: C, 36.38; H, 5.42; N, 14.30. 1H NMR (neat): � 8.35 (s, 1H, H(2)
ring), 7.30 (s, 1H, H(4) ring), 7.23 (s, 1H, H(5) ring), 3.97 (q, 2H, J = 21.6
Hz, H(6) methylene), 3.66 (s, 3H, H(8) methyl), 1.19 (t, 3H, J = 14.7 Hz,
H(7) methyl). 19F NMR (neat): � 150.35 (s, BF−

4 ). Raman (cm−1): v̄ 1078 (vw,
BF−

4 ), 767 (s, BF−
4 ), 519 (w, BF−

4 ), 384 (vw, BF−
4 ). IR (AgCl, cm−1): v̄ 1070

(vs, br, BF−
4 ), 522 (vs, BF−

4 ).

51.2 PREPARATION OF 1-ETHYL-3-METHYLIMIDAZOLIUM
HEXAFLUORONIOBATE ([EMIm)[NbF6])

Apparatus T-shaped PFA (tetrafluoroethylene–perfluoroalkylvinylether
copolymer)) reactor (o.d. 1/2′′, 15 cm in length for each arm) with a
stainless valve, magnetic stirrer, fluoride-resistant vacuum line, safety glasses,
laboratory coat, protective gloves.
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Chemicals NbF5, [EMIm][(FH)2.3F].

Attention! Safety glasses and protective gloves must be used at all times.

Caution! HF and NbF5 should be carefully treated because they are highly
corrosive and toxic. Appropriate protective equipment should be used as well.
The following Lewis acid–base reaction is highly exothermic and temperature
controlling with a coolant may be necessary if the reaction is performed on a
large scale.

Experimental Procedure A T-shaped PFA reactor is charged in a dry box
with [EMIm][(FH)2.3F] (0.919 g, 5.22 mmol) at one end and NbF5 (0.990 g,
5.27 mmol) at the other end. The reactor is connected to the vacuum line
and evacuated for 10 min. Niobium pentafluoride at one end is slowly added
to [EMIm][(FH)2.3F] at the other end and is cooled to 0 ◦C. As the reaction
proceeds, the pressure in the reactor increases because HF is produced as a
by-product. The ionic liquid–HF mixture is stirred until the product becomes a
homogeneous liquid (resulting in the disappearance of the NbF5 powder). When
the reaction ceases, the part that originally contained NbF5 is carefully washed
three times with the resulting liquid. All the volatiles are roughly pumped off
at room temperature for 3 h through a soda lime chemical trap and a liquid
nitrogen trap in series (10–100 Pa). The final pumping at 70 ◦C for 2 days
through a liquid nitrogen trap (�1 Pa) results in the product [EMIm][NbF6]
(1.622 g, 5.10 mmol).

Characterization Data Anal. calcd for C6H11F6N2Nb: C, 22.65; H, 3.46; N,
8.81. Found: C, 22.95; H 3.27; N, 8.80%. 1H NMR (neat): � 8.99 (br s, 1H,
H(2) ring), 7.70 (br s, 1H, H(4) ring), 7.64 (br s, 1H, H(5) ring), 4.40 (br s, 2H,
H(6)methylene), 4.09 (br s, 3H, H(8) methyl), 1.64 (br s, 3H, H(7) methyl). 19F
NMR (neat): � 127.25 (br s, NbF−

6 ). Raman (cm−1): v̄ 681 (vs, NbF−
6 ), 558 (w,

NbF−
6 ), 379 (vw, NbF−

6 ). IR (AgCl, cm−1): v̄ 606 (vs, br).

TABLE 51.1 Selected Physical Properties of EMIm Salts of Fluoro- and
Oxofluorocomplex Anions [8, 10–12]

Catalyst Tm(Tg) (◦C) � (g cm−3) � (cP) � (mS cm−1) � (S cm2 mol−1)

[EMIm][BF4] 15(−79) 1.28 32 13.6 2.1
[EMIm][PF6] 60 1.56 – – –
[EMIm][AsF6] 53 1.78 – – –
[EMIm][SbF6] 10 1.85 67 6.2 1.16
[EMIm][NbF6] −1 1.67 49 8.5 1.62
[EMIm][TaF6] 2 2.17 51 7.1 1.33
[EMIm][WF7] −15 2.27 171 3.2 0.60
[EMIm][UF6] 11 2.38 59 7.9 1.54
[EMIm][VOF4] 75(−30) – – – –
[EMIm][MoOF5] (−83) 1.76 86 5.1 0.92
[EMIm][WOF5] −20(−91) 2.25 105 3.0 0.54

Tm, melting point; � , density at 25 ◦C; �, viscosity at 25 ◦C; �, ionic conductivity at 25 ◦C; �, molar
conductivity at 25 ◦C.
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Application Ionic liquids are widely studied as potential electrolytes [4]. Some
important physical properties of ionic liquids composed of EMIm+ and
fluoro- or oxofluorocomplex anions are compared in Table 51.1. Melting
point of [EMIm][MF6] decreases with increase in size of the anion except
for [EMIm][UF6]. The molar conductivity (�) and viscosity (�) of these ionic
liquids at 298 K roughly fulfill the Walden’s rule (�·� = constant) as in the
case of many other ionic liquids [4].
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CHAPTER 52

Synthesis of Difluorocyclopropyl
Building Blocks:
2,2-Difluorocyclopropylmethanol
and 2-(Bromomethyl)-1,1-
difluorocyclopropane

WEI XU AND WILLIAM R. DOLBIER JR.

52.1 INTRODUCTION

It is now well recognized that the introduction of fluorine into potential pharma-
ceutical or agrochemical candidate molecules often imparts significant beneficial
properties to these compounds. As reported recently by Hagmann and O’Hagan
[1,2], over the past 60 years about 15–20% of new chemical entities that have been li-
censed for the clinical market contain fluorine, including about 30% of the top-selling
pharmaceutical products.

In the past decade, there has been a noticeable interest in potential pharmaceuticals
and agrochemicals containing the 2,2-difluorocyclopropyl group. No doubt this inter-
est was generated as a result of the previous recognition that 2,2-dimethylcyclopropyl
groups can impart useful activity (pyrethroid insecticides) [3, 4]. This fact combined
with recent advances in the synthesis of 2,2-difluorocyclopropyl building blocks
[5–7] inevitably led to incorporation of 2,2-difluorocyclopropyl entities in a number
of particularly agrochemical, but also pharmaceutical candidate compounds. A recent
SciFinder search for the two title building block compounds (Figure 52.1) indicated
12 patents listed for use of the former compound 1 and 9 patents for use of the latter
compound 2 since 2006.

Although a preparation of alcohol 1 has been reported [8], improvements have
been made on its synthesis, and the preparation and characterization of bromide 2 has
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FIGURE 52.1 Title building block compounds: 2,2-difluorocyclopropylmethanol (1) and
2-(bromomethyl)-1,1-difluorocyclopropane (2).

not been previously reported. Therefore, these syntheses, as well as the currently pre-
ferred preparation of difluorocarbene precursor, TFDA (trimethylsilyl 2,2-difluoro-
2-(fluorosulfonyl)acetate) [6], are presented here for the benefit of organic chemists
in need of these compounds (Scheme 52.1).

52.2 EXPERIMENTAL PROCEDURES

Preparation of TFDA (Trimethylsilyl 2,2-difluoro-2-
(fluorosulfonyl)acetate) [6,7]

FSO2CF2COOH + Me3SiCl
reflux−→ FSO2CF2COOSiMe3 + HCl ↑

A dry, 1-L, three-necked, round-bottomed flask is equipped with water condenser
and dropping funnel. A two-hose adapter is fitted at the top of the condenser, with
one hose being an inlet for nitrogen and the other an outlet for venting gaseous HCl
that is formed during the reaction. The vented HCl is neutralized by passing through
a trap containing aqueous sodium hydroxide solution. The flask is then charged with
2,2-difluoro-2-(fluorosulfonyl)acetic acid (178 g, 1 mol), and chlorotrimethylsilane
(216 g, 3 mol) is added drop by drop at room temperature. After addition, the mixture
is heated to reflux for 4 h. At this point, around 90% of acid has been consumed.
Most of the excess of chlorotrimethylsilane is then distilled out at atmospheric pres-
sure and retained for use in a future run. To the residue, fresh chlorotrimethylsilane
(108 g, 1 mol) is added and the mixture is again heated to reflux. After 4 additional
hours, the purity of TFDA product reaches approximately 98%. After removal of most

OH Cl

O

+

pyridine, CH2Cl2

0 oC to rt

O

O

TFDA, NaF(10%)

130 oC

O

O

F
F NaoH(10%)

reflux
OH

F
F

PBr3, pyridine

Br

F
F

H H

1 2

3

4

SCHEME 52.1 Reactions leading to preparation of 2,2-difluorocyclopropyl building blocks,
1 and 2.
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of the chlorotrimethylsilane at atmospheric pressure, distillation of the TFDA is per-
formed under reduced pressure, and 200 g TFDA (80% yield) is collected, bp 62 ◦C/
30 mm Hg.

Preparation of Allyl Benzoate (3)

OH Cl

O

+

pyridine,CH2Cl2

0 oC to rt

O

O
3

A 2-L, one-necked, round-bottomed flask is charged with allyl alcohol (116 g, 2 mol),
pyridine (162 g, 2.1 mol), and methylene chloride (1 L), the mixture is cooled
to 0 ◦C with an ice bath, and benzoyl chloride (280 g, 2 mol) is added drop by
drop. After addition, the mixture is warmed to room temperature slowly and stirred
overnight. The precipitated salt is then filtered off and washed with methylene chloride
(200 mL). The combined methylene chloride extract is then washed with three 200 mL
portions of 10% hydrochloric acid, followed by three 500 mL portions of water, and
the solution then dried over sodium sulfate. The product is distilled under reduced
pressure after removal of solvent to obtain 275 g (85%) of allyl benzoate: bp 118–
119 ◦C/10 mmHg. 1H NMR (CDCl3): � 4.82 (d, J = 5.6 Hz, 2H), 5.28 (dd, J = 10.3,
1.0 Hz, 1H), 5.41 (dd, J = 17.2, 1.3 Hz, 1H), 6.05 (ddt, J = 17.2, 10.5, 5.6 Hz, 1H),
7.40–7.46 (m, 2H), 7.51–7.58(m, 1H), 8.08 (d, J = 7.6 Hz, 2H) ppm [9].

Preparation of (2,2-difluorocyclopropyl)methyl benzoate (4) [7]

O

O

TFDA, NaF(10%)

130 oC
O

O

F
F

3 4

CO2 SO2 Me3SiF+ + +
O

O

TFDA, NaF(10%)

130 oC
O

O

F
F

3 4

CO2 SO2 Me3SiF+ + +

A dry, 500 mL, three-necked, round-bottomed flask is equipped with water condenser
and dropping funnel. A two-hose adapter is fitted at the top of the condenser, with one
hose being an inlet for nitrogen and the other an outlet for venting gases (CO2, SO2,
and Me3SiF) that are formed during the reaction. These vented gases are neutralized
by passing through a trap containing aqueous sodium hydroxide solution. The flask is
then charged with allyl benzoate (162 g, 1 mol) and sodium fluoride (4.2 g, 0.1 mol),
and the mixture heated to 130 ◦C (bath temperature). No solvent is added. TFDA
(400 g, 1.6 mol) is then added drop by drop to the mixture, with the addition pro-
ceeding over a period of 2 h. Gas evolution is apparent during the addition. Once the
addition of TFDA is completed, the reaction mixture is stirred for additional 1 h. At
this time, the conversion of allyl benzoate is confirmed by proton NMR and that of
TFDA by fluorine NMR. The product is used in the next step without further purifi-
cation being required. 1H NMR (CDCl3): � 1.29 (m, 1H), 1.56 (m, 1H), 2.08 (m, 1H),
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4.45 (m, 1H), 4.29 (m, 1H), 7.44 (m, 2H), 7.56 (m, 1H), 8.04 (d, J = 7.6 Hz, 2H)
ppm. 19F NMR (CDCl3): � −129.6 (dt, J = 160 Hz and 13 Hz, 1F), −143.8 (dd,
J = 160 Hz and 13 Hz, 1F) ppm.

Preparation of 2,2-difluorocyclopropylmethanol (1) [8]

O

O

F
F NaOH (20%)

reflux OH

F
F

4 1

A 2-L, round-bottomed flask is charged with 20% aqueous sodium hydroxide solution
(the amount of sodium hydroxide is 120 g, 3 mol), and ester 4 is added in one
portion. The mixture is heated to reflux and stirred for 8 h to form a dark, clear
solution, after which the solution is cooled to 0 ◦C and acidified to a pH value of
4 using concentrated hydrochloric acid. The precipitated benzoic acid is filtered off
and washed with water. The combined aqueous phase is extracted three times with
500 mL portions of diethyl ether, and the ether phase dried over sodium sulfate. After
removing the ether, distillation provided alcohol product 1 (70 g, 65% yield for two
steps) as a colorless liquid: bp 131 ◦C. 1H NMR (CDCl3): � 1.14 (m, 1H), 1.45 (m,
1H), 1.87 (m, 1H), 2.45 (bs, 1H), 3.62 (m, 1H), 3.75 (m, 1H) ppm. 19F NMR (CDCl3):
� −129.10 (dt, J = 160 Hz and 12.4 Hz, 1F), −144.76 (dd, J = 161 Hz and 12.4 Hz,
1F) ppm.

Preparation of 2-(bromomethyl)-1,1-difluorocyclopropane (2)

A 250 mL, round-bottomed flask is charged with phosphorus tribromide (73 g,
0.26 mol), and after cooling to −10 ◦C with a ice–acetone bath, a mixture of 2,2-
difluorocyclopropylmethanol (1) (70 g, 0.65 mol) and dry pyridine (14.3 g, 0.182
mol) is added drop by drop with stirring. After addition, the mixture is warmed to
room temperature slowly and stirred overnight. The reaction mixture is then distilled
at atmospheric pressure, and the fraction above 100 ◦C collected. This crude product
is washed with 2 N aqueous sodium hydroxide, and then with water. After drying
the crude product over calcium chloride, a final distillation gives 110 g (80%) of
2-(bromomethyl)-1,1-difluorocyclopropane as a colorless liquid: bp 108–109 ◦C. 1H
NMR (CDCl3): � 1.17 (m, 1H), 1.62 (m, 1H), 2.07 (m, 1H), 3.36 (m, 1H), 3.48 (m,
1H) ppm. 19F NMR (CDCl3): � −127.50 (dt, J = 160 Hz and 12.4 Hz, 1F), −144.74
(dm, J = 160 Hz, 1F) ppm.
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CHAPTER 53

Preparation of 1,1,2,2,9,9,10,
10-Octafluoro[2.2]paracyclophane
and Perfluoro[2.2]paracyclophane

WILLIAM R. DOLBIER JR., JIAN-XI DUAN, ALEX J. ROCHE, AND
LIANHAO ZHANG

The unique structural features, chemical reactivities, and synthetic challenges associ-
ated with [2.2]paracyclophanes (PCPs) have fascinated organic chemists since Brown
and Farthing first prepared the parent molecule in 1949 [1], and Cram and Steinberg
embarked on his classic studies of this molecule [2, 3]. Current interest in this very
interesting class of compounds derives largely from their unique three-dimensional
structure, which is characterized by layered, face-to-face, bent benzene rings. In ad-
dition to the fundamental interest in these strained compounds, their spectroscopy,
and their chemistry, there is also much interest in the many potential applications that
derive from their unique structures, including their use as chemical vapor deposition
(CVD) precursors of parylene polymers, and their unique chiral properties, which
make them useful as templates in stereoselective synthesis. A recent book, edited by
Gleiter and Hopf, provides a reasonably up-to-date summary of the structural aspects
[4], chemical and physical properties, and current applications of PCPs, as does an
earlier book by Vögtle [5].

The two fluorinated PCPs, 1,1,2,2,9,9,10,10-octafluoro[2.2]paracyclophane
(the bridged fluorinated PCP commonly known as AF4) [6] and perflu-
oro[2.2]paracyclophane (commonly known as F8) [7], exemplify the synthetic chal-
lenges, the unique chemical behavior, and potential for future application as well
as any other PCPs. Both are readily prepared, but their syntheses are unique [7, 8],
different from one another in important ways, and not applicable to preparation of
other, less fluorinated PCPs.

In terms of reactivity, AF4 and F8 are very different, each having distinct advan-
tages over their hydrocarbon counterparts. As can be discerned from examination of
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Cram’s early papers on the chemistry of the parent hydrocarbon [3, 9], there are many
problems associated with the use of PCP as a substrate for electrophilic aromatic sub-
stitution, and the yields of simple reactions such as bromination and nitration are
relatively low. These low yields most likely derive from mechanistic aspects of the
reaction that lead to destruction of the PCP.

In contrast, AF4, in spite of having highly electron-deficient benzene rings, and
in spite of its requiring harsher conditions for its electrophilic aromatic substitution
reactions, provides very good yields for monobromination, mononitration, and dini-
tration [10, 11]. Moreover, reduction of the nitro group and subsequent diazonium
chemistry proceed quite efficiently, thus allowing the preparation of a diverse number
of mono- and disubstituted AF4 molecules.

Perfluoro[2.2]paracyclophane (F8), bearing no aromatic hydrogen, of course can-
not undergo electrophilic substitution, but it is highly susceptible to nucleophilic
substitution by the SNAr mechanism, allowing the preparation of a wide variety of
mono- and multisubstituted F8 derivatives [12].

These two fluorinated PCPs might well become of interest as synthetic building
blocks if they were available commercially. Because they are not available from
catalogs of the usual specialty chemical companies, if they are to be used, they
must be prepared in house. Although preparations of both of these molecules appear
in the chemical journal literature [7, 8], we provide them here in their most up-to-
date versions for the convenience and benefit of the organic/fluoroorganic synthetic
community.

53.1 PREPARATION OF AF4

The precursor to AF4, 1,4-bis-(chlorodifluoromethyl)benzene (1), had first been pre-
pared by Chow in 1961 by the procedure given in Scheme 53.1 [13,14]. This method
was not ideal for large-scale, inexpensive synthesis of precursor 1. For that rea-
son, a one-step synthesis from 1,4-bis-(trichloromethyl)benzene via reaction with
anhydrous HF was devised (Scheme 53.2) [15].

AF4 is then prepared by heating precursor 1 with powdered Zn in N,N-
dimethylacetamide (DMA) at 100 ◦C (Scheme 53.3) [8]. All previous methods of
preparing AF4 had required high dilution methods, and none of them proved useful
for large-scale preparations. However, the Zn method shown in Scheme 53.3 was
highly scalable, and it can readily be used for preparing kilogram quantities of AF4.

CF2H

CF2H

Cl2

hν

CF2Cl

CF2Cl

CHO

CHO

SF4

80%
81%

1

SCHEME 53.1 Lab-scale method for making AF4 precursor 1.
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CF2Cl

CF2Cl

CCl3

CCl3

200 g HF (10 mol)

45 oC, 10 h

350 g
(1.1 mol)

100 mL ClCH2CH2Cl

1

213 g

+

CFCl2

CF2Cl

CF3

CF2Cl

+

9 g 12 g
78% 4% 4%

SCHEME 53.2 Large-scale, commercial method for making AF4 precursor 1.

Experimental Procedure

Into a 1-L, three-necked, round-bottomed flask, 600 mL DMA, p-bis-
(chlorodifluoromethyl)benzene (1) (60 g, 0.24 mol), and zinc dust (61 g, 0.96 mol)
are added. The mixture is heated over a period of 40 min to 100 ◦C under vig-
orous stirring and an N2 atmosphere, and it was maintained at that temperature
for 4 h, after which no precursor 1 remained and the solution had become yellow.
The reaction mixture was then cooled to room temperature and filtered, washing
the resulting oligomeric solid residue with two 50 mL portions of DMA to extract
small amounts of AF4. Combining these washings with the original DMA filtrate,
impurities such as the bridge-unsaturated C8H8F6 compound (∼6% yield) and hep-
tafluoro[2.2]paracyclophane (�1%) were removed by stirring the combined DMA
solution at room temperature with 5 g KMnO4 overnight, followed by again filtering
the mixture to obtain a clear, colorless DMA solution. The crude AF4 product was
then obtained by evaporating the DMA filtrate at 100 ◦C under full vacuum. After
washing the resulting residue with water and cold methanol, the crude product was ex-
tracted with benzene; the benzene was evaporated, and the residue was recrystallized
from hexane to give �99% pure AF4 (25.6 g, 60.5%).

53.2 PREPARATION OF PERFLUORO[2.2]PARACYCLOPHANE (F8)

Although a method of preparation of F8 precursor, 1,4-bis-(chlorodifluoromethyl)-
2,3,5,6-tetrafluorobenzene (2), was given in the original F8 paper, an improved,
more convenient procedure that is outlined in Scheme 53.4 has proved superior

FF

FF

FF

F F

AF4

CF2Cl

CF2Cl

Zn (4 equiv)

DMA, 100 oC, 3 h
> 50%

1

SCHEME 53.3 Method for preparation of AF4.
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SCHEME 53.4 New preparation of F8 precursor 2.

for making 100 g quantities of high-purity precursor 2. This method was based on
the reported preparation of 1,4-bis-(dichloromethyl)-2,3,5,6-tetrachlorobenzene (3)
by Castaner and Riera by an AlCl3-catalyzed condensation of chloroform with the
inexpensive 1,2,4,5-tetrachlorobenzene [16]. This compound underwent chlorine–
fluorine exchange on heating with CsF in DMSO to form 1,4-bis-(difluoromethyl)-
2,3,5,6-tetrafluorobenzene, which could then be chlorinated to form precursor 2.

When the Zn/DMA conditions that led to formation of AF4 were applied to
precursor 2, no desired F8 product was formed. Instead it appeared that the reduction
conditions were too severe for this system, and over-reduction occurred to form a
bis-Zn intermediate. However, going to a less polar solvent, acetonitrile, inhibited the
over-reduction, and F8 could be formed and isolated. Optimization led to the given
procedure that allowed the preparation of F8 in 39% yield (Scheme 53.5).

Experimental Procedure

1,4-Bis(dichloromethyl)-2,3,5,6-tetrachlorobenzene (3) A mixture of 2,3,5,6-
tetrachlorobenzene (22.6 g, 0.1 mol) and aluminum chloride (30 g, 0.225 mol)
in anhydrous chloroform (300 mL) was refluxed for 22 h in a 1-L, round-
bottomed flask. The reaction mixture was cooled to room temperature, diluted
with trichloromethane (200 mL), and poured into a beaker containing a mixture

CF2Cl

CF2Cl

F

F

F

F
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39%

CH3CN, 100 oC
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F
F

F
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2

SCHEME 53.5 Method for preparation of perfluoro[2.2]paracyclophane (F8).
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of hydrochloric acid (30 mL) and ice water (300 mL). The organic layer
was separated, dried over magnesium sulfate, and concentrated to give crude
product (45 g, wet), which was recrystallized from hexanes (225 mL) to obtain
compound 3 (31.6 g) as a yellow solid. The mother liquor was concentrated to
a volume of 45 mL, after which a second crop of product (4.1 g) was obtained.
The total yield was 91.1%: mp 134–136 ◦C (lit. 127–129 ◦C) [16]. 1H NMR
(CDCl3): � 7.59 (br s), 7.63 (br s) ppm (equal intensity, due to atropisomers
deriving from restricted rotation). 13C NMR: � 66.52, 137.29 ppm (C1/C4
carbons not observed).

1,4-Bis(difluoromethyl)-2,3,5,6-tetrafluorobenzene (4) A mixture of com-
pound 3 (23 g, 60 mmol), cesium fluoride (91.2 g, 600 mmol) (powdered,
high purity), and tetrabutylammonium bromide (1.2 g, 3.7 mmol) in anhydrous
DMSO (110 mL) was heated to 120 ◦C with vigorous stirring in a 500 mL,
round-bottomed flask for 17 h. The reaction mixture was then cooled down to
room temperature and poured into ice water (330 mL), extracted with diethyl
ether (2 × 250 mL). The combined organic layers were washed with water
(500 mL), dried with magnesium sulfate, filtered, and concentrated to remove
solvent. The residue was distilled to give crude product (8.4 g), which was
recrystallized from hexanes (15 mL) to furnish (4) (7.6 g, yield 50.6%, mp
70–72 ◦C) as white crystals. 1H NMR (CDCl3): � 6.97 (t, J = 53 Hz) ppm. 19F
NMR (CDCl3): � −115.2 (d, J = 52 Hz), −142.2 (s) ppm. 13C NMR (CDCl3):
� 108.22 (t, J = 242 Hz), 115.97 (br s), 144.79 (d, J = 262 Hz) ppm. Anal.
calcd for C8H2F8: C, 38.42; H, 0.81. Found: C, 38.07; H, 0.68.

1,4-Bis-(chlorodifluoromethyl)-2,3,5,6-tetrafluorobenzene (2) Molecular Cl2
was introduced to a solution of 1,4-bis-(difluoromethyl)-2,3,4,5-tetrafluoroben
zene (4) (18.7 g, 74.8 mmol) in CCl4 (250 mL) while irradiating with a sunlamp
for 20 h. The reaction mixture was slowly evaporated to remove CCl4, and the
residue distilled under reduced pressure (85–87 ◦C/20 mm Hg) to give 1,4-bis-
(chlorodifluoromethyl)-2,3,4,5-tetrafluorobenzene (3) (19.4 g, yield 81.3%) as
a colorless oil. 13C NMR (CDCl3): � 121.10 (t, 1JFC = 295 Hz), 143.61 (d,
1JFC = 268 Hz) ppm (non-fluorine-substituted C-1/C-4 not observed). 19F NMR
(CDCl3): � −47.6 (m, 4F), −137.9 (m, 4F) ppm. HRMS: Calcd for C8F8Cl2,
317.9249. Found, 317.9239.

Perfluoro[2.2]paracyclophane (F8) A mixture of 1,4-bis(chlorodifluoro
methyl)-2,3,5,6-tetrafluorobenzene (2) (10 g, 31.3 mmol) and zinc (8.2 g,
125.2 mmol) (99.7%, activated by 2% HCl) in anhydrous acetonitrile (100 mL)
was heated to 100 ◦C (oil bath temperature) under N2 atmosphere. The reaction
mixture was refluxed gently for 38 h and then cooled to room temperature,
filtered, and washed with acetone (3 × 30 mL). The combined filtrates were
concentrated to dryness. The residue was purified by column chromatography
(silica gel, hexanes) to give crude product (3.4 g) as a white powder. This
crude product was recrystallized from chloroform (40 mL) to furnish 2.7 g of
pure product as white needles. The mother liquor was concentrated to dryness
and recrystallized from chloroform (10 mL) to obtain a second crop of pure
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product (0.3 g) as white needles. The yield is 38.6% based on isolated pure F8:
mp 195–196 ◦C. 19F NMR (CDCl3): � −102.8 (s), −132.4 (s) equal intensities
ppm. 13C NMR (CDCl3): � 118.0 (tt, J = 283.29 Hz), 147.4 (dd, J = 267.22 Hz)
ppm, bridgehead carbon not seen. HRMS: Calcd for C16F16, 495.9739; Found,
495.9719. Anal. calcd for C16F16: C, 38.73; H, 0.00; N, 0.00. Found: C, 39.07;
H, 0.00; N, 0.04.
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CHAPTER 54

Synthesis and Application of
gem-Difluoromethylenated and
Trifluoromethylated Building Blocks

FENG-LING QING AND XIAO-LONG QIU

As the most electronegative element, fluorine is a small-sized atom, its size is between
hydrogen and oxygen but closer to oxygen [1, 2]. When bound to carbon, it forms
the strongest bond in organic chemistry and the resultant C–F bond is polarized with
significant dipolar character [3]. Although fluorine is extremely rare in natural biolog-
ical compounds, organic chemists, medicinal chemists, and pharmaceutical chemists
synthesized and widely used enormous numbers of synthetic fluorine-containing
compounds because the introduction of fluorine atom(s) into many biologically ac-
tive molecules can bring about remarkable and profound changes in their physical,
chemical, and biological properties. In pharmaceutical research, fluorine has been
considered as a suitable bioisostere for hydrogen on steric grounds; meanwhile,
the electronegative properties of fluorine make it an “isoelectronic” replacement for
the hydroxyl group. Quite often, fluorine is introduced to improve metabolic stability
[4,5] and modulate physicochemical properties, such as lipophilicity or basicity [6,7].
Furthermore, the strong gauche and antiperiplanar effects of fluorine atom due to its
high electronegativity have profound stereoelectronic effect on neighboring groups,
thereby the fluorine substituent can lead to a change in the preferred molecular con-
formation [8–13], which could affect protein binding affinity and selectivity at the
molecular level [14,15]. Therefore, fluorinated compounds are nowadays synthesized
in pharmaceutical research on a routine basis [16]. As an effort to introduce the fluo-
rine atom into medicinal molecules, an increasing number of fluorinated agents and
methods have been developed because most terrestrial F is bound in insoluble form
and no haloperoxidase exists to incorporate F owing to the high oxidation potential
of F, hindering uptake by bioorganisms.
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In an attempt to explore the fundamental aspects of the fluorine atom and C–F bond
in chemical reactions and biological activities, our group has focused on the develop-
ment of efficient methodologies for introduction of fluorine-containing groups into
organic molecules and their applications in synthesis of fluorinated analogs of natural
bioactive products. Herein reported is the synthesis and application of some trifluo-
romethylated and gem-difluoromethylenated building blocks conducted in our group.

54.1 PREPARATIONS OF GEM-DIFLUOROMETHYLENATED
BUILDING BLOCKS

Preparation of (2R)-1,2-di-O-isopropylidene-4,4-difluoro-5-hexen-1,2,3-
triol (Scheme 54.1) [17]

Apparatus A 2000-mL Schlenk flask with septum, magnetic stirrer, silica gel
column, safety glasses, laboratory coat, protective gloves.

Chemicals 1-(R)-glyceraldehyde acetonide, 3-bromo-3,3-difluoropropene,
powdered indium, DMF, 1 N HCl, ether, anhydrous Na2SO4.

Attention! Safety glasses and protective gloves must be used at all times.

Caution! Because of its toxicity and/or volatility, care should be taken to avoid
inhalation of ether, 3-bromo-3,3-difluoropropene, and 1 N HCl and avoid con-
tact of 1-(R)-glyceraldehyde acetonide and powdered indium. All reactions
should be carried out in a well-ventilated hood.

Experimental Procedure To a 2-L Schlenk flask, freshly distilled 1-(R)-
glyceraldehyde acetonide (15.0 g, 115.4 mmol), 3-bromo-3,3-difluoropropene
(27.2 g, 173.1 mmol), powdered indium (19.9 g, 173.1 mmol), and DMF
(830 mL) were added. The resulting suspension was stirred for 22 h at room
temperature. After that, the reaction mixture was quenched with 1 N HCl
and extracted with ether. The combined organic extracts were washed with
brine, dried over anhydrous Na2SO4, filtered, and the solvent was removed
in vacuo. The residue was purified by silica gel column chromatography
(petroleum ether/EtOAc = 3:1) to give (2R)-1,2-di-O-isopropylidene-4,4-
difluoro-5-hexen-1,2,3-triol as a clear oil (21.6 g, 90%). The ratio of anti/syn
was 7.7:1 determined by 19F NMR.

Characterization Data 1H NMR (300 MHz, CDCl3): � 6.09–5.95 (m, 1H), 5.75
(dt, J = 19.2 Hz, 1H), 5.55 (d, J = 11.7 Hz, 1H), 4.33–4.27 (m, 1H), 4.09–3.90
(m, 3H), 2.56 (br, 1H), 1.45 (s, 3H), 1.40 (s, 3h) ppm. 19F NMR (282 MHz,
CDCl3): � −108.14 (dt, J = 252.2, 11.4 Hz, 0.12F), −108.5 (dt = 252.2, 11.4
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F F
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CHO
O

O

In, DMF, rt.Br

F F
+ 90%

1

SCHEME 54.1 Preparations of gem-difluoromethylenated building block 1.
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TABLE 54.1 Kinetic Resolution of (2R)-1,2-di-O-isopropylidene
-4,4-difluoro-5-hexen-1,2,3-triol

Entry NaH
(equiv)

Product 2
(anti/syn)a

Recovered 1
(anti/syn)a

Yieldb (%)

1 1.2 6.1:1 87.4c

2 1.4 5.6:1 90.0c

3 1.6 5.7:1 93.1c

4 1.0 8.2:1 80.0c

5 0.6 21.0:1 2.8:1 (35.6)d; 75.5
6 0.8 21.8:1 1.8:1 (23.0)d; 78.5

a Determined by 19F NMR before column chromatography purification.
b Isolated yield based on the NaH.
c Isolated yield based on the compound 1.
d Recovery of the substrate 1.

Hz, 0.88F), −110.4 (dt, J = 252.2, 12.2 Hz, 0.12F), −111.0 (dt, J = 252.2,
0.88 Hz, 0.88F) ppm. IR (thin film, cm−1): v̄ 3446, 1652, 1219. MS (m/z): 193
(58%), 101 (35%), 43 (100%).

Application Table 54.1 shows the epimerization of (2R)-1,2-di-O-isopropyli-
dene-4,4-difluoro-5-hexen-1,2,3-triol in benzylation [17]. Kinetic resolution
takes place when it was treated with sodium hydride. When 1.2 equiv of sodium
hydride was used, the epimerization started, and the ratio of anti/syn was 6.1:1
(entry 1). When 1.6 equiv of sodium hydride was used, further epimerization
happened, but syn-product was isolated in the highest yield (entry 3). No doubt,
the epimerization at the C3 position did not occur until benzylated compound
was formed. The more excess base was used, the more epimeric syn-product
was obtained (entries 1–3). More surprisingly, when the gem-difluorohomoallyl
alcohol reacted with less than 1.0 equiv of sodium hydride, only one isomer
anti-2 was obtained (entries 5–6). Furthermore, the more sodium hydride was
used, the less compound was recovered, and the more syn-1 was enriched in
the recovered product. Notably, based on the yield and the ratio of anti/syn-
recovered 1 and the formed 2, respectively (entries 5–6), no epimerization
happened in the recovered 1 and the product 2. These results suggested that the
reactivity of anti-1 seemed to be much more active than that of syn-1. Thus,
the single anti-2 could be obtained by controlling the amount of sodium hydride
used in the benzylation of compound 1.

So far, many potentially bioactive compounds were synthesized starting
from (2R)-1,2-di-O-isopropylidene-4,4-difluoro-5-hexen-1,2,3-triol, such as l-
and d-�-3′-deoxy-3′,3′-difluoronucleosides [18], N1-(3-deoxy-3,3-difluoro-d-
arabinofuranosyl)cytosine, [17], 2′,3′-dideoxy-6′,6′-difluoro-3′-thionucleoside
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FIGURE 54.1 The potentially bioactive compounds prepared from gem-difluoromethyl-
enated building block 1.

[19], 2′,3′-dideoxy-6′,6′-difluoro-3′-azanucleosides [20], gem-difluoromethyl-
enated nojirimycin analogs [21], gem-difluoromethylenated �,�-unsaturated-
�-lactone [22], l-�-3′-deoxy-3′,3′-difluoro-4′-thionucleosides [23], 3-deoxy-
3,3-difluoro-d-ribohexose [24], gem-difluorinated nucleoside analog of the
liposidomycins [25] (Figure 54.1), etc.

Preparation of [[difluoro(trimethylsilyl)methyl]seleno]benzene
(Scheme 54.2) [26]

Apparatus A 25-mL Schlenk flask with septum, magnetic stirrer, syringe, flask,
silica gel column, safety glasses, laboratory coat, protective gloves.

Chemicals Mg turnings, bromodifluoromethyl phenyl selenide, TMSCl, THF,
silica gel, n-pentane.

Attention! Safety glasses and protective gloves must be used at all times.

Caution! Because of its toxicity and/or volatility, care should be taken to avoid
inhalation of TMSCl, bromodifluoromethyl phenyl selenide, and avoid contact
of powdered silica gel. All reactions should be carried out in a well-ventilated
hood.

Experimental Procedure To a dry 25-mL Schlenk flask under nitrogen atmo-
sphere, Mg turnings (30 mg, 1.25 mmol) and a solution of bromodifluoromethyl

Se Br

F F

1  Mg, THF, rt;

2  TMSCl

Se TMS

F F

3

SCHEME 54.2 Preparations of gem-difluoromethylenated building block 3.
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SCHEME 54.3 Nucleophilic addition of 3 with aldehydes and ketones in the presence of
TBAF.

phenyl selenide (143 mg, 0.5 mmol) in THF (2.5 mL) at room temperature were
added. Then, TMSCl (0.26 mL, 2.0 mmol) was added slowly via a syringe. The
reaction mixture was stirred at room temperature for 30 min and the starting
substrate was completely consumed by TLC. Then, the reaction mixture was
transferred to a flask via a syringe and the excess of TMSCl was removed
under reduced pressure. The residue was purified by silica gel chromatography
(n-pentane) to give [[difluoro(trimethylsilyl)methyl]seleno]benzene as a pale
yellow oil (113 mg, 81%).

Characterization Data 1H NMR (300 MHz, acetone-D6): � 7.71–7.68 (m,
2H), 7.43–7.40 (m, 3H), 0.20 (s, 9H) ppm. 19F NMR (282 MHz, acetone-D6):
� −85.24 (s, 2F) ppm. IR (neat, cm−1): v̄ 3036, 2964, 1579, 1477, 1440, 1255,
1081, 1066. HRMS (m/z): 280.0022.

Application The gem-difluoromethylenation of aldehydes with [[diflu-
oro(trimethylsilyl)methyl]seleno]benzene (3) proceeded smoothly in the pres-
ence of TBAF, and the corresponding �,�-difluoro-�-hydroxy selenides were
obtained in moderate to high yields (Scheme 54.3) [26]. It was reported that
the existence of a small amount of water in TBAF did not create any serious
problems in the trifluoromethylation of aldehydes and ketones with CF3TMS.
The use of anhydrous TBAF did not offer any advantages [27,28]. However, the
existence of a small amount of water in TBAF lowered the yield of the desired
alcohols and led to PhSeCF2H as a by-product. This phenomenon was attributed
to the electron-donating property of PhSe moiety, which resulted in more nu-
cleophilic PhSeCF2- than the CF3- anion. Addition of molecular sieves to the
reaction mixture could successfully overcome this problem. The resulting �,�-
difluoro-�-hydroxy selenides could be further transferred to difluoromethyl
alcohol 5 via treatment with Bu3SnH/AIBN or NaBH4/InCl3 [29]. Besides
aldehydes, the gem-difluoromethylenation of ketones with PhSeCF2TMS un-
der the same reaction conditions resulted in somewhat low yields (Scheme
54.3). In addition, it was also reported that when Cu(OAc)2/dppe was used as
the catalyst in DMF, treatment of aldehydes with 2.5 equiv of PhSeCF2TMS
gave the corresponding difluoro(phenylseleneyl)methyl adducts in high yields
(Scheme 54.4) [30].
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SCHEME 54.4 Nucleophilic addition of 3 with aldehydes in the presence of Cu(OAc)2/dppe.
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SCHEME 54.5 Asymmetric nucleophilic addition of 3.

With PhSeCF2TMS as fluorination reagent, the remote asymmetric
induction in the nucleophilic difluoromethylation of aldehyde with the
sulfinyl group as a chiral auxiliary was developed [31]. For exam-
ple, gem-difluoromethylenation of 1-[(2,4,4-triisopropylphenyl)sulfinyl]-2-
naphthaldehyde (8) with PhSeCF2TMS at −94 ◦C gave adduct 9 in high
yield with high diastereoselectivity (Scheme 54.5). Furthermore, the addition
of PhSeCF2TMS to carbohydrate derived tert-butanesulfinylimines 10 and 13
proceeded smoothly using TBAT as a promoter [32]. The matched diastere-
oselectivity (dr � 98:02) and mismatched case (dr = 83:17) were observed.
n-Bu3SnH/AIBN-mediated reductive radical cyclization of adduct 11 afforded
5-deoxypentofuranose analog 12 in good yield.

Preparation of Ethyl (2Z)-4,4,4-trifluoro-3-iodo-2-butenoate
(Scheme 54.6) [33–35]

Apparatus A 100-mL flask with septum, magnetic stirrer, syringe, safety
glasses, sealed tube, laboratory coat, protective gloves.

Chemicals Hydroiodic acid, ethyl 4,4,4-trifluorobut-2-ynoate, diethyl ether,
Na2S2O3, HOAc, NaI, K2CO3, MgSO4.

Attention! Safety glasses and protective gloves must be used at all times.
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F3C

CO2Et
15

HI, ether, –5 oC;

or NaI, HOAc, N2,
    70 oC, 24 h

F3C
CO2Et

I
16

SCHEME 54.6 Preparations of trifluoromethylated building block 16.

Caution! Because of its toxicity and volatility, care should be taken to avoid
inhalation of diethyl ether and hydroiodic acid, and avoid contact of ethyl
4,4,4-trifluorobut-2-ynoate and Na2S2O3. All reactions should be carried out
in a well-ventilated hood.

Experimental Procedure (A) In a 100-mL flask, 14.6 mL (60 mmol) of an aque-
ous solution of hydroiodic acid (57%) was added drop by drop to a solution
of ethyl 4,4,4-trifluorobut-2-ynoate (8.3 g, 50 mmol) in diethyl ether (50 mL).
After stirring for 5 h at −5 ◦C, a 5% solution of Na2S2O3 was added and the re-
action mixture was then washed with brine and extracted with diethyl ether. The
organic phases were dried over magnesium sulfate and concentrated, yielding
(2Z)-4,4,4-trifluoro-3-iodo-2-butenoate (12.5 g, 85%), which was sufficiently
pure to be used without purification.

(B) A mixture of ethyl 4,4,4-trifluorobut-2-ynoate (4.0 g, 24 mmol), NaI (4.5
g, 30 mmol), and HOAc (12 mL) was placed in a sealed tube. The reaction
was carried out with magnetic stirring under nitrogen at 70 ◦C for 72 h. Then,
water (60 mL) was added, and the mixture was cautiously neutralized with
solid potassium carbonate, added in portions. Then, the aqueous solution was
extracted with diethyl ether (3 × 50 mL), and the organic layer was dried
over MgSO4, concentrated, and purified by flash chromatography (petroleum
ether/EtOAc = 50:1) to yield (2Z)-4,4,4-trifluoro-3-iodo-2-butenoate (5.3 g,
75%).

Characterization Data 1H NMR (400 MHz, CDCl3): � 7.18 (q, J = 1.2 Hz,
1H), 4.34 (q, J = 7.2 Hz, 2H), 1.37 (t, J = 7.2 Hz, 3H) ppm. 13C NMR (100
MHz, CDCl3): � 163, 132 (q, J = 5.3 Hz), 120.7 (q, J = 273 Hz), 98.4 (q, J
= 37 Hz), 61.7, 14 ppm. 19F NMR (378 MHz, CDCl3): � −69.2 (s, 3F) ppm.
IR (cm−1): v̄ 2991, 1735, 1638, 1267. MS (m/z): 294 (75%), 266 (68%), 249
(100%), 221 (48%), 127 (26%), 103 (11%), 94 (10%), 75 (54%).

Application Subjecting (2Z)-4,4,4-trifluoro-3-iodo-2-butenoate (16) to Sono-
gashira reaction would afford a lots of conjugated (2Z)-en-4-ynoic acid deriva-
tives containing trifluoromethyl group in high yield [33]. The reaction was
catalyzed by PdCl2(PPh3)2/CuI (Scheme 54.7). The configuration of the double
bonds remained intact and the resulting stereodefined conjugated 2-en-4-ynoic
derivatives (18) represented a class of important synthetic intermediates. For
example, trifluoromethylated retinoic acid analog was prepared in a straight-
forward manner from the corresponding intermediate [36].

Under Suzuki cross-coupling reaction conditions, facile stereoselective syn-
thesis of aryl-substituted �,�-unsaturated ester (20), stereodefined dienoate
(22), and cyclopropylenoate (24), all containing a trifluoromethyl group,
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SCHEME 54.7 The Sonogashira reaction of 16.

was achieved in moderate to high yield via reaction of compound 16
with arylboronic acid (19), trans-alkenylboronic acid (21), and trans-
cyclopropylboronic acid (23), respectively (Scheme 54.8) [37, 38]. All the
configurations, including double bonds and cyclopropyl stereoconfiguration,
were retained in the reactions.

Stille cross-coupling of compound 16 with alkenyltin or alkynyltin provided
a stereoselective access to functional diene 26 containing a trifluoromethyl
group (Scheme 54.9) [34,35,39]. The reactions used PdCl2(MeCN)2 as catalyst.
With a complete retention of the double bond configuration, the Stille cross-
coupling resulted in good yield of dienes and no polymerization products were
detected.

Addition of compound 16 to the solution of Bu3SnCl in DMAC in the
presence of activated zinc dust afforded the building block 27, which was
subjected to palladium-catalyzed cross-coupling of cyclic carbonate 28 to give
the alcohol 29 in 51% yield [40]. Alcohol 29 could be further transferred to
�-trifluoromethylgoniodiol (30) in two steps (Scheme 54.10).
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SCHEME 54.8 The Suzuki cross-coupling reaction of 16.
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41–88%
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SCHEME 54.9 The Stille cross coupling reaction of 16.

Compound 16 could be converted to (Z)-ethyl-3-trifluoromethyl-3-
magnesiated crotonate (31) by iodine–magnesium exchange reaction with
isopropylmagnesium bromide in THF at −78 ◦C (Scheme 54.11) [41]. Trans-
metalation of 31 with THF-soluble copper salt CuCN.2LiCl provided a func-
tionalized copper reagent, which reacted with acryl chloride and allyl bromide
to afford the 1,4-ketoester 33 and allylated product 32, respectively. In addition,
reaction of 31 with aldehyde under Lewis acid BF3

.OEt2 at −78 ◦C gave the
butenolide 34 in good yield.

SCHEME 54.10 Synthesis of �-trifluoromethylgoniodiol 30 from 16.
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SCHEME 54.11 Tansformation of (Z)-ethyl-3-trifluoromethyl-3-magnesiated crotonate 31.
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54.2 PREPARATION OF (2S,4S)-N-BOC-4-
TRIFLUOROMETHYLPROLINE (SCHEME 54.12) [42,43]

Apparatus Flask with septum, magnetic stirrer, syringe, safety glasses, sealed
tube, laboratory coat, protective gloves.

Chemicals Thionyl chloride, benzyl (2S,4S)-N-Boc-4-hydroxy-4-trifluoro-
methyl-l-prolinate, diethyl ether, pyridine, 1 N HCl, saturated aqueous
NaHCO3, Na2SO4, Pd/C (10% Pd), EtOH, silica gel, hexane, ethyl acetate
(only for last two steps of method A).

Attention! Safety glasses and protective gloves must be used at all times.

Caution! Because of its toxicity and volatility, care should be taken to avoid
inhalation of SOCl2, pyridine, diethyl ether, and hydroiodic acid, and avoid
contact of SOCl2 and pyridine. In addition, care should be taken to use Pd/C
and avoid fire or contact oxygen. All reactions should be carried out in a
well-ventilated hood.

Experimental Procedure (Method A, last two steps) A mixture of ben-
zyl (2S,4S)-N-Boc-4-hydroxy-4-trifluoromethyl-l-prolinate (36) (123 mg, 0.32
mmol), dry pyridine (4 mL), and SOCl2 (300 �L) was refluxed under nitrogen
for 20 min. H2O (1 mL) was added to quench the reaction. The aqueous layer
was extracted with Et2O (3 × 20 mL). The combined organic phases were
washed with 1 N HCl (20 mL), saturated aqueous NaHCO3 (10 mL), H2O
(10 mL), and brine, and finally dried over anhydrous Na2SO4. After removal
of the solvent in vacuo, the residue was purified by silica gel chromatography
(hexane/EtOAc = 30:1) to give compound 37 as a clear oil (92 mg, 78%).

Pd/C (490 mg, 10% Pd) was added to a solution of compound 37 (394
mg, 1.39 mmol) in EtOH (25 mL). The solution was hydrogenated at room
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SCHEME 54.12 Preparation of (2S, 4S)-N-Boc-4-trifluoromethylproline 38.
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SCHEME 54.13 Preparation of (2S, 4S)-4-trifluoromentylpyroglutamic acid 46 from 38.

temperature overnight. After filtration and removal of the solvent in vacuo, the
residue was purified by silica gel chromatography (hexane/EtOAc = 1:1) to
give (2S,4S)-N-Boc-4-trifluoromethylproline (38) as a white solid (360 mg,
90%).

Method B was reported by group of Goodman [43]. However, no detailed
procedure was described.

Characterization Data 1H NMR (300 MHz, CDCl3): � 8.98–8.91 (bs, 1H),
4.48–4.33 (dt, J = 29.0, 7.8 Hz, 1H), 3.96–3.82 (m, 1H), 3.53–3.45 (m, 1H),
3.04–2.90 (m, 1H), 2.67–2.53 (m, 1H), 2.41–2.19 (m, 1H), 1.49, 1.43 (2s, 9H)
ppm. 19F NMR (282 MHz, CDCl3): � −71.2 (d, J = 4.8 Hz, 3F) ppm. IR (thin
film, cm−1): v̄ 3000–2500, 1726, 1647, 1481, 1445, 1407, 1280, 1164, 699.
MS (m/z): 238 (3%), 182 (23%), 138 (37%), 57 (100%).

Application (2S,4S)-N-Boc-4-trifluoromethylproline (38) could be converted to
(2S,4S)-4-trifluoromentylpyroglutamic acid (46) in a straightforward manner.
The key step involved RuO2

.xH2O-catalyzed oxidation of protected prolinate
44 (Scheme 54.13) [44].

54.3 PREPARATION OF (E)-4,4,4-TRIFLUORO-2-BUTEN-1-OL (49)
(SCHEME 54.14) [45,46]

Apparatus Flask with septum, magnetic stirrer, syringe, safety glasses, sealed
tube, laboratory coat, protective gloves.

SCHEME 54.14 Preparation of (E)-4,4,4-trifluoro-2-buten-1-ol 49.
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Chemicals 4,4,4-Trifluoro-3-oxo-butyric acid ethyl ester, ethyl ether, sodium
borohydride, aqueous hydrochloride, anhydrous sodium sulfate, phosphorus
pentoxide, lithium aluminum hydride, aluminum chloride, anhydrous magne-
sium sulfate.

Attention! Safety glasses and protective gloves must be used at all times.

Caution! Because of its toxicity and volatility, care should be taken to avoid
inhalation of 4,4,4-trifluoro-3-oxo-butyric acid ethyl ester and ethyl ether,
and avoid contact of sodium borohydride, phosphorus pentoxide, lithium alu-
minum hydride, and aluminum chloride. In addition, phosphorus pentoxide,
lithium aluminum hydride, and aluminum chloride should not be directly con-
tacted with water. All reactions should be carried out in a well-ventilated
hood.

Experimental Procedure To a solution of 4,4,4-trifluoro-3-oxo-butyric acid
ethyl ester (55.2 g, 0.30 mmol) in Et2O (600 mL), sodium borohydride was
added in several portions over 30 min at 0 ◦C. The mixture was stirred at 0 ◦C for
1 h and at room temperature overnight. Then, a solution of aqueous HCl (10%,
300 mL) was carefully added to the reaction mixture and the resulting solid
was removed by filtration. The aqueous layer was extracted with Et2O (2 ×
150 mL), and the combined organic phases were dried over anhydrous sodium
sulfate, filtered, and evaporated to give a clear oil (45.7 g). Then, phosphorus
pentoxide (16.9 g, 0.12 mmol) was added to the above resulting oil and the
mixture was stirred at 100 ◦C for 1 h. After cooling to room temperature, the
mixture was distilled to yield ethyl 4,4,4-trifluorocrotonate (33.3 g).

To a suspension of anhydrous AlCl3 (2.27 g, 17.0 mmol) in Et2O (30 mL) at
0 ◦C, a suspension of LiAlH4 (1.90 g, 50.0 mmol) in Et2O (40 mL) was added.
The resulting mixture was stirred at this temperature for 15 min. A solution of
ethyl 4,4,4-trifluorocrotonate (3.36 g, 20.0 mmol) in Et2O (10 mL) was then
added at 0 ◦C and stirring was continued for a further 2 h. The reaction mixture
was subsequently quenched with aqueous saturated sodium sulfate at 0 ◦C. The
resulting suspension was dried with anhydrous magnesium sulfate, filtered, and
the solids were washed with diethyl ether. The combined organic phases were
then concentrated in vacuo, and the residue was purified by distillation to afford
pure (E)-4,4,4-trifluoro-2-buten-1-ol as a clear oil (2.27 g, 90%).

Characterization Data 1H NMR (300 MHz, CDCl3): � 6.54–6.46 (m, 1H),
6.00–5.91 (m, 1H), 4.33–4.30 (m, 2H), 1.88 (br, 1H) ppm. 19F NMR (282
MHz, CDCl3): � −64.47 (d, J = 9.0 Hz, 3F) ppm. IR (thin film, cm−1): v̄ 3427,
1692, 1638, 1300, 1268, 1132, 1086, 1019.

Application Bromination of the (E)-4,4,4-trifluoro-2-buten-1-ol (49) via treat-
ment with PBr3 in ether gave 4-bromo-1,1,1-trifluorobut-2-ene (50), which was
subjected to the tin- and indium-mediated allylation reactions of aldehydes
to afford �-trifluoromethylated homoallylic alcohols in high yields (Scheme
54.15). In most cases, high regio- and excellent diastereoselectivities were
obtained [46, 47].
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SCHEME 54.15 Synthesis of �-trifluoromethylated homoallylic alcohols from 49.

The Sharpless AD reaction of benzylated compound 54 afforded the
chiral building block 55, which was successfully used for the preparation
of trifluoromethylated �-l-fucofuranose (56) [45], trifluoromethylated �-l-
4,6-dideoxyxylohexopyrnose (57) [45], (2S,3R)-4,4,4-trifluorothreonine (58)
[48], (S)-2-(tert-butoxycarbonyl)amino-4,4,4-trifluorobutanoic acid (59) [48],
(2S,3S)-N-benzoyl-3-(trifluoromethyl)isoserine (60) [49], and trifluoromethy-
lated macrosphelid A (61 and 62) [50] (Figure 54.2).

FIGURE 54.2 Transformations of the trifluoromethylated chiral building block 55.
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CHAPTER 55

1,3-Dipolar Cycloaddition Reactions
to Fluoroalkenes

HANNA WÓJTOWICZ-RAJCHEL AND HENRYK KORONIAK

1,3-Dipolar cycloaddition reactions are among the most important synthetic routes
for the construction of five-membered heterocyclic systems [1, 2]. Dipoles can be
classified as either allyl anion type or propargyl/allenyl anion type according to their
structure. Particularly, nitrone cycloadditions are versatile for the construction of
five-membered heterocycles [3]. Nitrones are very effective 1,3-dipoles, and they can
readily undergo cycloaddition with electron-deficient olefins to produce substituted
isoxazolidines with high degrees of regio- and stereocontrol.

Although there is a growing interest in development of new methods for the
introduction of a fluorine atom or fluorinated groups to molecules, only some reports
have been published on the reactions of fluoroalkenes with nitrones [4]. Recently, the
reactions of 1,3-dipolar cycloaddition of nitrones to pentafluoropropene (PFP) and
hexafluoropropene (HFP) have been analyzed [5]. Nitrones derived from aromatic
or aliphatic aldehydes and ketones react with HFP to give the respective fluorinated
isoxazolidine derivatives in good yields with complete regioselectivity and moderate
diastereoselectivity. Dipolar cycloaddition of nitrones to electron-deficient alkenes
such as HFP is probably a type I cycloaddition and is controlled by the interaction
of highest occupied molecular orbital (HOMO) of the dipole and lowest unoccupied
molecular orbital (LUMO) of the alkene. The obtained isoxazolidines are stable
and can be further transformed under reductive conditions into �-trifluoromethyl-�-
lactams and esters of �-amino acids (Scheme 55.1).

We have found that 5-fluorovinyl-substituted pyrimidines obtained by the Michael
addition–elimination reaction [6] or by the Suzuki–Miyaura coupling [7] can be eas-
ily transformed into corresponding isoxazolidynyl derivatives (Scheme 55.2). Also,
fluorinated enamines of nucleobases [8] can serve as precursors of isoxazolidynyl
nucleoside analogs. The direct 1,3-dipolar cycloaddition of 5-fluorovinyl pyrimidines
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SCHEME 55.1 Cycloaddition of nitrones to HFP and the reductive cleavage of the N–O
bond.

as dipolarophiles and model N-methyl and N-benzylnitrone leads to two diastereoiso-
mers of the product with significant dominance of one of them. Any formation of
regiostereoisomers was not observed; the cycloaddition reactions were completely
regiospecific. This reaction followed by nonstandard hydrolysis of protective groups
leads to a fluorinated isoxazolidine analog of pseudouridine.

55.1 PREPARATION OF 4,5,5-TRIFLUORO-2-METHYL-3-PHENYL-4-
(TRIFLUOROMETHYL)ISOXAZOLIDINE

Apparatus Glass pressure tube, magnetic stirrer, oil bath, dry ice, Dewar flask,
vacuum pump, safety glasses, laboratory coat, protective gloves.

Chemicals HFP, N-benzylidene-N-methylamine oxide, CH2Cl2, MeCN, hex-
anes, AcOEt, Et2O, silica gel.

Attention! Safety glasses, protective gloves, sufficient ventilation.

Experimental Procedure HFP (0.5 mL, 4 mmol) was condensed in a glass
pressure tube at −78 ◦C under argon atmosphere. MeCN (2.8 mL) and N-
benzylidene-N-methylamine oxide (128 mg, 0.95 mmol) were introduced and
the pressure tube was closed with a Teflon valve. The contents of the tube
were stirred vigorously at 80 ◦C for 24 h. After opening the tube, the reaction
mixture was poured into water (10 mL), and the products were extracted with
CH2Cl2 (3 × 5 mL). Combined organic layers were washed with water (5 ×
10 mL), dried over anhydrous Na2SO4, and concentrated. The product was
purified by column chromatography on silica gel, using 10:1 or 5:1 mixtures
of hexanes/AcOEt or hexanes/Et2O as eluent. The product was obtained as
colorless oil. Yield: 171 mg, 60%.

Characterization Data IR (film, �max/cm−1): 2887, 1458, 1347, 1306, 1283,
1238, 1212, 1166, 1128, 1036, 1008, 729, 699. Major diastereoisomer: 1H
NMR: � 2.79 (3H, d, 5JHF = 1.2 Hz), 4.15 (1H, dd, 3JHF = 23.2 Hz, 4JHF =
3.0 Hz), 7.37–7.47 (5H, m) ppm. 13C NMR: � 43.8, 75.4 (d, 2JCF = 19.0 Hz),
96.2 (dm, 1JCF = 220.7 Hz, 2JCF = 27.6 Hz), 120.3 (qdm, 1JCF = 285.4 Hz,
2JCF = 30.2 Hz), 122.8 (ddd, 1JCF = 283.6 Hz, 261.2 Hz, 2JCF = 23.7 Hz),
128.8, 128.8, 129.8, 130.2 ppm. 19F NMR: � −183.44 (1F, m), −85.20 (1F, dq,
2JFF = 144.5 Hz, 4JFF = 12.5 Hz), −82.18 (1F, d, 2JFF = 143.8 Hz), −76.75
(3F, m) ppm. Minor diastereoisomer: 1H NMR: � 2.86 (3H, d, 5JHF = 1.5 Hz),
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4.25 (1H, dm, 3JHF = 29.7 Hz), 7.37–7.47 (5H, m) ppm. 13C NMR: � 44.1,
79.3 (d, 2JCF = 26.7 Hz), 96.2 (dm, 1JCF = 220.7 Hz, 2JCF = 27.6 Hz), 120.0
(qdm, 1JCF = 290.5 Hz, 2JCF = 32.8 Hz), 122.2 (ddd, 1JCF = 278.5 Hz, 264.7
Hz, 2JCF = 21.5 Hz), 128.3 (d, 3JCF = 2.6 Hz), 128.8, 129.8, 130.0 ppm. 19F
NMR: � −165.79 (1F, dm, 3JFH = 30.8 Hz), −86.80 (1F, dm, 2JFF = 145.3 Hz),
−81.72 (1F, dm, 2JFF = 143.8 Hz), −74.29 (3F, dd, 4JFF = 16.1 Hz, 3JFF =
8.8 Hz) ppm. MS (EI): m/z = 285 (M+ ). Anal. calcd for C11H9F6NO: C, 46.32;
H, 3.18; N, 4.91; F, 39.97. Found: C, 45.87; H, 2.79; N, 4.84; F, 39.98.

Application Numerous uses of isoxazolidines, obtained in 1,3-dipolar cycload-
dition of nitrones to alkenes, have been reported in synthesis of biologically
attractive compounds. This group of heterocycles shows very high ability to be
transformed into polyfunctional amines, including aminoalcohols, aminoke-
tones, and esters. The catalytic cleavage of comparatively weak N–O bond
of described fluorinated isoxazolidines leads to fluorides of �-amino acids
that undergo cyclization to �-trifluoromethylated �-lactams or form esters of
�-trifluoromethylated �-amino acids.

55.2 PREPARATION OF 5-(2,4-DI-TERT-BUTOXYPYRIMIDIN-5-YL)-4,5-
DIFLUORO-2-METHYL-4-(TRIFLUOROMETHYL)ISOXAZOLIDINE

Apparatus Carius tube, magnetic stirrer, oil bath, safety glasses, laboratory coat,
protective gloves.

Chemicals N-Methylhydroxylamine hydrochloride, paraformaldehyde, 2,4-
di-tert-butoxy-5-(perfluoroprop-1-enyl)pyrimidine, triethylamine, anhydrous
toluene, CHCl3, CH2Cl2, CH3OH, hexane.

Attention! Use protective gloves and eye protection.

Experimental Procedure A mixture of paraformaldehyde (36 mg, 1.2 mmol),
triethylamine (152 mg, 1.5 mmol), and N-methylhydroxylamine hydrochloride
(100 mg, 1.2 mmol) in anhydrous toluene (10 mL) was placed in a Carius tube
and stirred at 70 ◦C for 1 h. The solution was cooled to room temperature, the
2,4-di-tert-butoxy-5-(perfluoroprop-1-enyl)pyrimidine [1] (354 mg, 1 mmol)
was then added and the solution was heated at 80 ◦C for 48 h. The solvent was
evaporated and the residue was washed a few times with CHCl3. The combined
organic layers were dried with Na2SO4 and evaporated under reduced pressure
to afford a crude mixture that was purified by column chromatography (silica
gel, hexane, a gradient of hexane/CH2Cl2, and a gradient of CH2Cl2/CH3OH).
Yield: 219 mg, 53%.

Characterization Data White crystals, mp 111–113 ◦C; diastereoisomeric ratio
4.7:1. 1H NMR (CDCl3, 300 MHz): � 1.62 major diastereoisomer and 1.66
(s, 9H), 1.64 major diastereoisomer and 1.67 (s, 9H), 3.00 (bs, 3H), 3.15 (bs,
1H), 4.01 (bs, 1H), 8.37 major diastereoisomer and 8.44 (bs, 1H) ppm. 19F
NMR (CDCl3, 282 MHz): � −75.06 and −77.26 major diastereoisomer (bs,
3F), −99.52 and −113.63 major diastereoisomer (bs, 1F), −165.15 major
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SCHEME 55.2 The synthesis of fluoroisoxazolidynyl derivatives of pyrimidines.

diastereoisomer and −168.57 (bs, 1F) ppm. 13C NMR (CDCl3, 101 MHz): �
28.3, 28.4, 45.7, 63.4 (bs), 81.1, 83.0, 102.5 (m), 105.2 (d, 2JCF = 29 Hz),
114.6 (dd, 1JCF = 238 Hz and 2JCF = 30 Hz), 121.0 (dq, 1JCF = 285 Hz and
2JCF = 31 Hz), 158.4 (bs), 165.0, 167.7 (d, 3JCF = 3 Hz) ppm. MS (EI): m/z =
413 (M+ ). Anal. calcd for C17H24F5N3O3: C, 49.39; H, 5.85; N, 10.16. Found:
C, 49.44; H, 6.64; N, 10.01.

Application A very suitable method for synthesis of pyrimidines with the
fluorinated isoxazolidynyl ring at the 5-position. The di-tert-butoxy deriva-
tives can be easily deprotected to the corresponding uracil bearing the
heterocyclic ring instead of a sugar moiety. The fluorinated isoxazolidine
analogs of C-nucleosides related to pseudouridine, which have a carbon–
carbon linkage instead of a hydrolyzable carbon–nitrogen bond between the
sugar and the aglycon, are very promising molecules with potential biological
activities.
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CHAPTER 56

Synthesis of Fluorinated Vinyl
Derivatives of Nucleic Acid Bases

HANNA WÓJTOWICZ-RAJCHEL, DONATA PLUSKOTA-KARWATKA, AND
HENRYK KORONIAK

Since its beginning in the later part of the 19th century when Henri Moissan isolated
the elemental fluorine, fluoroorganic chemistry has become the field of great signifi-
cance. In the current period, the role of fluorine-containing compounds in all aspects
of chemical industry (pharmaceuticals, agrochemicals, components of polymers) can
be considered as authentically distinctive. Therefore, it is not surprising that there is
a constant need to search for novel methodologies for preparation of such molecules.

Our interest has been focused on introduction of fluorine atoms or fluorinated
groups into important biomolecules such as nucleic acid bases. This can influence
their biological properties and convert them into potentially attractive compounds for
medicinal chemistry.

We have used a general procedure for palladium(0)-catalyzed coupling of
organometallic, unsaturated fragments with aromatic species [1, 2] to develop ef-
ficient method for the preparation of 5-perfluoroalkenyl-substituted uracils [3–5].

1,3-Dimethyl-5-iodouracil reacts smoothly with perfluoroalkenylzinc iodides in
the presence of Pd0(PPh3)4 catalyst, resulting in the formation of the appropriate
derivatives at high and moderate yield (Scheme 56.1).
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reaction.

We have also found that various pentafluoropropenyl-substituted pyrimidine and
purine bases can be obtained by the method that involves the reaction of ap-
propriate lithium derivatives prepared from both electron-rich and electron-poor
pyrimidines with hexafluoropropene (HFP) via an addition–elimination process [6]
(Scheme 56.2).

Organolithiums of pyrimidine and purine bases yield the addition–elimination
products as E/Z mixtures.

Unsaturated, fluorinated substituents can also be introduced at N1 and N9 positions
of appropriate nucleobases. Treatment of various nucleic acid bases and their deriva-
tives with HFP or 1,1,3,3,3-pentafluoropropene in the presence of sodium hydride
results in the formation of the corresponding N1 and N9 fluorine-containing enam-
ines [7]. The products are obtained with high regioselectivity and without distinct
E/Z stereoselectivity in moderate or high yields (Figure 56.1).
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FIGURE 56.1 Examples of synthesized fluorinated enamines of nucleobases.

56.1 PREPARATION OF 1,3-DIMETHYL-5-PERFLUOROVINYLURACIL

Apparatus A 250 mL, round-bottomed flask, reflux condenser with septum,
argon inlet, syringe (30 mL), magnetic stirrer, oil bath, safety glasses, laboratory
coat, protective gloves.
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Chemicals 1,3-Dimethyl-5-iodouracil, trifluorovinylzinc iodide, Pd0(PPh3)4,
anhydrous DMF, hexane, ethyl acetate, silica gel.

Attention! Safety glasses and protective gloves must be used at all time.

Experimental Procedure In a 250 mL, round-bottomed flask equipped with a
magnetic stirrer and a reflux condenser with a septum and argon inlet, 1,3-
dimethyl-5-iodouracil (3.2 g, 12 mmol) was dissolved in dry DMF (120 mL).
Then Pd0(PPh3)4 (350 mg, 0.3 mmol) and CuCl (a few milligrams) were added
to the flask. The reactant was kept under argon atmosphere. Perfluorovinylzinc
iodide (20 mmol, 1.5 molar excess) as a solution in dry DMF was next added to
the reaction mixture by means of a syringe. Under stirring, the reaction mixture
was then heated to about 100–110 ◦ C for 10–20 h. The progress of the reaction
was monitored by thin layer chromatography (TLC) checking of the loss of
starting 1,3-dimethyl-5-iodouracil. After cooling to ambient temperature, the
oily reaction mixture was extracted with hexane/ethyl acetate (3:7 v/v) and
after removing the excess of solvent was purified by column chromatography
(silica gel, ethyl acetate/hexane, 7:3, v/v). The product was recrystallized from
water. Yield: 60%.

Characterization Data Mp 69–71 ◦C. 1H NMR (300 MHz, CDCl3): � 3.39
(s, 3H, N1-CH3), 3.47 (s, 3H, N3-CH3), 7.42 (s, 1H, C6-H) ppm. 19F NMR
(300 MHz, CDCl3): � −98 (dd, 1F, C=CFF, 3Jcis-FF = 30 Hz, 2Jgem-FF =
68 Hz), −114.2 (dd, 1F, C=CFF, 3Jtrans-FF = 116 Hz, 2Jgem-FF = 68 Hz),
−165.5 (dd, 1F, CF=CFF, 3Jtrans-FF = 116 Hz, 3Jcis-FF = 30 Hz) ppm.

Application It is an efficient method for introducing unsaturated perfluorinated
substituents at 5-position of uracil. The E or Z geometry of the reacting pentaflu-
oropropenylzinc iodides is fully preserved.

This methodology cannot be applied to the preparation of the analogous
6-substituted uracil derivatives most likely due to the nucleophilic character of
the 6-position.

56.2 PREPARATION OF 2,4-DIBENZYLOXY-
5-(PERFLUOROPROP-1-ENYL)PYRIMIDINE

Apparatus A 100 mL, three-necked, round-bottomed flask with septum, syringe
(5 mL), Carius tube, magnetic stirrer, N2/hexane bath, safety glasses, laboratory
coat, protective gloves.

Chemicals HFP, 2,4-dibenzyloxy-5-bromopyrimidine, n-BuLi, anhydrous THF,
CH2Cl2, hexane, silica gel.

Attention! Safety glasses and protective gloves must be used at all time.

Experimental Procedure To a stirred solution of n-BuLi (1.5 mmol) in
anhydrous THF (20 mL) at −100 ◦C, a solution of 2,4-dibenzyloxy-5-
bromopyrimidine (1 mmol) was added dropwise. The reaction mixture was
kept for 30 min at this temperature before a solution of HFP (approximately
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3 mmol) in 5 mL THF was added using a Carius tube. This mixture was kept
at the above temperature for an additional 30 min and then allowed to warm to
room temperature over a period of 3 h. The solution was evaporated to dryness
under reduced pressure, and 10 mL water was added. The aqueous solution was
extracted with CH2Cl2 (2 × 30 mL), and the combined extracts were dried
over Na2SO4. The solvent was removed, and the crude product was separated
by column chromatography (silica gel, hexane, a gradient of hexane/CH2Cl2,
CH2Cl2) to give a mixture of E/Z alkenes. Yield: 0.35 g (82%).

Characterization Data Mp 48–51 ◦C. 1H NMR (300 MHz, CDCl3): � 5.46–
5.50 (m, 4H), 7.36–7.48 (m 10H), 8.28 (s, 1H, isomer Z), 8.41 (s, 1H, isomer
E) ppm. 19F NMR (300 MHz, CDCl3), isomer E: � −66.6 (dd, 3F, 3J = 11 Hz,
4J = 22 Hz), −135.1 (dq, 1F, 3J = 141 Hz, 4J = 22 Hz), −164.0 (dq, 1F, 3J =
141 Hz, 3J = 11 Hz); isomer Z: −66.0 (dd, 3F, 3J = 8 Hz, 4J = 14 Hz), −110.6
(m, 1F), −149.0 (m, 1F) ppm. Anal. calcd for C21H15N2O2F5: C, 59.72; H,
3.58; N, 6.63. Found: C, 59.49; H, 3.49; N, 6.60. IR (KBr) :1720 m (CF=CF),
1685 m, 1648 m, 1598 s, 1553 s, 1435 s, 1361 s, 1207 s, 1145 s cm−1. MS
(EI) (m/z): (M+ ) 422. HRMS: calcd. for C21H15 F5N2O2, 422.10538; found,
422.10845.

Application This is a simple, efficient, and very convenient method for synthesis
of various pentafluoropropenyl derivatives of pyrimidine substituted at the 5-
or 6-position as well as 5,6-disubstituted. This method can also be applied for
the preparation of purine derivatives bearing a pentafluoropropenyl group.

56.3 PREPARATION OF N1-(PERFLUOROPROP-1-ENYL)URACIL

Apparatus A 100 mL, three-necked, round-bottomed flask with septum, argon
inlet, Carius tube, magnetic stirrer, reflux condenser with septum, oil bath,
safety glasses, laboratory coat, protective gloves.

Chemicals Uracil, DMF, NaH (60% oil suspension), HFP, CH3OH, CH2Cl2,
hexane, silica gel.

Attention! Safety glasses and protective gloves must be used at all time.

Experimental Procedure Uracil (0.224 g, 2 mmol) was dissolved in DMF (5–
15 mL) at 60 ◦C. The solution was cooled to room temperature, and NaH
(60% oil suspension; 2.5–4 mmol) was added under argon. The mixture was
stirred until evolution of H2 had ceased. The reaction mixture was once more
heated to 70 ◦C, and HFP (approximately 6 mmol) was added through a Carius
tube. The mixture was kept at 70 ◦C for 15–30 min. After cooling to room
temperature, the crude reaction mixture was poured into water (30 mL) and
extracted with CH2Cl2 (3 × 20 mL). The combined extracts were washed with
brine and dried with Na2SO4. After removal of solvent under reduced pressure,
the residue was purified by silica gel column chromatography (silica gel, a
gradient of hexane/CH2Cl2, CH2Cl2, a gradient of CH2Cl2/MeOH) to give a
mixture of E/Z enamine. Yield: 0.343 g (71%).
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Characterization Data Mp 135–140 ◦C. 1H NMR (300 MHz, [D6] DMSO):
� 5.95 (m, 1H, C5-H), 7.96 (m, 1H, C6-H), 12.06 (br s, 1H, N3-H) ppm. 19F
NMR (282 MHz, [D6] DMSO), isomer E: � −67.51 (dd, 3F, J = 11 and 22 Hz,
CF3), −114.41 (dq, 1F, J = 22 and 132 Hz, F�), −164.98 (dd, 1F, J = 11 and
132 Hz, F�); isomer Z: −68.08 (dd, 3F, J = 10 and 12 Hz, CF3), −94.45 (m, 1F,
F�), −154.65 (m, 1F, F�) ppm. MS (EI): m/z = 242 [M]+ (12%), 199 (100%).
Anal. calcd. for C7H3F5N2O2 (242.12): C, 34.73; H, 1.25; N, 11.57; found: C,
34.55; H, 1.33; N, 11.36.

Application Fluorinated enamines of nucleobases are easily prepared under
very mild conditions in moderate to high yields by using readily available HFP,
1,2,3,3,3-pentafluoropropene, or 1,1,3,3,3-pentafluoropropene. They represent
versatile intermediates for the synthesis of biologically interesting molecules.
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7. Wójtowicz-Rajchel H, Koroniak H, Katrusiak A. A convenient method for the synthesis of
stable �-fluoro enamines of nucleobases. Eur J Org Chem 2008;368–376.



CHAPTER 57

Synthesis of CF3-Substituted Aziridine
Ring by the Gabriel Reaction

TOMASZ CYTLAK, BARTOSZ MARCINIAK, AND HENRYK KORONIAK

The aziridine, three-membered ring system that is the smallest possible saturated
nitrogen-containing heterocycle, is one of the most important compounds in modern
synthetic chemistry. Its tremendous synthetic utility as a significant building block
has expanded enormously in the past decades. Furthermore, the great interest in func-
tionalized aziridines is connected with their potential biological activity. A number
of synthetic compounds with aziridine ring in their structure exhibit useful biological
properties. In addition, there are several classes of natural compounds containing
aziridine framework in their structure.

There are plenty of methods in the literature for the synthesis of substituted
aziridines. They can be classified into several approaches as cyclization reactions,
transfer of nitrogen to olefins, transfer of carbon to imines, addition across the carbon–
nitrogen double bond of azirines, reaction of ylides, aza-Darzens approaches, ring
contraction, and functional group transformations [1].

One of these methods is described next. It is based on Gabriel reaction, simple
intramolecular nucleophilic substitution of �-bromoamine moiety (Scheme 57.1)
[2]. The �-bromoamine 3a (3b) was obtained by addition of amine 2a (2b) to 2-
bromo-3,3,3-trifluoropropene (1). The reaction occurred in sealed glass tube (Carius
tube) during approximately 10 days. Then, the product 3a (3b) was isolated by
column chromatography. In the second step, �-bromoamine 3a (3b) was heated in
dimethylformamide (DMF) in the presence of triethylamine for 3 h. The aziridine 4a
(4b), after removing the solvent, was isolated by column chromatography.
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SCHEME 57.1 Synthesis route of obtaining aziridines 4a and 4b

57.1 PREPARATION OF N-BENZYL-2-BROMO-3,3,
3-TRIFLUOROPROPAN-1-AMINE (3a) AND 2-BROMO-3,3,3-
TRIFLUORO-N-(1-PHENYLETHYL)PROPAN-1-AMINE (3b)

Apparatus A 50-mL Carius tube with magnetic stirrer, safety glasses, laboratory
coat, protective gloves.

Chemicals Benzylamine (2a), �-phenylethylamine (2b), 2-bromo-3,3,3-tri-
fluoropropene (1).

Attention! Safety glasses and protective gloves must be used at all times.

Caution! Because of its toxicity and volatility, care should be taken to avoid
inhalation or contact with skin of benzylamine (2a), �-phenylethylamine (2b),
and 2-bromo-3,3,3-trifluoropropene (1). All reactions should be carried out in
a well-ventilated hood.

Experimental Procedure Amine 2a (2b) (2.5 mmol) was placed in a Carius
tube equipped with a magnetic stirrer. Then the tube was connected to a vacuum
pump and simultaneously cooled in a dry ice/isopropanol bath. After 5 min, the
tube was closed, weighed, and connected to a cylinder with gaseous 2-bromo-
3,3,3-trifluoropropene (1). Then the valve at the cylinder was opened and next a
valve at the tube was gently opened to transfer 2-bromo-3,3,3-trifluoropropene
(1) (2.5 mmol) to the tube. After closing the tube, the reaction was left at room
temperature for approximately 10 days. After this, the content of the tube was
dissolved in CHCl3 and washed with saturated aqueous solutions of NaHCO3

and brine, dried over Na2SO4, filtered, and evaporated under reduced pressure.
The residue was purified by column chromatography with hexane/ethyl acetate
(from 95:5 to 90:10, v/v). �-Bromoamines (3a, 3b) are formed as colorless oils
with 69% and 51% yield, respectively.

Characterization Data N-Benzyl-2-bromo-3,3,3-trifluoropropan-1-amine (3a):
1H NMR (300 MHz, CDCl3): � 7.38–7.26 (m, 5H, C6H5), 4.31 (ddq, 1H,
J = 9.3, 7.1, 3.9 Hz, CHBr), 3.87 (d, 1H, J = 13.3 Hz, CH2Ph), 3.81 (d, 1H,
J = 13.3 Hz, CH2Ph), 3.21 (dd, 1H, J = 13.6, 3.9 Hz, CH2NH), 3.05 (dd,
1H, J = 13.5, 9.3 Hz, CH2NH) ppm. 19F NMR (282 MHz, CDCl3): � −71.26
(d, J = 7.2 Hz) ppm. GC-MS (EI) (m/z): 280/282 [M-H], 120, 91 (100%).

2-Bromo-3,3,3-trifluoro-N-(1-phenylethyl)propan-1-amine (3b): 1H NMR
(300 MHz, CDCl3): � 7.36–7.31 (m, 5H, C6H5), 4.19 (ddq, J = 9.0, 7.1,
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4.2 Hz, 1H, CHBr), 3.83 (q, J = 6.6 Hz, 1H, CHPh), 3.05 (dd, J =
13.5, 4.2 Hz, 1H, CH2NH), 2.95 (dd, J = 13.5, 9.0 Hz, 1H, CH2NH),
1.39 (d, J = 6.6 Hz, 3H, CH3) ppm. 19F NMR (282 MHz, CDCl3):
� −71.34 (d, J = 7.3 Hz) ppm. GC-MS (m/z): 280/282 [M-CH3] (100%).

57.2 PREPARATION OF 1-BENZYL-2-
(TRIFLUOROMETHYL)AZIRIDINE (4a) AND
1-(1-PHENYLETHYL)-2-(TRIFLUOROMETHYL)AZIRIDINE (4b)

Apparatus A 10-mL, round-bottomed flask with magnetic stirrer equipped with
condenser, argon inlet, safety glasses, laboratory coat, protective gloves.

Chemicals Previously obtained respective �-bromoamines (3a, 3b), triethyl-
amine, dry DMF.

Attention! Safety glasses and protective gloves must be used at all times.

Caution! Because of its toxicity and volatility, care should be taken to avoid
inhalation or contact with skin of �-bromoamines (3a, 3b), triethylamine, and
DMF. All reactions should be carried out in a well-ventilated hood.

Experimental Procedure Triethylamine (2 mmol) was added to the solution
of �-bromoamine 3a (3b) (1 mmol) in dry DMF (2 mL). The mixture was
treated for 3 h at 150 ◦C in the presence of dry argon. After cooling down to
room temperature, DMF was evaporated. The residue was purified by column
chromatography eluting with hexane/ethyl acetate (from 90:10 to 50:50, v/v).
Pure aziridines (4a, 4b) are isolated as white solids with 90% and 77% yield,
respectively.

Characterization Data 1-Benzyl-2-(trifluoromethyl)aziridine (4a): 1H NMR
(300 MHz, DMSO): � 7.40–7.22 (m, 5H, C6H5), 3.50 (s, 2H, CH2Ph), 2.74
(dquin, J = 6.0, 3.1 Hz, 1H, CHCF3), 2.04 (d, J = 3.0 Hz, 1H, CH2CH), 1.86
(d, J = 6.3 Hz, 1H, CH2CH) ppm. 19F NMR (282 MHz, DMSO): � −68.95 (d,
J = 5.7 Hz) ppm. GC-MS (EI) (m/z): 200 [M-H], 132, 110, 91 (100%).

1-(1-Phenylethyl)-2-(trifluoromethyl)aziridine (4b): 1H NMR (300 MHz,
CDCl3): � 7.42–7.32 (m, 5H, C6H5), 4.22 (dd, J = 5.9, 3.7 Hz, 1H, CHCH2),
2.58 (q, J = 6.5 Hz, 1H, CHPh), 2.15 (ddq, J = 6.3, 5.3, 3.0 Hz, 1H, CHCF3),
2.04 (dd, J = 3.7, 3.1 Hz, 1H, CHCH2), 1.48 (d, J = 6.6 Hz, 3H, CH3) ppm.
19F NMR (282 MHz, CDCl3): � −71.69 (d, J = 5.3 Hz) ppm. GC-MS (EI)
(m/z): 200 [M-CH3], 105 (100%).

Application The aziridine ring is one of the most valuable systems in modern
synthetic chemistry, because of its widely recognized versatility as tremen-
dously useful synthetic intermediate, significant building block for chemical
bond elaborations and functional group transformation [3,4]. Due to the strain
associated with the three-membered ring, aziridines undergo highly regio- and
stereoselective ring-opening reactions involving nucleophilic substitution, with
or without rearrangement, functional group transformations at the ring, etc. [5].
Furthermore, aziridines serve as versatile intermediates in natural product and
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pharmaceutical synthesis. Reactions with a broad range of nucleophiles pro-
ceed cleanly with excellent regioselectivity and/or stereoselectivity, furnishing
products that bear useful amino group [6, 7].
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CHAPTER 58

Preparation of �-Fluoro Amino and
�-Fluoro Enamino Reagents

JUSTYNA WALKOWIAK AND HENRYK KORONIAK

The steadily growing interest in organofluorine chemistry both for the design of new
biologically active compounds and new functional materials stimulated considerable
interest in the development of new methodologies for the introduction of a fluorine
atom into molecules in highly selective ways [1–3]. The nucleophilic replacement
of an oxygen function (hydroxyl, carbonyl groups) with fluorine is one of the most
straightforward routes.

Fluorinating agents such as 70% hydrogen fluoride (HF)·pyridine (Olah’s
reagent) [4], sulfur tetrafluoride (SF4) [5, 6], dialkylaminosulfur trifluoride
(e.g., DAST) [1], 4-tert-butyl-2,6-dimethylphenylsulfur trifluoride (FLUOLEAD)
[7], and fluoroamino reagents [9–11] (FARs, �-fluoroamines) [N,N-diethyl-
1,1,2,3,3,3-hexafluoropropylamine (Ishikawa reagent) [9], and N,N-dimethyl-1,1,2,2-
tetrafluoroethylamin (Petrov reagent) [10]] are widely employed in organic synthesis
for the conversion of alcohols and carbonyl compounds into corresponding fluorides.

Relatively stable fluorinating agents useful for the replacement of hydroxyl group
by fluorine are 1,1,3,3,3-pentafluoropropene (PFP) secondary amine adducts [12].
These reagents can be readily prepared by nucleophilic addition of secondary amine
[(dimethylamine (DMA), diethylamine (DEA), pyrrolidine (Pyr), piperidine (Pip),
morpholine (Mor)] across the double bond of PFP. Irrespective of applied synthetic
method (in an autoclave at high pressure or atmospheric pressure), these reactions
give a mixture of two products, the desired �-fluoroamine 1a-e, and �-fluoroenamine
2a-e in different molar ratios (Scheme 58.1).

These reaction mixtures, however, appear to be efficient fluorinating agents for
replacing hydroxyl groups in alcohols by fluorine. In general, they react with alco-
hols yielding the corresponding fluorides, equimolar amounts of appropriate 3,3,3-
trifluoropropionamide, and hydrogen fluoride. Aliphatic primary alcohols including

Efficient Preparations of Fluorine Compounds, First Edition. Edited by Herbert W. Roesky.
c© 2013 John Wiley & Sons, Inc. Published 2013 by John Wiley & Sons, Inc.

379



380 PREPARATION OF �-FLUORO AMINO AND �-FLUORO ENAMINO REAGENTS
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SCHEME 58.1 Synthesis of PFP Secondary Amine Adducts.

octanol and benzylic alcohol yield only alkyl fluorides. The secondary and tertiary
alcohols, besides the desired fluorides, give usually considerable amount of alkenes.

The fluorinating mixtures are assumed to be the equilibrium between �-
fluoroamine 1a-e and �-fluoroenamine 2a-e, where only the HF elimination/addition
reaction determines the ratio of products. This also suggests that the presence of
even traces of HF will trigger the fluorination. All presented fluorinating mixtures are
readily hydrolyzed on being exposed to moist air. They react vigorously with water,
forming the N,N-diethyl-3,3,3-trifluoropropionamide and hydrogen fluoride.

58.1 PREPARATION OF 1,1,3,3,3-PENTAFLUOROPROPENE
SECONDARY AMINE ADDUCTS

Preparation of PFP DEA Adduct

Apparatus Carius tube, magnetic stirrer, 20-mL syringe, safety glasses, labora-
tory coat, protective gloves

Chemicals Dry DEA, PFP, dry diethylether

Attention Safety glasses and protective gloves must be used at all times.

Caution Because of volatility and toxicity, care should be taken to avoid inhala-
tion of PFP, DEA, and diethyl ether, or contact of their solution with the skin.
Fluorinating agent readily hydrolyzed being exposed to moist air forming the
N,N-diethyl-3,3,3-trifluoropropionamide and hydrogen fluoride. Therefore, any
contact with eyes, skin, or respiratory system should be avoided. All reactions
should be carried out in a well-ventilated fume hood.

Experimental Procedure Diethylamine (10.5 g, 15 mL, 144 mmol) and dried
diethylether (30 mL) were placed in an oven-dried Carius tube. Then the tube
was cooled to –78 ◦C by a dry ice/isopropanol bath. The excess of PFP (22.7 g,
172 mmol) was transferred to the tube from a balloon via a needle (over 3 h).
The mixture was stirred overnight while warming to room temperature. The
solvent was removed in vacuum. The resulting orange residue was purified by
distillation in a vacuum to yield 22.6 g (100.5 mmol, 70%) of pale yellow liquid
[mixture of 1-diethylamino-1,3,3,3-tetrafluoropropene, 2b and N,N-diethyl-
1,1,3,3,3-pentafluoropropylamine, 1b (less than 1%)].

Characterization Data bp 95 ◦C/72 mm Hg. 1H NMR: � 1.15 (t, 3JH,H = 7.1 Hz,
6H), 3.14 (q, 3JH,H = 7.1 Hz, 4H), 3.73 (dq, 3JH,F = 34.0 Hz, 3JH,F = 7.2 Hz, 1H)
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ppm. 13C NMR: � 12.4 (s, 2C), 42.1 (s, 2C), 65.5 (dq, 2JC,F = 18.2 Hz,
2JC,F = 38.0 Hz, 1C), 125.8 (q, 1JC,F = 266.5 Hz, 1C), 160.7 (d, 1JC,F =
256.3 Hz, 1C) ppm. 19F NMR: � –51.8 (dd, 3JF,H = 7.1 Hz, 4JF,F = 15.2 Hz,
3F), –93.3 (dq, 3JF,H = 34.0 Hz, 4JF,F = 15.2 Hz, 1F) ppm.

58.2 PREPARATION OF PFP MORPHOLINE ADDUCT (PFPMor)

Apparatus Carius tube, magnetic stirrer, 5-mL syringe, safety glasses, labora-
tory coat, protective gloves

Chemicals Dry Mor, PFP, dry diethylether

Attention Safety glasses and protective gloves must be used at all times.

Experimental Procedure Morpholine (0.27 g, 0.27 mL, 3 mmol) and dried
diethylether (3 mL) were placed in an oven-dried Carius tube, and then the
tube was cooled to –78 ◦C by a dry ice/isopropanol bath. The excess of PFP
(22.7 g, 172 mmol) was transferred to the tube portionwise. The mixture was
stirred overnight while warming up to room temperature. The resulting white
precipitate [mixture of 4-(1,1,3,3,3-pentafluoropropyl)morpholine, 1e and 4-
(1,3,3,3-tetrafluoroprop-1-enyl)morpholine, 2e] is unstable under high vacuum
distillation. Therefore, crude mixture of products 1e and 2e is used for the
nucleophilic fluorination of hydroxyl compounds.

Characterization Data 19F NMR: � –52.5 (dd, 3JF,H = 7.0 Hz, 4JF,F = 15.2 Hz,
3F), –61,9 (tt, 3JF,H = 9.6 Hz, 4JF,F = 19.6 Hz, 3F), –87.3 (tq, 3JF,H = 11.0 Hz,
4JF,F = 19.6 Hz, 2F,), –91.9 (dq, 3JF,H = 31.6 Hz, 4JF,F = 15.2 Hz, 1F) ppm.

58.3 APPLICATION OF PFP SECONDARY AMINE ADDUCTS IN
FLUORINATION REACTIONS

Tables 58.1 and 58.2 compare the reactivity of compounds possessing primary,
secondary, and tertiary hydroxyl groups. The general procedure for each fluori-
nation reaction is as follows: in case of PFPDEA (Scheme 58.2, reaction 1) al-
cohol solution is mixed with fluorinating reagent in molar ratio of 1:1.2, while
for the reactions of PFPMor (Scheme 58.2, reaction 2) alcohol solution is added
drop by drop directly into the crude fluorinating mixture (alcohol : Mor, molar
ratio of 1:3). Yields are determined by 19F NMR. Two internal references were
used: �,�,�-tri-fluorotoluene 19F NMR (CDCl3, CFCl3) � –63.2 (s, 3F, CF3) and
m-fluorotoluene 19F NMR (CDCl3, CFCl3) � –114.1 (m, 1F, CF).

In general, the yields of reactions with �-fluoroamino and �-fluoroenamino mix-
tures are slightly lower in comparison with Ishikawa’s reagent. Studies on optimiza-
tion of the effect of stoichiometry on the fluorination of alcohols with PFP secondary
amine adducts proved that these fluorinating mixtures are viable alternative reagents
useful for the replacement of hydroxyl groups by fluorine. Table 58.3 compares the
reactivity of the least reactive alcohols, such as 5-cholesten-3�-ol, (R)-(-)-2-octanol
tert-butanol with PFPDEA.
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TABLE 58.1 Fluorination of Alcohols with PFPDEA

19F NMR

Alcohol Yields % �, ppm 2JF,H, Hz 2JF,H, Hz

CH3(CH2)6CH2OH 74 –218.3 48 25
PhCH2OH 64 –206.9 48 –
5-cholesten-3�-ol 33 –167.7 50 –
(R)-(−)-2-oktanol 54 –174.5 – –
tert-Butanol 38 –130.7 – 21

Yields are determined by 19F NMR.

TABLE 58.2 Fluorination of Alcohols with PFPMor

Yield, % 19F NMR

Reaction Ishikawa’s
Alcohol condition, ◦C 1e reagent �, ppm 2JF,H, Hz 3JF,H, Hz

CH3(CH2)6CH2OH 25 18 87 –218.3 48 25
65 89

PhCH2OH 25 82 60 –206.9 48 –
65 88

PhCH2CH2OH 25 30 89 –215.0 48 23
65 89

CH3CH(OH)(CH2)2CH3 25 69 62 –172.0 – –

5-Cholesten-3�-ol 25 77 83 –167.7 50 –
65 89

Cyclohexanol 25 7 0 –172.6 – –
65 7

tert-Butanol 25 48 78 –130.7 – 21
65 2

Yields are determined by 19F NMR. Best yields are presented in bold.

R OH +

R2N

F

F

F
R F +

R2N

F

F

F
O

F

R2NCF2CH2CF3

+ HF

Reaction 1: R2N = diethylamino

Reaction 2: R2N = morpholino

SCHEME 58.2 Fluorination of Alcohols with PFP Secondary Amine Adducts
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TABLE 58.3 Optimization of the Fluorination Reactions with PFPDEA

Fluoride yield, %

Molar ratio ROH : 2b (R)-(−)-2-octanol 5-cholesten-3�-ol tert-butanol

1:1 54 33 38
1:2 75 79 84
1:3 85 93 71

Fluoride yield with Ishikawa’s reagent, %

1:1.5 62 83 78

Yields are determined by 19F NMR. Best yields are presented in bold.

Table 58.4 represents stoichiometry investigation on reactivity of PFPMor in
fluorination reactions of benzyl alcohol.

TABLE 58.4 Optimization of the Fluorination Reactions of Benzyl Alcohol with
PFPMor

Benzyl fluoride yield, %

Molar ratio
ROH : Mor 25 ◦C 65 ◦C

1:1 48 46
1:2.5 99 77
1:3 88 92

Benzyl fluoride yield with Ishikawa’s reagent, %

1:1.5 60 –

Yields are determined by 19F NMR.

The yields of fluorination reactions studied in competitive studies using Ishikawa’s
reagent are comparable with those already reported in the literature.
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CHAPTER 59

Synthesis of Original Fluoromonomers
and Their Radical Copolymerization
with Vinylidene Fluoride

BRUNO AMEDURI

Fluoropolymers are advanced materials endowed with remarkable properties that in-
volved them in many High Tech applications [1–6]. One of the strategies to produce
them is to get original fluorinated monomers that can copolymerize with commer-
cially available fluoroolefins. Among various known pathways, the telomerization of
various fluoroolefins is an interesting tool and was summarized several years ago [6].

The objective of this chapter is to supply relevant functional fluoropolymers from
commercially available fluoroolefins. The involved strategy lies on the radical ad-
dition of a chain transfer agent onto a fluoroalkene, followed by straightforward
organofluorine pathways to achieve functional monomers. The latters are further
copolymerized with commercially available fluoroolefins, especially vinylidene flu-
oride (VDF).

59.1 RADICAL ADDITION OF IODINE MONOCHLORIDE ONTO
FLUORINATED ALKENES

A typical example concerns the telomerization of various fluoroalkenes with io-
dine monochloride. Indeed, the radical addition of ICl onto different F-olefins (such
as chlorotrifluoroethylene [7, 8], trifluoroethylene [9, 10], VDF [10], hexafluoro-
propylene (HFP) [11, 12], 1,1-difluorodichloroethylene [13], and perfluoromethyl
vinylether [14]) was achieved by many scientists. However, in the case of asymmet-
ric alkenes, these researchers paid a few attention to the presence of non-expected
by-product arising from the reverse addition. Taking into account that the polarity of
iodine monochloride is � + I . . . Cl�+ and regarding polar, ionic, and steric effect,
some reversed isomer cannot be neglected.

Efficient Preparations of Fluorine Compounds, First Edition. Edited by Herbert W. Roesky.
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ICH2CF2Cl+(0–1%)ICF2CH2ClF2C=CH2+ClI

(95%)ICFHCF2Cl+(5%)ICF2CFHClF2C=CFH+ClI

(89–92%)ICFClCF2Cl+(8–11%)ICF2CFCl2F2C=CFCl+ClI

(60%)

CF3

ICFCF2Cl+(40%)

CF3

ICF2CFCl

CF3

F2C=CF+ClI

ICF2CCl3 (100%) + ICCl2CF2Cl (0%)

(99–100%)

I Cl + F2C=CCl2

I Cl + F2C=CF

OCF3

ICF2CFCl

OCF3

+ ICFCF2Cl

OCF3

I Cl + F2C=CF2 ICF2CF2Cl

SCHEME 59.1 Radical addition of iodine monochloride onto various commercially avail-
able fluoroolefins [7–14].

In most cases, the different radical initiations (photochemical, thermal, or the use of
redox catalysts or radical initiators) were investigated and the results are summarized
in Scheme 59.1.

Interestingly, it is observed that the lower the fluorine content, the higher the
selectivity.

The monoadduct was obtained in all cases, leading to original activated telogens
containing CF2I or, better, CFClI end group [7, 8]. The addition of ICl onto 1,1-
dichlorodifluoroethylene was found to be bidirectional but to a lesser extent [7] than
in the case of CTFE [8]. The use of a catalyst (e.g., iron) affects the yield and the
amount of by-product. HFP requires heat, unlike other monomers [7]. Hence, the
following decreasing reactivity series can be suggested:

CTFE � VDF � CF2 = CCl2 � HFP � PMVE

Perfluoroalkyl iodides have been used as telogens with most fluoroalkenes. An
extensive kinetic research on the synthesis of monoadducts was performed by Tedder
and Walton. From various results of the literature [7–14], the following decreasing
reactivity scale may be proposed:

PMVE � VDF � TFE � F2C = CFH � HFP � CTFE

For less reactive monomer the more electrophilic the telogen radical, the less easier
the reaction.
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SCHEME 59.2 Various pathways to synthesize trifluorovinyl functional monomers from C2
telomers [15–20].

59.2 USE OF THESE FLUORINATED SYNTHONS TO PREPARE
ORIGINAL FLUOROFUNCTIONAL MONOMERS

The above intermediates were interesting precursors of trifluorovinyl monomers as
summarized in Scheme 59.2.

An example of 19F NMR spectrum (Figure 59.1) shows the characteristic doublet
of doublets or doublets of doublets of triplets assigned to the multiplicity of the
coupling between the fluorine and fluorine atoms or hydrogen atoms.

More recently, a difluorocontaining monomer could be synthesized from a three-
step procedure starting from the radical addition of methanol onto CFCl=CFCl
(Scheme 59.3). The third and final step consists of a zinc-mediated dechlorination to
obtain �,�-difluoroacrylic acid in ca. 29% of overall yield [21].

OH

Radical

HNO3
F

H

F
Zn

F

Cl F

Cl
H

F

Cl

F

Cl OH

O

H

F

Cl

F

Cl

H

H

OH
O

HO
-Cl2

SCHEME 59.3 Strategy of synthesis of �,�-difluororacrylate from 1,2-dichloro-1,2-
difluoroethylene [21].
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FIGURE 59.1 Expansion of the appropriate zones in the 19F NMR spectrum of trifluorovinyl
functional monomers listed in Scheme 59.2.

Only (Z) isomer of �,�-difluoroacrylic acid was obtained as this isomer is the
thermodynamically favored compound [21]. Indeed, the coupling constant 19F�-19F�

from 60 to 70 Hz (see Experimental Procedure) is characteristic of (Z) isomer,
whereas that of (E) isomer is much higher (JF-F = 250 Hz). The structure of (Z)-
�,�-difluoroacrylic acid was confirmed by elemental analysis and 1H and 19F NMR
spectroscopy [21].

59.3 RADICAL COPOLYMERIZATION OF TRIFLUOROVINYL
FUNCTIONAL MONOMERS WITH VINYLIDENE FLUORIDE

The radical copolymerizations of VDF with various commercially available or syn-
thesized monomers were investigated and recently reviewed [22; Scheme 59.4).

: Functional GroupG
X,Y,Z : H,F,CF 3

(VDF)

(VDF)x C

X

Y

C

Z

Spacer

G x

conv. or controlled
rad.

G

X

Y Spacer

Z
C=Cp+n H2C=CF2

SCHEME 59.4 Radical copolymerization of VDF with fluorofunctional comonomers.

Actually, a very interesting comonomer is �-trifluoromethacrylic acid (that prop-
agates under anionic initiation [23] but does not homopolymerize under radical
conditions [24]) since it copolymerizes with VDF very well [25, 26]. The nature of
the process enables to obtain various structures, either alternating copolymers (from
solution copolymerization [25]) or random (from aqueous process [26]).

In addition, the condensation of an �-hydroxy oligo(ethylene oxide), oligo(EO),
with �-trifluoromethacrylic acid led to original EO macromonomer that yielded
PVDF-g-POE graft copolymers, as follows [27; Scheme 59.5):
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SCHEME 59.5 Synthesis of original �-trifluoromethacrylic monomers bearing EO
oligomers and their radical copolymerization with VDF to obtain PVDF-g-PEO graft copoly-
mers [27].

Controlled Radical Copolymerization of VDF
with Various Comonomers

Few controlled radical (co)polymerizations of fluoromonomers (involving VDF) have
been investigated in the literature, and this was recently reviewed [28]. An example
in Scheme 59.6 proposes the iodine transfer copolymerization of VDF with perfluo-
romethyl vinylether that was successfully controlled by the presence of iodoperfluo-
roalkanes [14].

Radical copolymerization of VDF with trifluorovinyloxy comonomers bearing
sulfonyl fluoride end-group (PFSVE) [29] was also investigated and the resulting
purified copolymers were hydrolyzed in sulfonic acid, and further processed into
membranes (Figure 59.2) for fuel cell applications.

A more recent study deals with the radical terpolymerization of VDF with PFSVE
and vinyl tri(ethoxysilane) [30] for original crosslinked membranes (via a sol-
gel procedure), the conductivities of which reached 43 mS/cm at 120 ◦C. Other
methods of crosslinking have also been achieved by a photochemical irradiation of
telechelic diacrylates [31] or under acidic conditions for a wide variety of telechelic
bis(diethoxymethylsilane)s [32].

Experimental Procedure

Preparation of Trifluorovinyl Functional Monomers
Apparatus One hundred (or 250) milliliter Schlenk flask with septum, magnetic

stirrer, T-shaped N2 inlet, syringe (50 mL), safety glasses, laboratory coat,
protective gloves
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C6F13 I

H2C CF2 F2C CF
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z

Z

v
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SCHEME 59.6 Iodine transfer radical copolymerization of VDF with perfluoromethyl vinyl
ether controlled by iodoperfluoroalkanes [14].

Chemicals Vinylidene fluoride, radical initiators such as tert-butyl peroxyp-
ivalate, or tert-butyl cyclohexyl peroxybicarbonate, dry acetonitrile, iodine
monochloride, tributyltin hydride, and 1,1,1,3,3-pentafluorobutane

Attention! Safety glasses and protective gloves must be used at all times.

FIGURE 59.2 Original membranes from copolymers based on VDF and sulfonic acid con-
taining fluorinated comonomers. (For a color version of the figure, please see color plates.)



RADICAL COPOLYMERIZATION OF TRIFLUOROVINYL FUNCTIONAL MONOMERS 391

Caution! Because of its toxicity and volatility, care should be taken to avoid
inhalation of chlorotrifluoroethylene, iodine monochloride, and tributyltin hy-
dride or contact of their solution with the skin. All reactions should be carried
out in a well-ventilated hood.

Characterization The purity of trifluorovinyl monomers and the total product
mixtures were analyzed by gas chromatography (GC) using a Delsi apparatus
(model 330) equipped with an SE-30 column, 3 m × 0.3125 mm (internal
diameter). The nitrogen pressure at the entrance to the column was maintained
at 0.6 bar and the detector and injector temperatures were 260 and 255 ◦C,
respectively. The temperature program started from 50 ◦C and reached 250 ◦C
at a heating rate of 15 ◦C/min. The GC apparatus was connected to a Hewlett–
Packard integrator (model 3390), which automatically calculated the area of
each peak on the chromatogram. The products were characterized by 1H and
19F NMR spectroscopy at room temperature (ca. 23 ◦C). These spectra were
recorded on Bruker WM-360 or 400 MHz instruments, using deuterated acetone
or dimethyl formamide and tetramethyl silane or CFCl3 as solvents and internal
references, respectively.

Synthesis of 1-Iodo-1,2,2-Trifluoro-1,2-Dichloroethane A Carius tube
(CT) containing iodine monochloride (113.73 g, 0.70 mmol), benzophenone (0.45 g,
2.5 mmol), and methylene chloride (200 mL) was frozen in an acetone/liquid ni-
trogen mixture (ca. −80 ◦C) where chlorotrifluoroethylene (82.2 g, 0.704 mol) was
condensed. Then, the CT was sealed with the flame, and UV irradiated at room temper-
ature for 14 h. After filtration and work-up, 1-iodo-1,2,2-trifluoro-1,2-dichloroethane
was distilled under reduced pressure and bp 98–100 ◦C. The yield was 59%. 19F
NMR (CDCl3), � −54.9 (d, 3JFF = 14 Hz, Cl2CF); −63.5 (AB system, 3JFFgem =
13.9 Hz, 3JFFgem = 15.7 Hz, 2JFFvic = 164 Hz, CF2Cl); −67.5 (t, 3JFF = 13.9 Hz,
ICF2); −72.0 (t, 3JFF = 14.0 Hz, CFClI) ppm.

Synthesis of � , �-Difluoroacrylic Acid [21] 1H NMR (CDCl3), � 7.4 (dd,
2JH(F-3) = 69.6 Hz, 3JH(F-2) = 13.8 Hz, HFC, 1H); 9.0 (s, COOH) ppm.

13C NMR (CDCl3), � 138.4 (dd, 1JC(F-2) = 255.4 Hz, 2JC(F-3) = 10.2 Hz, CF);
145.4 (dd, 1JC(F-3) = 280.3 Hz, 2JC(F-2) = 10.2 Hz, HFC); 158.0 (dd, 2JC(F-2) = 30 Hz,
3JC(F-3) = 9.5 Hz, COOH) ppm.

19F NMR (CDCl3), � −139.4 (dd, 3JF(F-2) = 6.3 Hz, 2JF(H-3) = 69.9 Hz, HFC);
−152.4 (dd, 3JF(H-3) = 13.5 Hz, 3JF(F-3) = 6.7 Hz, CF) ppm.

Radical Copolymerization of Trifluorovinyl Functional Monomers or
� ,�-Difluoroacrylic Acid with VDF

The investigations (even for kinetics) of copolymerization of VDF with fluorofunc-
tional monomers (or �,�-difluoroacrylic acid) were performed in thick borosilicate
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FIGURE 59.3 Picture of manifold used to prepare the sealed CTs for the radical copolymer-
ization of VDF with fluorofunctional comonomers. (For a color version of the figure, please
see color plates.)

CTs in a batch process (length, 130 mm; internal diameter, 10 mm; thickness,
2.5 mm; for a total volume of 8 mL). After the initiator, F2C=CF-spacer-G or
�,�-difluoroacrylic acid and the solvent were added, the tube was connected to a
manifold (Figure 59.3) that was linked to a vacuum line and purged several times by
evacuating and flushing with helium. After at least five thaw–freeze cycles to remove
oxygen, VDF was trapped under vacuum in the tube frozen in liquid nitrogen, after
release in an intermediate metallic container calibrated in pressure. The required
amount of VDF (ranging between 0.385 and 1.300 ± 0.008 g) introduced into the
tube was assessed by the relative drop of pressure in this release container, initially
fed by a cylinder of 300 g of VDF. A beforehand calibration curve—weight of trapped
VDF (in g) versus drop of pressure (in bar)—was determined (for 0.385 and 0.900 g
of VDF, differences of pressure of 0.26 and 0.60 bar were required, respectively).
The tube, under vacuum and immersed in liquid nitrogen, was sealed under vacuum
and placed into a shaking oven at the required temperature. After reaction (ca.
5 times higher than the half-life of the initiator at the required temperature), the
tube was frozen in liquid nitrogen and then opened (Figure 59.4). The (co)polymers
were isolated by removal of the solvent. The (co)polymers were further dried
under high vacuum at 70 ◦C until constant weight. The obtained powders were
then weighed to determine the yield, and characterized by the usual spectroscopic
techniques.
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FIGURE 59.4 Picture of CTs after the radical copolymerization of VDF with �,�-
difluoroacrylic acid. (For a color version of the figure, please see color plates.)

59.4 CONCLUSION

Novel strategies to synthesize fluorinated functional comonomers for the conventional
or controlled radical copolymerization with VDF are still a challenge. The function
brought by the comonomer is crucial to enable the targeted properties: conductiv-
ity, crosslinking, and the kinetic of copolymerization deserves to be investigated to
compare the reactivities of both comonomers. That also induces to assess the content
of VDF in the copolymer to offer either elastomeric or thermoplastic morphologies.
Hence, possible applications such as piezoelectric devices, surfactants, fuel cell mem-
branes, coatings, and polymer electrolytes for lithium ion batteries can be obtained.
These applications are still key challenges to face and should attract the interest of
many academic and industrial researchers.
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CHAPTER 60

Convergent 18F Radiosynthesis

V. GOUVERNEUR AND O. LOZANO

The availability of 18F-radiolabeled probes is important for in vivo studies by positron
emission tomography (PET) [1]. Among the frontier challenges in 18F-radiochemistry
are the interconnected goals of increasing synthetic efficiency and diversity in the con-
struction of 18F-labeled radiotracers. 18F-radioretrosynthetic strategies implemented
to date are typically linear sequences of transformations designed with the aim
of introducing the 18F-label ideally in the last step or at least as late as possi-
ble. Conceptually, convergent 18F-radiochemistry offers the possibility to rapidly
assemble functionalized 18F-radiotracers from readily accessible 18F-labeled pros-
thetic groups. Using multicomponent reactions [1,3] for proof of concept, Ugi-4CR,
Passerini-3CR, Biginelli-3CR, and Groebke-3CR were performed successfully using
18F-benzaldehyde derivatives; these highly convergent reactions delivered in high
decay-corrected radiochemical yield, structurally complex 18F-radiotracers with the
18F-label positioned on an aryl motif not responsive to direct nucleophilic fluorina-
tion. These data establish an unprecedented connection between radiochemistry for
PET and the field of multicomponent chemistry and demonstrate that convergent
retroradiosynthesis is a powerful strategy expanding dramatically the scope of 18F-
prosthetic group radiochemistry. The preparation of 18F-labeled prosthetic groups
from [18F]fluoride ion is commonly performed in many labeling laboratories, so the
concept of convergent 18F-radiosynthesis can easily be applied [4].

Apparatus Glass vial, magnetic stirrer, nitrogen inlet, microwave, heating plate,
75-mm hot cells designed for working with radioactivity, SCINTOMICS
(customized automated radiochemical apparatus), high-performance liquid
chromatography (HPLC) instrument with an NaI-radiodetector, Mini-Scan
thin-layer chromatography (TLC) scanner system (LabLogic Systems Ltd.),
safety glasses, laboratory coat, protective gloves.

Chemicals For the radiolabeling. [18F]fluoride solution in water [supplied by
PETNET solutions at Mont Vernon Hospital (UK)], Kryptofix R© 222, K2CO3,
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CONVERGENT 18F RADIOSYNTHESIS 397

anion exchange cartridges (Synthra), C-18 Sep-Pak cartridges (Waters Corpo-
ration), dry acetonitrile.

For the Radio-Biginelli reaction. 4-[18F]fluorobenzaldehyde, urea, ytter-
bium (III) trifluoromethanesulfonate, ethyl acetoacetate.

For the Radio-Ugi reaction. 4-[18F]fluorobenzaldehyde, benzoic acid, ben-
zyl isocyanide, 1-propylamine, ethanol.

For the Radio-Groebke-Bienaymé-Blackburn reaction. 4-[18F]fluorobenzal-
dehyde, scandium (III) trifluoromethanesulfonate, 2-aminopyridine, benzyl iso-
cyanide, 3-methyl-1-butanol.

For the Radio-Passerini reaction. 4-[18F]fluorobenzaldehyde, benzoic acid,
cyclohexyl isocyanide in 4 M lithium chloride (aq.), methanol.

Attention! Follow all the safety regulations necessary when performing exper-
iments in a radiochemistry laboratory.

Experimental Procedure Preparation of 4-[18F]fluorobenzaldehyde. K18F/
Kryptofix R© 222 in dimethyl sulfoxide (0.5 mL) was added to a sealed reaction
vial containing 4-formyl-N,N,N-trimethylbenzenaminium trifluoromethane
sulfonate (10 mg) and heated under 50 W microwave irradiation for 100 s.
The crude reaction mixture was diluted with water (10 mL). Analysis by HPLC
(CH3CN/H2O) and radio-TLC (5% water in CH3CN) indicated a radiochemical
yield of 83% (n = 3).

Radio-Biginelli reaction. A solution of 4-[18F]fluorobenzaldehyde in 3-methyl-
1-butanol (200 �L, 5–15 MBq) was dispensed into a sealed vial containing
urea (3 mg), ytterbium(III) trifluoromethanesulfonate (3 mg) and ethyl ace-
toacetate (6 �L). The mixture was heated under vigorous stirring at 130◦C
for 20 min before being allowed to cool to room temperature and diluted with
methanol (1 mL). Analysis by HPLC (CH3CN/H2O) and by radio-TLC (66%
ethyl acetate in hexane, Rf = 0.3) indicated a radiochemical yield of 66%
(n = 3).

Radio-Ugi reaction. A solution of 4-[18F]fluorobenzaldehyde in ethanol (200 �L,
5–15 MBq) was dispensed into a sealed vial containing benzoic acid (6 mg),
benzyl isocyanide (6 �L), and 1-propylamine (4 �L). The mixture was
heated to 100◦C and stirred for 30 min before being allowed to cool to
room temperature. Analysis by HPLC (CH3CN/H2O) and radio-TLC (33%
ethyl acetate in hexane, Rf = 0.3) indicated a radiochemical yield of 62%
(n = 3).

Radio-Groebke-Bienaymé-Blackburn reaction. A solution of 4-[18F]fluoro-
benzaldehyde in 3-methyl-1-butanol (200 �L, 5–15 MBq) was dispensed into
a sealed vial containing scandium(III) trifluoromethanesulfonate (5 mg) and
2-aminopyridine (3 mg). A solution of benzyl isocyanide (3 �L) in 3-methyl-1-
butanol (300 �L) was then added via syringe. The reaction was heated at 170◦C
for 15 min before being allowed to cool to room temperature. The mixture was
then diluted with CH3CN (1 mL). Analysis by radio-HPLC [CH3CN/phosphate
buffer (10 mM, pH 7.0)] and by radio-TLC (50% ethyl acetate in hexane, Rf =
0.2) indicated a radiochemical yield of 85% (n = 4).
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TABLE 60.1 18F-Radio-Multicomponent Reaction (4-[18F]Fluorobenzaldehyde as the
Prosthetic Group)

18F-labeled product MCR RCY (%)a

Biginelli 66 (n = 3)

N
H

NH

OMe

C2H5O

O

18F

Ugi 62 (n = 3)

18F

N

O

N
H

O

Groebke 85 (n = 4)

N

N

NH

18F

Passerini 65 (n = 3)

18F

O

O

N
H

O

a Crude RCY based on n experiments (decay-corrected).
MCR, multicomponent reaction; RCY; radiochemical yield.

Radio-Passerini reaction. A solution of 4-[18F]fluorobenzaldehyde in methanol
(100 �L, 5–15 MBq) was dispensed into a sealed vial containing benzoic
acid (7 mg) and cyclohexyl isocyanide (4 �L) in an aqueous solution of LiCl
(4 M, 600 �L). The mixture was heated at 100◦C for 30 min before being
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allowed to cool to room temperature and diluted with CH3CN (300 �L). Anal-
ysis by radio-HPLC (CH3CN/H2O) indicated a radiochemical yield of 65%
(n = 3).

Application Convergent 18F-radiochemistry allows for the rapid assembly of
functionalized 18F-radiotracers from readily accessible 18F-labeled prosthetic
groups. Table 60.1 illustrates how multicomponent reactions allowed for
the preparation of various heterocyclic and peptidic-like compounds (e.g.,
ethyl 4-(4-[18F]fluorophenyl)-6-methyl-2-oxo-1, 2,3,4-tetrahydropyrimidine-
5-carboxylate, N-[2-(benzylamino)-1-(4-[18F]fluorophenyl)-2-oxoethyl]-N-
propylbenzamide, N-benzyl-2-(4-[18F]fluorophenyl)imidazo[1,2-a]pyridin-3-
amine and 2-(cyclohexylamino)-1-(4-[18F]fluorophenyl)-2-oxoethylbenzoate),
thereby highlighting the potential of this approach in the preparation of
complex 18F-radiotracers.
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CHAPTER 61

Asymmetric Fluorocyclization
Reactions

V. GOUVERNEUR AND O. LOZANO

Despite recent progress in the field of asymmetric halogen-promoted cyclizations,
only few reactions belonging to this category are known that lead to fluorinated carbo-
or heterocycles. Fluorocyclizations typically involve two processes, a fluorination and
a cyclization, the order of events depending on the nature of the substrate and the
fluorinating reagent [1]. Catalytic asymmetric fluorocyclizations are rare with only
two elegant transformations reported to date. A representative fluorinated indanone
was prepared via an enantioselective Nazarov cyclization/electrophilic fluorination
using 10 mol% of Cu(OTf)2/(R)-Ph-bis(oxazoline) in up to 95% yield and trans/cis
ratio superior to 49:1. In essence, this process is a catalytic asymmetric conrotatory
electrocyclic ring closure followed by a diastereoselective fluorination [2]. A unique
recent example of electrophilic fluorination/cyclization was recently validated using
prochiral indoles as starting material, N-fluorobenzenesulfonamide (NFSI) as the
fluorinating reagent, and a cinchona alkaloid as the chiral catalyst. This reaction
afforded a range of enantioenriched fluorinated analogs of natural products featuring
the pyrrolo[2,3-b]indole and furo[2,3-b]indole skeleton [3].

61.1 FLUORINATED INDANONES VIA COPPER-CATALYZED TANDEM
NAZAROV-FLUORINATION [2]

Apparatus Round-bottom flask with septum, magnetic stirrer, argon inlet, safety
glasses, laboratory coat, protective gloves.

Chemicals Cu(OTf)2, substituted alkylidene �-ketoesters, NFSI, 1,2-dichloro-
ethane (DCE), Cu(OTf)2/(R)-Ph-bis(oxazoline).

Attention! Safety glasses and protective gloves must be used at all times.
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Experimental Procedure Substituted alkylidene �-ketoesters can be pre-
pared using described procedures [2]. Under a positive pressure of argon
at room temperature, Cu(OTf)2 (8.0 mg, 0.022 mmol), methyl (2Z)-2-
(1,3-benzodioxol-5-ylcarbonyl)-3-(4-methoxyphenyl)prop-2-enoate (75.3 mg,
0.22 mmol) and NFSI (83.7 mg, 0.27 mmol) were dissolved in 1,2-
dichloroethane (3 mL) in a 15-mL Schlenk flask. The resulting reaction mixture
was stirred at 80 ◦C. After 8 h, the reaction mixture was cooled to room
temperature and purified by silica gel column chromatography [gradient in-
creasing from 10% to 20% ethyl acetate in petroleum ether (60–90 ◦C)] to
furnish methyl (5R,6S)-6-fluoro-5-(4-methoxyphenyl)-7-oxo-6,7-dihydro-5H-
indeno[5,6-d][1,3]dioxole-6-carboxylate as a white solid; yield: 75.3 mg (95%).

Application Cu(II) complexes proved to be effective for a series of tandem
Nazarov carbocyclizations followed by electrophilic fluorination with NFSI, a
process leading to �-fluoroindanones with high level of enantio- and diastereo-
control. When no chiral ligand is present, the trans diastereomers were formed
preferentially (dr � 49:1) in good yields (Table 61.1). Extension of this pro-
tocol to a catalytic enantioselective tandem transformation proved successful
with a representative enantioenriched fluoro indanone made accessible with up
to 95% ee in the presence of Cu(OTf)2/(R)-Ph-bis(oxazoline).

TABLE 61.1 Catalytic Diastereoselective Tandem Nazarov-Fluorination

Cu(OTf)2 (10 mol%)
NFSI (1.2 equiv)
DCE, 80 ºC, 8 h

1a-d 2a-d

O O

OR1

R2

O O

OR1

R2

F
O

O

O

O

1e-f

O O

OR1

R2

1g

O O

OR1

R2

MeO

1 R1 R2 Trans /cisa Yield, %

1a Me 4-MeOC6H4 32/1 95
1b Me 3,4,5-MeOC6H2 �49/1 82
1c Me 2,4,6-MeOC6H2 32/1 78
1d Me 2-MeOC6H4 24/1 67
1e Me 4-ClC6H4 24/1 82
1f Me 4-NO2C6H4 19/1 84
1g Et 2,4,6-MeOC6H2 19/1 85

a Determined by 1H-NMR or 19F-NMR.
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Catalytic Enantioselective Tandem Nazarov-Fluorination

(10 mol%)
NFSI (1.2 equiv)
DCE, 80 ºC, 8 h

80% yield, trans/cis: >49/1
95.5% ee for the trans isomer

O O

OMe

O O

OMe

F

OMe

OMe

MeO

OMe

MeO

OMe

O

O

O

O

N
Cu

N

O O

Ph PhOTf2

61.2 ORGANOCATALYZED ENANTIOSELECTIVE
FLUOROCYCLIZATION OF INDOLES [3]

Apparatus Ten-milliliter round-bottom flask with septum, magnetic stirrer, ar-
gon inlet, safety glasses, laboratory coat, protective gloves, cryocool.

Chemicals NFSI, 1-chloromethyl-4-fluoro-1,4-diazoniabicyclo[2.2.2]octane
(Selectfluor), dihydroquinine phthalazine-1,4-diyl diether [(DHQ)2PHAL],
3-substituted indole derivatives, NaHCO3, K2CO3, acetone.

Attention! Safety glasses and protective gloves must be used at all times.

Experimental Procedure 3-Substituted indole derivatives can be prepared us-
ing described procedures. General procedure for the catalytic electrophilic
fluorocyclization reactions: (DHQ)2PHAL (20 mol%) and NFSI (1.2 equiv) in
acetone (1.5 mL for 20 mg of indole derivative) were stirred under argon at
room temperature for 30 min. K2CO3 (6.0 equiv) was then added to the solution,
and the reaction mixture stirred for 30 min at −78 ◦C. A precooled solution
(−78 ◦C) of the indole derivative (1 equiv) in acetone (0.5 mL for 20 mg of
indole derivative) was added drop by drop to the catalyst suspension and the
reaction mixture was stirred at the same temperature overnight. The reaction
mixture was evaporated and the residue was purified through neutral alumina
(eluting with hexane : ethyl acetate, 6 : 4) to give the fluorocyclized product.
The ee were determined by chiral HPLC on CHIRALCEL OJ-H, AD, or OD.

Application Table 61.2 summarizes the first examples of organocatalyzed asym-
metric fluorocyclizations mediated by cinchona alkaloids. Two sets of reaction
conditions were considered for comparative purpose. The first approach, non-
catalytic, involves the premixing of equimolar amount of the cinchona alkaloid
and Selectfluor prior to the addition of the starting material. The second strat-
egy uses catalytic amount of the catalyst (20 mol%) as well as NFSI instead of
Selectfluor as the electrophilic source of fluorine. The reaction delivered enan-
tioenriched tetrahydrofuroindoles and hexahydropyrroloindoles with different
substitution patterns in the aromatic ring and various protecting groups on the
pending nitrogen nucleophile. The fluorocyclized products were obtained with
good yields and good to excellent enantioselectivities (up to 92% ee).



ORGANOCATALYZED ENANTIOSELECTIVE FLUOROCYCLIZATION OF INDOLES [3] 403

TABLE 61.2 Fluorocyclization of Indole Derivatives

N

XH

N

X

F
Conditions A or BR1

R2

R1

R2

dr >20:1

Conditionsa R1 R2 XH Yield, %b ee, %c

A H Me OH 56 74
B H Me OH 72 66
A OMe Me OH 90 86
B OMe Me OH 65 74
A OBn Me OH 69 84
B OBn Me OH 78 74
A Oallyl Me OH 53 86
B Oallyl Me OH 65 78
A Mes Me OH 57 90
B Mes Me OH 55 84
A H Me NHTs 54 76
B H Me NHTs 59 64
A OMe Me NHTs 55 78
B OMe Me NHTs 51 70
A Ph Me NHTs 50 82
B Ph Me NHTs 70 70
A Mes Me NHTs 60 92
B Mes Me NHTs 80 84
A Mes Me NHCOMe 38d 92
B Mes Me NHCOMe 65 92
A H Me NHCO2Me 56 78
B H Me NHCO2Me 76 74
A H Me NHCO2Bn 40 78
B H Me NHCO2Bn 47 77
A H Me NHBoc 67 86
B H Me NHBoc 70 78

a Conditions A: 1.2 equiv Selectfluor, 1.2 equiv (DHQ)2PHAL, 1.2 equiv NaHCO3, acetone, −78 ◦C;
Conditions B: 1.2 equiv NFSI, 0.2 equiv (DHQ)2PHAL, 6 equiv K2CO3, acetone, −78 ◦C.
b Yield of isolated products.
c ee determined by chiral stationary phase HPLC.
d Conversion.
Mes, mesityl.
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CHAPTER 62

Preparation of Allylic Fluorides

V. GOUVERNEUR AND O. LOZANO

Allylic fluorides are important building blocks, which can be manipulated through
the double bond [1]. This structural motif is also found unmodified in important life
science compounds such as insecticides, herbicides, fungicides, and pharmaceuti-
cal drugs. Retrosynthetic strategies based on the functionalization of a fluorinated
precursor have been reported to access allylic fluorides (e.g., Wittig olefination of
fluorinated aldehydes) [2] but more recently catalytic processes based on the use
of either a nucleophilic or electrophilic fluorine source were successfully imple-
mented with exquisite level of regio- and stereocontrol. Allyl p-nitrobenzoates were
found to be responsive to nucleophilic fluorination under Pd catalysis delivering a
series of linear allylic fluorides in moderate to excellent yields [3, 4]. This remark-
ably fast reaction is suitable for 18F-radiolabeling. In the same vein, the fluorination
of cyclic allylic chlorides with AgF using a Pd(0) catalyst and Trost bisphosphine
ligand gave access to enantioenriched allylic fluorides in up to 96% ee [5, 6]. The
asymmetric electrophilic fluorination of allylsilanes is an alternative route to produce
enantioenriched branched allylic fluorides [7]. Catalytically, this is achieved combin-
ing a cinchona alkaloid with N-fluorobenzenesulfonimide (NFSI), an electrophilic
fluorinating reagent of tamed reactivity with respect to Selectfluor [8]. Rewardingly,
this strategy complements the Pd-catalyzed fluorination process as it allows access to
allylic fluorides featuring the fluorine substituent on a quaternary stereogenic center
with ee up to 95%.

62.1 PD-CATALYZED FLUORINATION OF ALLYL
P-NITROBENZOATES [3,4]

Apparatus Glass vial with septum, magnetic stirrer, argon inlet, safety glasses,
laboratory coat, protective gloves.
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Chemicals Reaction: [Pd(dba)2], PPh3, substituted 2-phenylprop-2-en-1-yl 4-
nitrobenzoates, dry THF, TBAF(t-BuOH)4.

Preparation of TBAF(t-BuOH)4: TBAF·3H2O, t-BuOH, hexane [5].

Attention Safety glasses and protective gloves must be used at all times.

Experimental Procedure Substituted 2-phenylprop-2-en-1-yl 4-nitrobenzoates
can be prepared using described procedures [3]. For the preparation of
TBAF(tBuOH)4 [5]: Commercially available TBAF trihydrate (1.0 g, 3.17
mmol) was added to tBuOH (88 mL) and n-hexane (22 mL). The mixture was
stirred for 30 min at 90 ◦C. During this time TBAF dissolved completely. The
solution was cooled to room temperature, and a white crystalline solid pre-
cipitated. The crystalline solid was filtered and washed rapidly with 40 mL of
70% tBuOH/hexane. The filtrate was kept in vacuum for 15–20 min to remove
residual solvent, and TBAF(tBuOH)4 (1.63 g, 2.92 mmol) was obtained as a
white crystalline solid in 92% yield. 1H-NMR (600 MHz, CDCl3): � 1.01 (t,
J = 9.0 Hz, 12H), 1.27 (s, 36H), 1.42–1.48 (m, 8H), 1.66–1.71 (m, 8H),
3.44 ppm (t, J = 9.0 Hz, 8H) ppm; 13C-NMR (150 MHz, CDCl3): � 13.6, 19.6,
24.0, 31.1, 58.5, 68.2 ppm.

General procedure for the palladium-catalyzed allylic fluorination:
[Pd(dba)2] (6 mg, 0.01 mmol) and PPh3 (8 mg, 0.03 mmol) were added
to a solution of 2-(4-tert-butylphenyl)prop-2-en-1-yl-4-nitrobenzoate (68 mg,
0.2 mmol) in THF (2 mL). TBAF(tBuOH) (279 mg, 0.5 mmol) was then added
in one portion. The reaction was stirred at room temperature for 1 h. The reac-
tion was quenched by the addition of saturated NH4Cl solution. The aqueous
layer was extracted with Et2O (2–5 mL), and then the combined organic extracts
were washed with NH4Cl (2–10 mL), H2O (1–5 mL), and dried (Na2SO4). The
solvent was removed in vacuo and the crude reaction mixture purified by silica
gel column chromatography with 100% petroleum ether (bp 30–40 ◦C) eluent.

Application The scope of this palladium-catalyzed allylic fluorination is ex-
emplified in Table 62.1. The p-nitrobenzoate leaving group proved to be
most suitable for this reaction; when acetate, trifluoroacetate, or benzoate
was used instead of p-nitrobenzoate, no reaction or low conversion was ob-
served with, in some cases, undesired allylic alcohol being formed preferen-
tially. Some aryl-substituted propenyl fluorides were obtained in high yields
(�95%) under the reaction conditions. This mild procedure also allowed for
the preparation of linear allylic fluorides although the yields were generally
lower.

62.2 ASYMMETRIC PALLADIUM-CATALYZED FLUORINATION
OF ALLYLIC CHLORIDES [6]

Apparatus Round-bottom flask with septum, magnetic stirrer, safety glasses,
laboratory coat, protective gloves.
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TABLE 62.1 Palladium-Catalyzed Allylic Fluorination

Ester (R=COC6H4pNO2) Allyl fluoride Yield, %a

tBu

OR

tBu

F

�95

Ph

OR

Ph

F

95

MeO

OR

MeO

F

85

MeO

ORMeO

Br MeO

FMeO

Br

84

OR F

66b

OR F
�95

OR F

65

OR

Cl

F

Cl

60

a Yield of the isolated product.
b The volatility of the allylic fluoride attenuates the yield of isolated product.
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Chemicals [Pd2(dba)3], AgF, (1R,2R)-( + )-1,2-diaminocyclohexane-N,N′-
bis(2′-diphenylphosphinobenzoyl), substituted cyclic allylic chlorides, dry
THF.

Attention Safety glasses and protective gloves must be used at all times.

Experimental Procedure General procedure for the asymmetric Pd-catalyzed
fluorination of allylic chlorides [6]: to a solution of the cyclic allylic chloride
(1 equiv) in THF (0.1 M) was added (1R,2R)-( + )-1,2-diaminocyclohexane-
N,N′-bis(2′-diphenylphosphinobenzoyl) (10 mol%), AgF (1.1 equiv), and
[Pd2(dba)3] (5 mol%). The reaction mixture was allowed to stir at room tem-
perature, wrapped with aluminum foil, for 24 h before filtering through a pad
of Celite. The filtrate was concentrated under reduced pressure and the residue
purified by silica gel column chromatography. Note: The heterogeneity of the
reaction was found to have a large impact on the outcome (rate, yield, ee, and
dr). Ideally, fluorinations should be conducted in a round-bottom flask with an
egg-shaped stir bar, magnetically stirring at a rate of 600–800 rpm.

Application The enantioselective fluorination of cyclic allylic chlorides with
AgF with Pd(0) catalyst and a Trost bisphosphine ligand allows access to enan-
tioenriched cyclic allylic fluorides. The reaction was found to be compatible
with a selection of functional groups (Table 62.2).

62.3 ORGANOCATALYTIC ASYMMETRIC FLUORINATION
OF ALLYLSILANES [7,8]

Apparatus Ten-milliliter round-bottom flask with septum, magnetic stirrer, ar-
gon inlet, safety glasses, laboratory coat, protective gloves.

Chemicals NFSI, dihydroquinine 2,5-diphenylpyrimidine-4,6-diyl diether
[(DHQ)2PYR], dihydroquinine phthalazine-1,4-diyl diether [(DHQ)2PHAL],
substituted allylsilanes, K2CO3, dry acetonitrile.

Attention Safety glasses and protective gloves must be used at all times.

Experimental Procedure Substituted allylsilanes can be prepared using de-
scribed procedures [7, 8]. General procedure for the catalytic enantioselective
fluorination of allylsilanes: a solution of cinchona alkaloid (10 mol%) and NFSI
(1.2 equiv) in CH3CN (1.0 mL) was stirred under nitrogen at room temperature
for 30 min. K2CO3 (6.0 equiv) was then added to the solution, and the reaction
mixture stirred for 30 min at −20 ◦C or −40 ◦C. A solution of allylsilane
(0.084–0.131 mmol) in CH3CN (1.0 mL) was added to the catalyst solution.
The reaction was stirred at the temperature and time indicated in Table 62.3
with monitoring by thin-layer chromatography (TLC). The reaction mixture
was filtrated through alumina and the solvent was evaporated. The residue was
purified by alumina preparative TLC or column chromatography on alumina
eluting with hexane. The ee were determined by chiral HPLC on CHIRALCEL
OD-H or OJ and CHIRALPAK AD-H columns.
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TABLE 62.2 Palladium-Catalyzed Asymmetric Allylic Fluorination

X

Cl Pd2(dba)3 (5 mol%)
(R,R)-Trost ligand (10 mol%)

AgF (1.1 equiv)
THF (0.1 M), rt, 24 h

X

F

(+/-)

NH HN

O O

PPh2 Ph2P

(R,R)-Trost ligand

Product Yield, % ee, %a drb

F 85c 88 N/A

O

F 62c,d 90 N/A

N
Ts

F 74d,e 96 N/A

F

CO2Me

70 91 3 : 1

O

F

N

OMe

Me

85 85 �20 : 1

a Determined by chiral GC or HPLC.
b Determined by 1H NMR; drs were unchanged from starting material to product.
c Determined by GC using octane as an internal quantitative standard.
d Used (1R,2R)-( + )-1,2-diaminocyclohexane-N,N′-bis(2-diphenylphosphino-1-naphthoyl).
e Reaction conducted in toluene with 2.0 equiv of AgF.
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TABLE 62.3 Enantioselective Fluorodesilylation of Allylsilanes

R

n

n=1 or 2

n
R

F

NFSI (1.2 equiv)
(DHQ)2PYR (10 mol%)

K2CO3 (6 equiv), CH3CN

N

H O

H

N

N N

O
H

Ph

Ph
N

H
MeO MeO

N

(DHQ)2PYR

Me3Si

R n T, ◦C t ee, % Yield, %

CH2C6H5 1 –40 3 d 94 75
4-MeCH2C6H4 1 –20 12 h 95 75
4-ClCH2C6H4 1 –20 18 h 94 81
2-naphtylmethyl 1 –20 34 h 91 69
4-MeCH2C6H4 2 –20 36 h 81 71

Application The first examples of reagent-controlled asymmetric electrophilic
fluorodesilylation leading to enantioenriched allylic fluorides were reported by
Gouverneur and co-workers in 2003 [7]. In 2008, Shibata and co-workers [8]
developed the catalytic variant of this transformation using NFSI in combina-
tion with a catalytic amount of either (DHQ)2PYR or (DHQ)2PHAL. These
reactions provide the desired allylic fluorides in good yield and with moderate
to high enantioselectivities (up to 95% ee). The presence of a large R sub-
stituent on the silylated indenes is a prerequisite for synthetically useful level
of enantiocontrol. The reaction typically requires several days to go to com-
pletion. Table 62.3 illustrates with some representative examples the scope of
this catalytic asymmetric fluorodesilylation reaction. Significantly, the method
allows access to various cyclic enantioenriched allylic fluorides inclusive of
those featuring the fluorine substituent on a quaternary stereogenic center.
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CHAPTER 63

Dehydroxyfluorinations of Primary or
Secondary Alcohols Using Perfluoro
n-Butylsulfonyl Fluoride (Nonaflyl
Fluoride) in Combination with
1,8-Diaza-bicyclo[5.4.0]undec-7-ene

ORLIN PETROV, MATTHIAS SCHNEIDER, ROLF BOHLMANN,
STEPHAN VETTEL, AND HELMUT VORBRÜGGEN

The combination of the stable and nontoxic nonaflyl fluoride (NfF), (bp 65 ◦C), which
is readily obtained in 50–60% yield in one reaction step on a technical scale by anodic
fluorination of sulfolene [1], with the strong base 1,8-diazabicyclo[5.4.0]undec-7-ene
(DBU) converts readily primary and secondary alcohols at −35 ◦C in high yields with
inversion into the corresponding primary or secondary fluorides, without affecting
other functional groups such as ketones or �,�-unsaturated ketones. As an example,
the secondary steroid alcohol 1 undergoes readily dehydroxyfluorination at −35 ◦C
into the inverted fluorinated steroid 2, which is converted in situ in 86% overall
yield into the nicely crystallizing dienol acetate 3, an intermediate in the synthesis of
powerful anti-estrogens [2–5].

63.1 CONVERSION OF 11�-HYDROXYESTRA-4-EN-3,17-DIONE 1 VIA
11ß-FLUORO-ESTRA-4-ENE-3,17- DIONE 2 INTO
11ß-FLUORO-3-ACETOXY-ESTRA-3,5-DIEN-17-ONE 3

Apparatus One-liter round-bottom flask connected to an addition funnel and a
distillation apparatus, a powerful stirrer, as well as an efficient cooling bath.

Chemicals 11�-hydroxyestra-4-en-3,17-dione, NfF, and DBU.

Attention Safety glasses and protective glasses should be used all the times.
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Caution The contact with the volatile NfF as well as the strongly basic DBU as
well as the biologically potent steroids should be avoided.

Experimental Procedure A mixture of 11�-hydroxyestra-4-en-3,17-dione 1
(50 g, 173.4 mmol) and DBU (85.6 mL, 572.2 mmol) in dry EtOAc (250 mL)
was cooled to −35–−40 ◦C and NfF (50 mL, 277.4 mmol) in EtOAc (100 mL)
added slowly within 60 min with vigorous stirring in order to keep the tem-
perature of the highly exothermic reaction below −30 ◦C. A clear solution was
obtained, which was further stirred at −35 ◦C for 90 min. High-performance
liquid chromatography control of the reaction showed complete conversion of
the starting alcohol after 30 min. The reaction mixture was warmed to −10 ◦C,
stirred for 1 h at this temperature, and quenched by adding water (20 mL). Next,
2 N sulfuric acid (100 mL) was added, and the reaction mixture was stirred at
10 ◦C for 90 min. The phases were separated and 2 N sulfuric acid (22 mL)
was added to the organic phase to adjust a pH value of 2. After separation, the
organic phase was washed with saturated NaHCO3 solution (50 mL) followed
by saturated NaCl solution (50 mL) and concentrated at reduced pressure to
160 mL. EtOAc (200 mL) was added and the mixture concentrated again to
160 mL. The procedure was repeated twice, whereupon a crystalline slurry
was obtained. The slurry was cooled at 0 ◦C and acetic anhydride (147.1 mL,
1.56 mol) and methanesulfonic acid (2.24 mL, 34.5 mmol) were added under
stirring. Stirring was continued for 44 h at 0 ◦C and the slurry was filtered
and washed four times with ice-cold isopropyl acetate (40 mL each portion).
The obtained 11�-fluoro-3-acetoxy-estra-3,5-dien-17-one 3 was dried at 40 ◦C
in vacuo to give pure 3 (49.6 g, 86.1%), mp 175–177 ◦C, [�]D = −32.3 ◦ in
CHCl3. 1H NMR (� in CDCl3): 5.82 [d, 1H, J = 2 Hz], 5.50 [m, 1H], 5.08
[d(br), 1H, J = 49 Hz ], 2.15 [s, 3H], 1.04 [d, 3H, J = 1.5 Hz] ppm.

H

O

O

OH
H

O

O

F
H

O

AcO

F
DBU

NfF

EtOAc

-35°

Ac2O

1 2 3 (86%)

MeSO3H

0°
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CHAPTER 64

Preparation of Rare Earth
Fluorosulfides and Oxyfluorosulfides

A. DEMOURGUES AND A. TRESSAUD

Rare earth-based mixed-anion compounds containing sulfur atoms have been largely
investigated for their outstanding optical properties, particularly in absorption and
luminescence fields. Rare earth sesquisulfides Ln2S3 and ALn2S4 (A = Ca, Sr) have
been proposed as inorganic color pigments, because they exhibit pronounced colors
ranging from yellow to red, depending on the rare earth [1, 2]. Rare earth-based
oxide sulfides have also been largely investigated for their specific properties in
luminescence fields [3]. These materials are used, for instance, as cathode-ray phos-
phors present in color TV screens or as X-ray phosphors in conventional intensifying
screens in radiography [4]. It has been recently shown that the presence of fluorine
in the lattice leads to remarkable behavior: On the one hand, LnSF-type rare earth
fluorosulfides exhibit good chromatic properties and high stability in acidic medium
and are, therefore, good candidates as inorganic color pigments [5]. On the other
hand, complex La-based fluorosulfides and oxyfluorosulfides display noteworthy ab-
sorption in the ultraviolet (UV) range [6–8].

Because the size of F− and O2− anions is similar, they are often randomly dis-
tributed in the same crystallographic sites, creating mainly ionic or ionocovalent
bonds. F− and O2− anions can be considered as hard Lewis bases, whereas S2− anion
is a soft base. The resulting structures, in which the three anions are involved with
electrostatic/ionic and covalent interactions, often exhibit strong anisotropy, lead-
ing to two-dimensional (2D) network due to the difference in polarizabilities of the
anions. Moreover, as recently discovered in oxypnictides with high-TC superconduc-
tivity properties [9, 10], fluorine and oxygen atoms are engaged in ionic bonds with
rare earth and alkaline earth (hard acid) metals, whereas the more electronegative
transition metals (borderline or soft acid) are surrounded by sulfur atoms in tetrahe-
dral sites (sp3 hybridization), which exhibit a lower electronegativity than fluorine or
oxygen. From a chemistry point of view, the coexistence of F−/O2−/S2− anions in the
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vicinity of rare earth, alkaline earth, and transition metal leads to prepare separately
the starting binary fluorides, oxides, oxyfluorides, or fluorocarbonates, which can be
either processed in a gas–solid reaction under sulfur atmosphere (CS2/H2S) under
various reductive conditions or in a solid–solid reaction by mixing together binary
fluorides and oxides under an inert atmosphere (sealed quartz tube).

This chapter is related to the preparation methods of CeSF, SmSF, LaSF,
Ln2AF4S2, Ln3OF3S2, La2O1.5FS, Ln4O2F2S3 fluorosulfides and oxyfluorosulfides
and to their subsequent morphological and optical properties.

64.1 SYNTHESIS ROUTES OF RARE EARTH FLUOROSULFIDES
AND OXYFLUOROSULFIDES

Route A: CeSF, SmSF, and LaSF (via Solid-State Syntheses)

Rare earth fluorosulfides �-LnSF, with Ln = La, Ce, and Sm, are synthesized by
reaction of stoichiometric quantities of high-purity rare earth sulfides in their � forms
and rare earth fluorides. �-Ln2S3 sulfides are prepared from reactions involving pure
rare earth metal and sulfur, slowly heated in sealed quartz tubes at 400 ◦C during 24 h
and then at 700 ◦C for 24 h. Before use, these phases are heated under dynamical
vacuum for 3 h at 150 ◦C to remove traces of moisture. They should be kept under
an Ar atmosphere.

Fluorination Apparatus for Preparing Starting Rare Earth Fluorides Syn-
thesis methods for obtaining inorganic solid fluorides have been described in
several review articles, in particular by Grannec and Lozano [11]. A fluorina-
tion line designed to obtain metal fluorides, including rare earth fluorides, is
given in Figure 64.1.

Pure fluorine or 10% F2 diluted in N2 is stored in commercial cylinders.
The cylinder must be located in a well-ventilated, independent container and
all pieces of the apparatus must be built under hoods. Just next to the F2 gas
cylinders, a container is filled under 5 bars with the fluorinating gas, in order
the main fluorine source could be turned out for safety reasons during the
experiment. Any traces of HF are trapped by passage through a column filled
with NaF pellets. The reaction tube in the horizontal electrical furnace is made
of Ni or Monel. Mass flow controllers allow checking the amount of gas that
is passed during the experiment. Generally, the samples for fluorination are
placed in a Ni boat. The appropriate temperature is obtained by a resistance
that is wound around the horizontal Ni tube. It is controlled by a thermocouple
located inside a Ni sheath placed just under the sample. Unreacted fluorine is
destroyed in columns containing anhydrous alumina, calcium oxide, or soda
lime. Note that fluorination may be carried out either in a dynamic way or in a
static way in Ni reactors.

LaF3 is obtained by fluorination of lanthanum oxide (Rhodia 99.99%). The
oxide powder is placed in a nickel boat inside an electrical furnace. In a first
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FIGURE 64.1 Scheme of a fluorination apparatus using F2 gas. (For a color version of the
figure, please see color plates.)

step, the product is heated under a dynamic vacuum at 500 ◦C to remove traces
of water. The temperature is lowered to room temperature and F2 gas is then
introduced in the same furnace up to 1 bar pressure. In order not to have a strong
exothermic reaction, F2 gas is first introduced as 20% diluted in Ar. While the
temperature is increased up to 500 ◦C, F2 rate in Ar is concomitantly increased
up to pure F2 concentration. Fluorination for 10–12 h in pure F2 gas at 500 ◦C
is required to obtain LaF3.

In the case of Ce and Sm trifluorides, starting oxides CeO2 and Sm2O3 are
treated with NH4F·HF in HF solution (40% in water). The mixture is heated on
a sand bath in a Pt crucible at 150–200 ◦C. This step is repeated several times.
The powder is finally purified under an anhydrous HF stream for 5 h at 800 ◦C
to remove remaining traces of starting oxide and to obtain the pure trifluorides.

Chemicals F2 gas containers are commercialized by Comurhex Co.; rare earth
oxides La2O3, CeO2, and Sm2O3 (99.99%) are commercial products from
Rhodia Co.; and NH4F·HF and HF solution (40% in water) are commercial
products available in several chemicals companies. Anhydrous hydrogen fluo-
ride is commercialized by Praxair, Alfa Aesar, or other manufacturers.

Caution The synthesis of starting fluoro-materials requires the use of fluorinat-
ing substances such as F2 gas, anhydrous HF, and NH4HF2, which should be
used very cautiously because of their high reactivity and corrosive power. Con-
tact of F2 with any organic substance, grease, etc., may lead to uncontrolled
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chain reaction or explosion. The reaction of F-based products with the skin
may lead to burns very difficult to be confined. The handling procedures and
drastic precautions to be taken can be found in Reference 11. Eye protection
and protective gloves should be imperatively worn.

Experimental Procedure The final CeSF, SmSF, and LaSF fluorosulfides are
prepared by solid-state reaction following the equation: Ln2S3 + LnF3 → 3
LnSF. Both components are intimately mixed in a glove box under an inert
atmosphere. The ground mixture is then introduced in a carbon crucible that is
placed in a quartz tube. After being evacuated during 40 min, the quartz tube
is sealed and placed in an electric furnace. The LnSF compounds are obtained
after an annealing at 900 ◦C for several days. The purity of the final product is
determined using X-ray diffraction (XRD) patterns.

Route B: LaSF (via Gas–Solid Route)

It should be pointed out that, using the above solid-state method, it is rather difficult to
control the granulometry of the final products. In addition, such a way cannot be easily
adapted for industrial processes. For these reasons, sulfurization of oxyfluorinated
precursors has been proposed, which allows preparing rare earth fluorosulfides with
submicronic particle size from oxyfluorides or fluorocarbonates starting products [8].

Starting Ln-based compounds, LnOF and LnFCO3 (bastnaesite) (except Ce, be-
cause of the occurrence of the two oxidation states Ce4 + /Ce3 + ), can be prepared by
precipitating rare earth chlorides or nitrates at room temperature in acidic medium
with stoichiometric amounts of HF and NH4HCO3. The precipitates are annealed at
700 ◦C during 12 h under Ar to obtain pure LnOF and LnFCO3.

Sulfurization Apparatus The sulfurization of LnOF and LnFCO3 is carried out
in equipment illustrated in Figure 64.2.

Two gas lines (1) allow using either CS2 and/or H2S. Whereas H2S is a gas
at room temperature, CS2 is a liquid with a boiling point of 46 ◦C. Therefore, a
bath with controlled temperature (2) allows having a constant vapor pressure of
CS2 in the line. The ratios between the amounts of the two gases are controlled
by two mass-flow controllers (3). The starting F-based Ln compounds (either
LnOF or LnFCO3) are set in a boat inside an alumina tube (4), in a tubular
electrical furnace (5). The unreacted gases are neutralized in containers filled
with soda solution (6).

Chemicals Ln chlorides or nitrates, NH4HCO3, and HF solution (40% in water)
are commercial products available from several chemical companies. H2S is
commercialized by ALPHAGAZ and CS2 by Alfa Aesar.

Caution See above, for handling fluorine-based products. When inhaled, both
CS2 and H2S are poisonous gases, the latter causing lethal accidents. All the
experiments involving fluorine-based chemicals, CS2, and H2S should be ma-
nipulated in specific laboratories in well-ventilated hoods. Eye protection and
protective gloves should be imperatively worn.
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FIGURE 64.2 Sulfurization apparatus for preparing lanthanum fluorosulfide LaSF. (For a
color version of the figure, please see color plates.)

Experimental Procedure Fluorosulfides and oxyfluorosulfides are obtained by
annealing LnOF and LnFCO3 at 500 ◦C�t�700 ◦C under CS2/H2S gas mixture
(100:0, 30:70, 50:50, 70:30, 0:100 ratios), depending on the F/O and (F + O)/S
anionic ratio to be reached. CS2 is a liquid (vapor pressure of 350 Torr at 25 ◦C),
whereas H2S is a gas phase at room temperature. CS2 liquid is slowly heated at
85 ◦C to reach a sufficient sulfur partial pressure. The sulfur partial pressure is
higher for CS2 at �700 ◦C. Above 700 ◦C, the sulfur partial pressure is higher
for H2S and the conditions become more reductive with a competition between
hydrogen and sulfur gases. LaSF compound with small crystallite sizes (� =
50 nm) is obtained by treating LaOF at 500 ◦C in the tubular electrical furnace
under pure CS2 during 12 h. The phase is also synthesized under H2S steam
diluted in Ar for 12 h at 600 ◦C.

It should be noted that the XRD patterns of LaSF prepared using the gas–
solid routes with H2S or CS2 exhibit a line widening, associated with an increase
of the background. The lower crystallinity and smaller particle size of the final
products can be related to lower reaction temperature at which the sulfurization
takes place. These results are illustrated in Figure 64.3. The particle size is
around 3 �m for the solid-state method, whereas it is submicronic for the
gaseous sulfurization route.

Route C: Preparation of Complex Fluorosulfides and
Oxyfluorosulfides Ln2AF4S2, Ln3OF3S2, La2O1.5FS, and Ln4O2F2S3

(via Solid-State Syntheses)

Apparatuses The experimental procedures are similar to those presented in
Section 64.1: starting rare earth fluorides are prepared by fluorinating oxide
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FIGURE 64.3 Comparison of scanning electron microscope photos of LaSF prepared via
two different syntheses (solid-state and sulfurization routes).

precursors as stated earlier and rare earth sulfides by sulfurization of pure rare
earth metals (see earlier).

Chemicals Alkaline earth fluorides are generally commercial products
(�99.9%). They are dehydrated from water traces at 150 ◦C in dy-
namical vacuum for 4 h before any experiments and stored under Ar
atmosphere.

Caution See earlier, for handling fluorine-based products. Eye protection and
protective gloves should be imperatively worn.

Experimental Procedure Ln2AF4S2 phases with A = Ca and Sr are obtained
by mixing rare earth sulfides, rare earth fluorides, and alkaline earth fluo-
rides in a glove box, following the reaction: 2/3Ln2S3 + 2/3LnF3 + AF2

→ Ln2AF4S2. The components are intimately mixed in a glove box and in-
troduced in a Pt tube that is placed in a quartz tube. After being evacuated
during 40 min, the quartz tube is sealed and placed in an electric furnace.
The thermal process is the following: temperature increasing rate: 1 ◦C/min
up to 1100 ◦C; this temperature is maintained for 24 h and the system is then
cooled down to room temperature at 2.5 ◦C/min. To get a good homogeneity,
the powder is ground in a glove box and the heating process is repeated one
or even two times. The purity of the final product is determined using XRD
patterns.

Rare earth oxyfluorosulfides Ln3OF3S2, La2O1.5FS, and Ln4O2F2S3 (Ln =
La, Ce) are obtained by mixing the corresponding rare earth sulfides, oxides,
and fluorides in a glove box, following the reactions:

2

3
Ln2S3 + LnF3 + 1

3
Ln2O3 → Ln3OF3S2
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TABLE 64.1 Sintering Procedure for Obtaining Complex Rare Earth Fluorosulfides
and Oxyfluorosulfides (Solid-State Route)

(Oxy)fluorosulfides
T increasing rate,

◦C/min Reaction duration
T cooling rate,

◦C/min

Ln2AF4S2 1 24 h at 1100 ◦C 2.5
Ln3OF3S2 1 24 h at 1200 ◦C 2.5
La2O1.5FS 1 24 h at 900 ◦C 2.5
Ln4O2F2S3 1 48 h at 1250 ◦C 2.5

1

3
Ln2S3 + 1

3
LnF3 + 1

2
Ln2O3 → Ln2O1.5FS

Ln2S3 + 2

3
LnF3 + 2

3
Ln2O3 → Ln4O2F2S3

The synthesis conditions are similar to those described for Ln2AF4S2 earlier
and the thermal processes are grouped in Table 64.1.

Additional annealing can be carried out depending on the purity of the final
phases. Note that single crystals of Ln3OF3S2 (Ln = La, Ce) for structural
determination purpose can be grown through the following procedure: the
thoroughly ground mixture was heated up to 1200 ◦C at a 15 ◦C/h speed and
slowly cooled down to room temperature (5 ◦C/h).

64.2 ANALYTICAL AND PHYSICAL–CHEMICAL
CHARACTERIZATIONS OF RARE EARTH FLUOROSULFIDES AND
OXYFLUOROSULFIDES (A, B, AND C ROUTES)

The amount of fluorine and sulfur in the compounds was determined by chemi-
cal analysis. For fluorine determination, the samples were dissolved in a flux of
CaCO3/K2CO3 at 840 ◦C and the amount of the fluorine measured using a LaF3

specific electrode. For sulfur determination, the samples were heated at 1300 ◦C in
air to ensure the formation of SO2. The quantity of SO2 was measured by infrared
spectroscopy taking into account absorption bands associated with S–O vibrations
at 1360 and 1151 cm−1, and their integrated areas were compared with references.
Particles size and distribution of these phases prepared via solid-state reactions are
quite identical, that is, around 5–10 �m.

The absence of impurities was controlled by powder XRD (Philips PW 1050,
CuK� radiation, in Bragg–Brentano geometry). The Rietveld method was used for
structure refinement of powder XRD data using a pseudo-Voigt profile function.
When single crystals were obtained, as in the case of Ln2CaF4S2 or Ce3OF3S2,
intensity data were collected on an Enraf-Nonius CAD-4 form circle diffractome-
ter, using graphite monochromated Mo-K� radiation. Weissenberg and precession
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photographs of Ce3OF3S2 single crystal showed an orthorhombic Pnnm symmetry.
Neutron diffraction patterns of La2O1.5FS were obtained on the D1B diffractometer
of the Institut Laue-Langevin (ILL) at Grenoble, France. Whereas La2O1.5FS crys-
tallizes with hexagonal symmetry in the P-3m1 space group (a = 4.111(7) Å, c =
6.917(9) Å), La3OF3S2 adopts the orthorhombic Pnnm space group (a = 5.804(2)
Å, b = 5.784(2) Å, c = 19.482(5) Å). Diffuse reflectance spectra were recorded on a
Cary 17 spectrophotometer in the visible region [5–8].

64.3 PROPERTIES/APPLICATIONS

LnSF phases crystallize in the P4/nmm space group related to the PbFCl-type structure
(LaSF: a = 4.0398(3) Å, c = 6.9697(6) Å). The structures of �-LnSF and Ln2AF4S2

(A = Ca, Sr) fluorosulfides can be considered as formed of stacking of various
sheets of rare earth or alkaline earth, fluorine, and sulfur. The rare earth and fluorine
atoms form [Ln2F2]4 + or [Ln2AF4]4 + fluorite-type blocks, which alternate with
double [S2]4− layers along the c-axis. Ln3OF3S2 (Ln = La, Ce) and La2O1.5FS
oxyfluorosulfides are also related to �-LnSF and Ln2O2S networks.

Within the LnSF family, SmSF and CeSF powders exhibit strong yellow and red
color (Figure 64.4), with absorption edges at 490 and 597 nm, respectively.

These materials have been proposed as industrial inorganic pigments [12]. The
chromatic properties have been correlated to the structural features [6–8]. The in-
volved electronic transitions, except Ce (4f → 5d), are the result of charge transfer
mechanisms from sulfur 3p band to rare earth (4f, 5d) bands [13]. In La-based flu-
orosulfides and oxyfluorosulfides, the absorption threshold has been correlated with
the structural features. It has been deduced that the value of the absorption edge
increases with the number of sulfur atoms surrounding the rare earth. For compounds
with double sulfur layers, that is, LaSF, La2CaF4S2, and La3OF3S2, the absorption

FIGURE 64.4 Inorganic pigments SmSF and CeSF with yellow and red color, respectively.
(For a color version of the figure, please see color plates.)
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FIGURE 64.5 Diffuse reflectance spectra of LaSF, La2CaF4S2, La3OF3S2, La2O2S, and
La2O1.5FS.

takes place in the 380–440 nm range and some of these materials can be used as UV
absorbers (Figure 64.5).
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CHAPTER 65

Preparation of Carbon–Fluorine
Compounds and Fluoride or Oxide
Fluoride-Intercalated Graphites

TSUYOSHI NAKAJIMA

Fluorination of carbon materials by elemental fluorine (F2) yields several types of
compounds depending on reaction temperatures and crystallinity of carbon materi-
als. Fluorination of high-crystallinity graphite such as natural graphite between 350
and 600 ◦C gives graphite fluorides, (CF)n, (C2F)n, or their mixtures [1, 2]. Graphite
fluorides have covalent C–F bonds, i.e. puckered carbon layers with hybridized sp3

orbital. The (C2F)n-type graphite fluoride is prepared by the fluorination of graphite
between 350 and 400 ◦C, and (CF)n is prepared between 550 and 600 ◦C. In the
intermediate temperatures, mixtures of (CF)n and (C2F)n are obtained. Therefore,
chemical composition successively changes depending on the fluorinated products.
Low-crystallinity carbons such as petroleum cokes are often used for the preparation
of graphite fluoride. Fluorination of petroleum coke gives only (CF)n-type graphite
fluoride between 350 and 550 ◦C. However, those graphitized between 2600 and
2800 ◦C yield (C2F)n between 350 and 400 ◦C. Fluorination of graphite at temper-
atures below ca. 100 ◦C gives fluorine-graphite intercalation compound, CxF, in the
presence of a Lewis acid such as HF. The CxF yields stage structures according to the
degree of fluorination as conventional graphite intercalation compounds. It maintains
planar carbon layers with sp2 orbital, i.e. has ionic bonding except highly fluorinated
stage 1 compound which partly contains puckered carbon layers with sp3 bonds. Flu-
orination rate of graphite is low between 100 and 300 ◦C, where only surface regions
of graphite are fluorinated. At temperatures higher than 600 ◦C, main products are
fluorocarbon gases such as CF4 and C2F6. Fluoride or oxide fluoride-graphite inter-
calation compounds are conveniently synthesized using F2 gas and simple substances
or oxides in the same manner. High-crystallinity graphite such as natural graphite
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and highly oriented pyrolytic graphite (HOPG) are normally used as host materials.
Chemical bonds between host graphite and guest species are ionic, showing higher
electrical conductivities than that of host graphite.

65.1 PREPARATION OF GRAPHITE FLUORIDES, (CF)n AND (C2F)n

Apparatus Fluorination apparatus with fluorine cylinder, pressure gauge for
F2, nickel reactor, electric furnace, stainless-steel column containing porous
activated alumina to consume unreacted F2, rotary pump (see Figure 65.1)
[1, 2].

Caution Pure nickel without welding should be used for the reactor because
fluorination of graphite by F2 is made at high temperatures between 350 and
600 ◦C. Stainless steel is used for flange of the reactor and fluorination line.
Copper pipe can be also used for fluorination line. A special pressure gauge for
F2 gas should be used. Aluminum metal packing is used for the connection of
fluorine cylinder with pressure gauge [1, 2].

Chemicals F2 cylinder, carbon materials such as natural graphite flake or powder
and petroleum cokes.

(CF)n is prepared from both high- and low-crystallinity carbon materials.
However, high-crystallinity natural or synthetic graphite should be used for the
preparation of (C2F)n.

Experimental Procedure A batch-type reaction is normally adopted to prepare
a small amount of graphite fluoride on a laboratory scale [1, 2]. F2 gas flow
method is also possible. A nickel boat containing a carbon material (�300 mg)
is placed in a nickel reactor and then the reactor is evacuated by a rotary
pump for 12 h. Temperature of the reactor is gradually raised and adjusted at a
fluorination temperature under vacuum. After that, F2 gas is slowly introduced
into the reactor (∼1.0 × 105 Pa). Graphite is allowed to react with F2 for

FIGURE 65.1 An example of a fluorination apparatus. 1. Ni boat. 2. Ni reactor. 3. Electric
furnace. 4. Thermocouple. 5. Temperature controller. 6. F2 cylinder. 7. HF absorber (NaF
pellets heated at ca. 120 ◦C). 8. Buffer tank. 10. N2 cylinder. 11. Activated alumina column.
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1–10 days. Preparation of (C2F)n needs 1 week to 10 days because the reaction
temperature is limited between 350 and 400 ◦C. With increasing fluorination
temperature, the duration of the fluorination is shortened. After the fluorination
is completed, residual F2 is allowed to react with porous activated alumina by
slow evacuation using a rotary pump. F2 easily reacts with activated alumina
at room temperature. Since this reaction is highly exothermic, we can find
which part of an activated alumina column is reacting with F2 by touching
the alumina column. When F2 flow method is taken, F2 flow rate should be
low to avoid the rapid increase in temperature of activated alumina column.
Unreacted F2 is completely removed by the reaction with activated alumina at
room temperature.

Characterization Data for (CF)n Color: gray∼white; chemical composition:
F/C ≈ 1.0; X-ray diffraction: d001 ≈0.6 nm; IR absorption: 1220 cm−1 (vs),
1350 cm−1 (w), 1075 cm−1 (w), 940 cm−1 (vw); XPS: C1s: 290 eV (C–F
bond), F1s: 689–690 eV [1, 2].

Characterization Data for (C2F)n Color: black, chemical composition: F/C
≈0.6; X-ray diffraction: d001 ≈0.9 nm; IR absorption: 1220 cm−1 (vs),
1350 cm−1 (s), 940 cm−1 (m); XPS: C1s: 288 eV (C–C bond), 290 eV (C–F
bond), F1s: 689–690 eV [1, 2].

The color of graphite fluoride changes from black, gray to white, and F/C
ratio continuously increases from ≈0.6 to ≈1.0 with increasing fluorination
temperature. Thin (CF)n layers are formed in the surface disordered region
of graphite particle when (C2F)n is prepared. Therefore, the lowest F/C
value of (C2F)n is approximately 0.6. The F/C of (C2F)n prepared from
graphitized petroleum coke is ≈0.7 because such synthetic graphite has the
lower crystallinity than natural graphite. The d001 of (CF)n prepared from a
low-crystallinity carbon, for example, petroleum coke, is ≈0.7 nm larger than
≈0.6 nm.

Caution The reaction of a carbon material with F2 is highly exothermic. Fluori-
nation of more than 1 g of carbon should be carefully performed because rapid
increase in local temperature often causes explosion. It is also difficult to fluo-
rinate a low-crystallinity carbon such as activated carbon with a large surface
area by F2 of 1 × 105 Pa even at room temperature. Under such condition,
activated carbon vigorously reacts with F2, yielding fluorocarbon gases such as
CF4 and C2F6. It is necessary to use F2/Ar mixture with low F2 partial pressure
(�5 × 104 Pa) for the fluorination of low-crystallinity carbons.

Application Graphite fluorides are hydrophobic materials due to their covalent
C–F bonds, being stable under usual environment. However, electrochemical
reduction of graphite fluorides easily takes place in organic electrolyte solution.
The most important application of (CF)n is the use as cathode material of
primary Li battery. Li/(CF)n battery shows excellent properties such as high
voltages, high energy densities, long shelf life, high thermal stability, good pulse
discharge characteristics, and so on (see Figure 65.2) [2]. Graphite fluorides
are also applied to solid lubricant and water repellent.
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FIGURE 65.2 Discharge curves of Li/(CF)n battery (BR-C type).

65.2 PREPARATION OF FLUORINE–GRAPHITE INTERCALATION
COMPOUND, CxF

Apparatus (1) Lewis acids such as HF are often used as catalysts for fluorine
intercalation into graphite, which occurs at temperatures below ca. 100 ◦C.
Preparation of CxF is normally accomplished at room temperature. When a
mixture of a Lewis acid such as HF and F2 gas or only F2 gas is used for
fluorination of graphite, the apparatus shown in Figure 65.1 can be employed
[3–5].

(2) When fluorine intercalation is made in anhydrous liquid HF (aHF), fluoro-
polymer such as Teflon perfluroroalkoxy (PFA) tube is used for fluorination line
and reactor. Since the boiling point of HF is 19.5 ◦C, fluorination is performed
at temperatures lower than the boiling point of HF, very often between 0 and
19 ◦C. Figure 65.3 shows an example of fluorination line for using aHF [6–8].

Chemicals High-purity F2 cylinder, carbon materials such as natural graphite
flake or powder, HOPG, high-oxidation-state-complex fluorides such as K2NiF6

and KAgF4, MoF6 and SbF5 cylinders, Sb, W, and Ag powder.
aHF is purified by bubbling high-purity F2 gas through it. High-oxidation-

state-complex fluorides such as K2NiF6 and KAgF4 are used for purification
of aHF and/or as oxidizer for graphite. Lewis acids such as MoF6 and SbF5 are
sometimes used as initiators of fluorine intercalation in graphite for opening
the edge of graphite (oxidizer for graphite).

Experimental Procedure (1) When only F2 gas or a mixture of F2 and HF is
used for fluorination of graphite, the apparatus shown in Figure 65.1 can be
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FIGURE 65.3 An example of fluorination apparatus using aHF. 1. Reaction tube (Teflon
PFA). 2. MoF6 or SbF5 cylinder. 3. F2 cylinder. 4. F2 buffer tank. 5. Ar cylinder. 6. HF cylinder.
7. Distillation tube (Teflon PFA). 8. Pressure gauge. 9. Ribbon heater. 10. Activated alumina
column.

used. Only F2 gas is often employed because F2 yields a trace of HF by the
reaction with adsorbed moisture in a nickel reactor. A nickel boat containing
graphite (�300 mg) is placed in a nickel reactor and then the reactor is evacuated
by a rotary pump for 12 h. Next day, F2 gas or F2 and HF are slowly introduced
into the reactor (∼1.0 × 105 Pa). Graphite is allowed to react with F2 for 1–
10 days. CxF samples (x: 2.0–8.0) with stages 1–3 or mixed stages are usually
obtained [3, 5].

(2) Another method of CxF preparation is to add a trace of Sb or W (�10 mg)
to graphite sample when graphite is fluorinated by F2. Sb or W easily gives
SbF5 or WF6 as an oxidizer for graphite, respectively, by fluorination at 150–
200 ◦C. After Sb or W is fluorinated to SbF5 or WF6, the reactor is cooled
down to room temperature to facilitate fluorine intercalation into graphite. The
apparatus shown in Figure 65.1 is used for this method [3, 5].

(3) CxF is also prepared under highly purified condition without HF using the
apparatus shown in Figure 65.1. Graphite is placed in a nickel boat closely with
Ag powder. Nickel reactor is purified at 200 ◦C by repeating the introduction of
high-purity F2 gas (HF: �0.01%) and evacuation by rotary and diffusion pumps.
After confirmation of no IR absorption by HF at 3800–4000 cm−1, graphite
is allowed to react with F2 for 5∼34 days. Metallic Ag powder is fluorinated
by F2, giving AgF2 as an oxidizer for graphite. Weak X-ray diffraction peaks
indicating AgF2 are detected with those for CxF [4].

(4) When aHF is used as a reaction medium, fluorination line made by Teflon
PFA tube is used. Figure 65.3 shows an example of fluorination apparatus.
The aHF is transferred from HF cylinder (6 in Figure 65.3) to Teflon PFA tube
(7 in Figure 65.3) using liquid N2 bath. A trace of water in HF is removed by
bubbling high-purity F2 gas through it for 6–12 h. The PFA tube (7) is cooled
by ice bath during F2 bubbling. Graphite powder (50–150 mg) is placed in
the PFA tube (1 in Figure 65.3), followed by pumping. The purified aHF is
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then transferred from PFA tube (7) to PFA tube (1). To facilitate the fluorine
intercalation, a trace of MoF6 or SbF5 as an oxidizer for graphite is sometimes
added. F2 gas is bubbled into PFA tube (1) from F2 buffer tank (4 in Figure 65.3)
for several days, keeping the temperature of PFA tube (1) at 8–25 ◦C. During the
fluorination, aHF is gradually removed from PFA tube (1). Unreacted F2 and
HF are allowed to react with activated alumina. CxF samples (x: 2.0–2.4) are
obtained by this procedure [6]. To synthesize more highly fluorinated graphite,
K2NiF6 or KAgF4 is added to PFA tube (1). In this case, solid product NiF2(s)
or AgF2(s) is mixed with CxF sample. These solid fluorides are separated by
the following reactions: 2AsF5 + NiF2(s) → Ni(AsF6)2 (soluble in aHF) and
2AsF5 + AgF2(s) → Ag(AsF6)2 (soluble in aHF). Highly fluorinated CxF
samples (x: 1.2–2.3) with stage 1 structure are obtained by this method. A
trace of HF is usually contained in the products. It is removed by pumping
at room temperature or slightly higher temperature than room temperature
[7, 8].

Characterization Data color: black, X-ray diffraction: Ic (repeat distance along
c-axis): ∼0.6 nm (stage 1); Ic: 0.94 nm (stage 2); Ic: 1.28 nm (stage 3); IR
absorption: 1084–1134 cm−1 (vs) (C–F bond vibration), 1196–1230 cm−1

(s) (C–F bond vibration), 1250–1257 cm−1 (s) (C–C bond vibration), 1523–
1575 cm−1 (vs) (C–C bond vibration, A2u); XPS: C1s: 284–285 eV (C–C
bond), 287–288 eV (C–F bond), and F1s: 687 eV for CxF (x: 2.0–7.0), C1s:
287–288 eV (C–C bond), 290–292 eV (C–F bond), 294 eV (CF2 bond), and
F1s: 689–691 eV for CxF (x: �2.0) [3–8].

Caution Handling of aHF should be carefully done since the boiling point of
HF is 19.5 ◦C close to room temperature with the consequence that vapor
pressure of HF is always high. During experiment, cooling of aHF by ice bath
is necessary to reduce its high vapor pressure.

Application C–F bond of CxF changes from ionic to covalent with increasing
fluorine content, i.e. with decreasing stage number. Electrical conductivity of
stage 1 CxF is similar to or lower than that of host graphite because stage 1
compound has covalent C–F bonds. However, stage 2 or higher stage com-
pounds than stage 2 have nearly ionic C–F bonds. Electrical conductivity is
much higher than that of host graphite because a large number of positive holes
is created in graphene layers by charge transfer. CxF can be used as an additive
for (CF)n cathode of primary lithium battery because (CF)n is an electric insu-
lator, having a high resistance at the beginning of discharge. Electro-conductive
CxF facilitates the discharge of (CF)n cathode because of its higher discharge
potential than that of (CF)n.

65.3 PREPARATION OF FLUORIDE- AND OXIDE
FLUORIDE-GRAPHITE INTERCALATION COMPOUNDS

Apparatus The same apparatus as shown in Figure 65.1 is used for the prepa-
ration of fluoride or oxide fluoride-graphite intercalation compounds.
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Chemicals F2 cylinder, simple substances such as Ti, V, Nb, Ta, Mo, W, As, Sb,
I, oxides such as V2O5, WO3, carbon materials such as natural graphite flake
or powder, HOPG [9–13].

Experimental Procedure Nickel boats separately containing graphite and pow-
der of simple substance or oxide are placed in a nickel reactor. Temperature
of the reactor is raised to a temperature between 160 and 310 ◦C under vac-
uum. After 6 h, F2 gas is introduced into the reactor at the same temperature.
Simple substance or oxide is fluorinated by F2, yielding fluoride such as TiF4,
VF5, NbF5, or oxide fluoride such as VOF3, WOF4, WO2F2. Fluorination of
simple substance or oxide by F2 is exothermic reaction, easily giving corre-
sponding fluoride or oxide fluoride. Fluoride or oxide fluoride is intercalated
into graphite with fluorine at the same temperature between 160 and 310 ◦C.
Handling of volatile fluorides is normally difficult because most of them are
hygroscopic. If F2 gas is employed, preparation of fluoride or oxide fluoride-
graphite intercalation compounds is easily made by using simple substance or
oxide [9–13].

Characterization Data color: deep blue; X-ray diffraction: Ic (repeat distance
along c-axis): 0.82–0.83 nm (stage 1), Ic: 1.14–1.17 nm (stage 2), Ic: 1.49–
1.51 nm (stage 3) [9–13].

Caution Chemical bond between intercalated fluoride or oxide fluoride and host
graphite is ionic. Some intercalation compounds are hygroscopic, which are
unstable in air.

Application Fluoride or oxide fluoride-graphite intercalation compounds have
much higher electrical conductivities than host graphite because positive holes
are created in graphene layers by electron transfer from graphite to intercalated
fluoride or oxide fluoride. Figure 65.4 shows electrical conductivities of CxTiF5

[9]. Potential application is materials for shielding of electromagnetic wave.

FIGURE 65.4 Electrical conductivities of CxTiF5 prepared from HOPG.
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CHAPTER 66

Safe Synthesis of Superstoichiometric
Mesoporous Fluorocarbons

VALENTIN N. MITKIN

Over the last 40 years it had been a challenging task for creating a new generation
of chemical current sources (CCSs) with optimal characteristics. New CCSs should
operate not below 3 V, they should have specific electric capacity, and energy not
below 250 Ah and 700 Wh per kg of current cell, small weight, and the compactness
combined with inherent reliability and working capacity under arctic and tropical
conditions. Moreover, they should exhibit small self-discharge and a long-term op-
eration without maintenance and optimal safety. This task has been solved at the
end of the seventies by the technical development and marketing issues of several
electrochemical systems based on lithium anode.

As can be seen from Table 66.1 , the leading systems are Li cells with the electro-
chemical system “Li–CFx” [1, 2]. The current forming reaction is mainly due to the
high C–F bond energy (sp3–C–F ∼ 480 kJ·mol−1) given in reaction 66.1.

xLi(solid) + CFx(solid) → xLiF(solid) + C(solid) (66.1)

From reaction 66.1 and Table 66.1 it follows that one of the most perspective direc-
tions on the development are fluorocarbon materials and lithium metal for chemical
power generation with new superstoichiometric fluorocarbons of composition CF1 + x

(x ≥ 0). Moreover, it is important to develop safe synthetic methods without explo-
sion during the fluorination of CF1 + x materials [2]. As an interesting precursor a new
mesoporous carbon material was used (called sibunite; Figure 66.1) [3]. Fluorination
of sibunite carbon material allowed to prepare a new generation of superstoichiomet-
ric fluorocarbons (fluorosibunites) under mild conditions with the atomic ratio of C :
F 1.18–1.33 [4].
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TABLE 66.1 Main Characteristics of Electrochemical Systems
Based on Lithium Anode

Voltage, V

Electrochemical
system

Open circuit
voltage

Nominal
exploitation

Specific
capacity of

cathode,
Ah/kg

Theoretical
energy of
cathode,
Wh/kg

Maximal
current
density,
mA/cm2

Li–F2 6.05 Non-realized 1413 6254 Non-realized
Li–O2 2.90 Non-realized 1678 5900 Non-realized
Li–Sa 2.52 2.2–2.4 1167 2560–2800 10–100
Li-(CF1.0)n

b 3.20 2.4–2.7 861 2000–2320 0.1–0.2
Li–(C2F)n

b 3.25 2.9–3.1 624 1800–1930 0.5–1.0
Li–SOCl2 3.61 2.9–3.3 605 1750–2000 2–5
Li–MnO2 3.69 2.5–2.8 309 770–862 0.5–2.0
Li–SO2 2.95 2.2–2.7 420 900–1100 2–5
Li–FeS2 2.85 1.2–1.4 895 1075–1250 0.01–0.05
Li–CuO 2.24 1.2–1.4 575 1288 0.1–0.2

a High-temperature system.
b “Matsushita Electric Co” (Panasonic).

FIGURE 66.1 Scheme of mesoporous carbon material of sibunite preparation.
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66.1 GASEOUS FLUOROXIDANTS

Fluorine gas was produced in a steel F-cell supplied with a nickel anode on a large
laboratory scale. The range of current was 0–100 A with productivity of up to 70 g
of F2 per hour. As an electrolyte KF∗nHF (n = 1.83–1.95) has been used. The purity
of HF was better than 99.97 wt%. Electrolysis was working at a current of 10–80
A and working temperature of 85–115 ◦C. Anode gas fluorine was passed through
traps with tablets of sodium fluoride at 100–130 ◦C for elimination of HF. Chlorine
trifluoride was obtained from the Siberian Group of Chemical Enterprises (Seversk,
Tomsk). Content of ClF3 in this commercial product was better than 98 wt%.

66.2 INITIAL CARBON MATERIALS FOR PREPARATION OF
SUPERSTOICHIOMETRIC FLUOROCARBONS

A series of mesoporous carbon materials (sibunites M-19, M-36, M-85P) were pro-
duced by Omsk Institute of Hydrocarbon Processing SB RAS, according to the
technical specification TU 38 41538-94 [3] and main scheme of Figure 66.1. For
the synthesis of CF1 + x, various sibunite fractions with particle sizes that range from
�40 to 2000 �m were used. A series of sibunites have a specific surface area of
100–600 m2/g (method BET, N2), a density of 2.01–2.11 g/cm3, a bulk density of
0.61–0.81 g/cm3, and a volume of free pores of 57–69 rel%. The content of absorbed
H2O was 0.45–0.60 wt%. Carbon in sibunite series was found to be 98.8–99.1 wt%
and H was 0.05–0.12 wt%. The total amount of impurities was detected by atomic
emission spectral analysis as 120 to 340 ppm (Fe, Si, Al, Ca, Mg, Ni, Mn, etc.). Oxy-
gen content was calculated as 0.44–1.03 wt% as difference [100% − C − H − H2O
−∑

impurities]. Sizes of carbon nanoblocks in sibunite particles, determined as co-
herent diffraction area on 002 and 004 XRD peaks, were found to be about ∼25–45 Å.
Main interlayer distances measured from 002 XRD peak were 3.49–3.52 Å.

From data of Figure 66.1 it follows that all sibunites have a mesoporous architec-
ture, where the volume of mesopores reaches 60–70 rel% of the total porosity. The
macro- and microstructure units of sibunite are the hollow shells with diameters of
500–2000 Å and thicknesses of the shell layers of 50–500 Å. These shells are formed
by graphite-like blocks whose sizes are in the range of 50–100 Å. The structure of
sibunite with its high specific area and high porosity of carbon particles provides the
right carbon material for effective removal of the heat (Qr) during the fluorination
process by taking off gaseous products during reaction 66.2.

(1 + y)C+
(solid)[0.5 (1 + x) + 2y]F2 (gas) → CF1+x(solid) + y CF4 (gas) + Qr (66.2)

66.3 LABORATORY SYNTHESES OF THE SUPERSTOICHIOMETRIC
MESOPOROUS FLUOROCARBONS

Syntheses of CF1 + x were accomplished in two basic types of laboratory Monel
reactors, which are shown in Figure 66.2. The horizontal reactor MIG-1 had a volume
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FIGURE 66.2 Laboratory pilot installation for studies and preparation of superstoichiomet-
ric fluorocarbon materials.

of 350 mL that allowed a maximum loading of carbon material of 6–8 g. The vertical
reactor MIG-3 had a volume of 1800 mL that allowed a fluorination of a maximum
loading of 10–12 g of carbon. Additional advantage of the vertical reactor was the
possibility to see the progress of the reaction through a transparent sapphire window
in the shell of MIG-3 reactor.

The process of fluorination in the horizontal reactor MIG-1 was conducted in
nickel or vitrous carbon (glassy carbon) boats. The fluorination in the vertical reactor
was done on a fixed nickel net supported by a nickel framework holder (diameter
120 mm), where a thin layer (0.8–2.0 mm) of the carbon material was placed. The
working gas was passed through the carbon layer instead of flowing over as in a
horizontal reactor.

Data on experimental conditions for CF1 + x syntheses of the horizontal and vertical
reactors are shown in Tables 66.2 and 66.3. These data indicate that fluorination of
sibunites leads mainly to the formation of white powders of composition CF1.18-1.33,
and this is accompanied by partial loss of the initial carbon through the formation of
gaseous products. Thus, this loss decreases using F2 or ClF3 diluted with an inert gas
(He, Ar, N2).

It was noted that in the horizontal reactor MIG-1 in almost all cases (270–280 ◦C)
there was a substantial loss of carbon materials, and yields of targeted fluorocarbon
seldom exceeded 50%.

The experiments with lower temperatures (250–260 ◦C) resulted in less volatile
products (10–15%), although the product formation was less favorable.
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The process conducted in the vertical reactor MIG-3 is more favorable and there-
fore the preparation of relatively large amounts of fluorinated carbon materials (up to
18 g in one load) and a yield of about 75% was obtained according to Equation 66.3.

4C+
(solid)4F2(gas) → 3 CF1.33(solid) + CF4(gas) (66.3)

From the highlighted data it follows that both in isothermal (Table 66.2) and
in polythermal (Table 66.3) modes of fluorination it is possible to have process
optimum in a temperature range of 300–350 ◦C. When the fluorination processes
are carried out using non-diluted fluorine, the reaction of thin powdered sibunites
became uncontrollable in some “temperature–time ranges” (variable for each type
of sibunite), which often led to ignition and practically full burning of the carbon
powder owing to the sharp starting initiation process.

In case of diluted fluorine gas the reactions (entry 2–3) proceed smoother. The
yield and properties of the obtained CF1 + x poorly depend on the F2 partial pressure
in the studied range of F2 to inert gas of 1:3 to 1:10. However, the reaction increases
with a big excess of fluorine, although in the temperature range of 200–250 ◦C the
reaction proceeds slowly and only the surface of the carbon species is fluorinated.

On the basis of the analysis of obtained data on fluorination of sibunite materials
in a vertical reactor it has been possible to select optimal synthetic conditions for any
initial carbon material. In most of the cases the synthesis of CF1 + x can be finished
within 17–20 g/h/dm2, which allows to enter into safe non-explosion reaction of
about 7–10 g/dm2 of sibunite materials. Moreover, the system is ready for operation
after heating for 60–80 min and with the appropriate mixture of a stream of fluorine
and inert gas.

66.4 BRIEF DESCRIPTION OF PHYSICAL-CHEMICAL PROPERTIES
FOR MESOPOROUS FLUOROCARBON MATERIALS CF1 + x

All properties of the superstoichiometric fluorocarbon materials and their physical-
chemical characteristics have been well described in the technical specification [5]
and previous publications [6–9]. The texture of CF1 + x is identical to initial sibunite.
Usually CF1 + x samples have a specific surface area of 280–600 m2/g (method BET,
N2), a density of 2.57–2.67 g/cm3, a bulk density of 0.85–0.95 g/cm3, a volume of
free pores 57–69 rel%, where 60–70 rel% are mesopores.

The content of absorbed H2O usually does not exceed 0.05–0.08 wt%. Chemical
formula is usually CF1.14-1.33. Total amount of impurities, detected by atomic emission
spectral analysis, do not exceed 500 ppm (Fe, Si, Al, Ca, Mg, Ni, Mn, etc.). The sizes
of fluorocarbon nanoblocks in CF1.14-1.33 particles were determined as CDA on 001
and 003 XRD peaks and analyzed to be about ∼20–25 Å. The main interlayer
distances were measured on 002 XRD peaks of 6.5–6.9 Å [4,7]. The characteristic
electron micrographs for laboratory samples of CF1.33 and its structure are shown in
Figure 66.3. The most characteristic bands in the Fourier transform infrared spectra
for CF1 + x samples are strong bands between 1200 and 1230 cm−1 (sp3–C–F bonds
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FIGURE 66.3 Image of microparticle surface and assumed structure for CF1.33 [7,8]. (For a
color version of the figure, please see color plates.)

in C–F groups), and also strong asymmetric vibrations of sp3–C–F bonds in CF2

groups between 1320 and 1340 wave numbers [4,6].
Independent tests of the superstoichiometric fluorocarbons as cathode materials

were carried out in BR-2325 Li cells [8,9] and these data are given in Table 66.4, and
compared with those results of comparative tests of common industrial CFx materials
in the same Li cells. Results of these tests indicate that CF1 + x-based cathodes have a
specific capacity in a range of 580–680 mAh/g (30–50% higher compared to the best
analogs), and the current discharge density is 10–30 times better than market analogs
with long shelf-life of up to 25 years.

TABLE 66.4 Characteristics of CF1 + x-Based Cathodes for Li Cells
of BR-2325 Coin Type [8, 9]

New Market
Technical properties BR-2325a BR-2325

Open circuit voltage, V
Short current, mA
Nominal capacity, mAh (warranted)
Nominal load, kΩ
Nominal voltage, V (dependent on load)
Maximal continual current to 2 V cutoff, mA
Maximal possible shelf-life, years
Warranted shelf-life, years

3.0–3.3
20–100
240
10-30
2.4–2.9
0.2
15–25
5–7

3.0–3.3
10–50
160
30–100
2.4–2.7
0.03–0.1
10
5

Material of cathode Novel
CF1.25

Market
CF0.92-0.98

Theoretical capacity of real cathode, mAh/g
Specific capacity at 0.5 mA/cm2, mAh/g
Specific capacity at 0.125 mA/cm2, mAh/g
Specific capacity at 0.03 mA/cm2, mAh/g

798
644
650
680

680
446
511
535

a BR-2325—Type size according to the International Classification; BR is “CFx–Li” system; 23—diameter
of cell in millimeter; 25—thickness of cell is 2.5 mm.
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CHAPTER 67

Preparation of Fluorinated �-Alumina

ERHARD KEMNITZ, TOMAŽ SKAPIN, AND JOHN M. WINFIELD

The importance of the high-surface-area oxides, chromia or � -alumina, as heteroge-
neous catalysts or catalyst supports is well established in large-scale preparations of
carbon–halogen compounds. Where anhydrous HF is used as the fluorinating agent
(usually under flow conditions) the oxide surfaces become fluorinated; therefore, the
active catalytic sites are in fluorinated or partially fluorinated environments. These
sites are highly acidic, having Lewis or Brønsted character depending on the syn-
thesis conditions. Both types of fluorinated oxide have been extensively investigated
under laboratory conditions to obtain fundamental information [1–4] but syntheses
of model fluorinated materials from the defect spinel, � -alumina, are rather better
defined than those from chromia. Work with the latter material is complicated by
the possibility of oxidation states of Cr � III and by an oxide precursor in which
long-range order is absent.

Fluorinated aluminas are often the model compounds of choice for laboratory
catalysts, catalytic support materials, or for solid acids, but it should be remembered
that in applications where fluorination and chlorination processes are both involved,
there is an important thermodynamic difference between chromia and alumina. The
enthalpy difference between fluorination and chlorination of Cr2O3 is small, whereas
fluorination of Al2O3 is enthalpically far more favorable than its chlorination. A wide
variety of fluorine-containing compounds can be used to achieve the fluorination of
an alumina surface under laboratory conditions, illustrated here with the fluorinating
agents, sulfur tetrafluoride, SF4 [5–9], and trifluoromethane, CHF3 [10,11]. The latter
reagent is preferred over other carbon halogen compounds in view of its availability
and the absence of Cl, which can complicate the resulting surface.

Efficient Preparations of Fluorine Compounds, First Edition. Edited by Herbert W. Roesky.
c© 2013 John Wiley & Sons, Inc. Published 2013 by John Wiley & Sons, Inc.
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67.1 PREPARATIONS OF FLUORINATED ALUMINAS

Preparation of Fluorinated Alumina using SF4 under Static Conditions

Apparatus Simple vacuum line fabricated from Monel or stainless steel, Monel
metal pressure vessels (90–100 mL) for fluorination reactions and storage of
volatile materials; metal equipment should be well passivated before use, e.g. by
multiple exposures to ClF3; the line should be provided with a metal Bourdon
pressure/vacuum gauge and each section calibrated before use; volumes of the
various sections of the vacuum line and reagent quantities should be chosen
to ensure that pressures during manipulation of volatile species are contained
below 0.5 atm; safety glasses, face shield, laboratory coat, protective gloves.

Chemicals Sodium-free, � -alumina, lecture bottle containing SF4 and equipped
with a main valve and reducing valve; if these are not available, SF4 can be
prepared following a reliable literature synthesis [8, 9] using 1/10th scale; SF4

can be purified via its adduct with BF3 decomposing the latter with dry Et2O;
liq. N2.

Attention! Eye protection (safety glasses and/or face mask) and protective
gloves must be used at all times.

Caution! SF4 is very toxic and hydrolyses readily to give HF, which is dangerous
and must be handled with the appropriate precautions Transfers involving � -
alumina can produce harmful dust and should be carried out in a fume cupboard.
All equipment should be housed in a well-ventilated hood or similar facility.

Experimental Procedure Sodium-free � -alumina (1.5 g, BET, Brunauer-
Emmett-Teller area 110 m2 g−1), which has been previously caked and sieved
to produce particles in the range 500–1000 �m, is added to a pressure vessel,
attached to a metal vacuum line by a high vacuum metal valve and evacuated.
An aliquot (9.0 mmol) of purified SF4 is condensed into the vessel, the temper-
ature allowed to rise from 77 K to ambient, and the mixture allowed to stand for
2 h. Volatile products, a mixture of OSF2 and SO2 and identified using Fourier
transform infrared spectroscopy, are removed by distillation. This sequence is
repeated twice using two further aliquots of SF4. For in situ use, the procedure
can be carried out on a reduced scale (0.5 g with 3 × 3 mmol of SF4 in FEP
or even Pyrex ampoules). Fluorinated � -alumina contains some adsorbed HF
(see below), so it is stable in Pyrex for only very short periods.

Characterization Data Brunauer–Emmett–Teller (BET) area 80–90 m2 g−1, F
content ca. 22% (value calculated from a radiotracer study of the reaction)

Preparation of Fluorinated Alumina using SF4 under Flow Conditions

Apparatus Flow system built from stainless-steel tubing (outside diameter,
(o.d.) ca. 65 mm) incorporating a vertical tube reactor (o.d ca. 100 mm, gas
flow top to bottom) and mass flow control valves; safety glasses, face shield,
laboratory coat, protective gloves.
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Chemicals � -Alumina and SF4 as specified above; O2 free, dry N2.

Attention! Eye protection (safety glasses and/or face mask) and protective
gloves must be used at all times.

Caution! SF4 is very toxic and hydrolyses readily to give HF (see above).
Transfers involving � -alumina can produce harmful dust and should be carried
out in a fume hood. All equipment should be housed in a well-ventilated hood
or similar facility.

Experimental Procedure This procedure is designed particularly for in situ
catalytic experiments.

� -Alumina (300–500 mg) is placed on a pad of steel mesh supported within
the reactor and calcined at 523 K under flow of dry N2 (2.5 L h−1) for 2 h. The
N2 stream is replaced by a mixed SF4/N2 stream (20% SF4, 2.5 L h−1) for 2 h
maintaining the reactor temperature at 523 K. After this period, the reactor is
allowed to cool to ambient temperature under N2 flow.

Characterization Data BET area 67 m2 g−1, F content 47.1%. X-ray diffraction
(XRD) analysis indicates the presence of � -alumina with, possibly also, an
amorphous phase.

Preparation of Fluorinated Alumina using CHF3

under Flow Conditions

Apparatus Inlet flow system built from copper tubing (inside diameter, i.d. ca.
2 mm) incorporating a vertical tube reactor from nickel or Monel (i.d. ca.
22 mm, gas flow top to bottom) and mass flow control valves; furnace with
programmable temperature regulator, plastic exhaust tubing connected to a
plastic wash bottle with 5–10% NaOH or KOH solution, safety glasses, face
shield, laboratory coat, protective gloves.

Chemicals Commercial � -alumina in the form of grains or pellets with particles
in the range 500–1000 �m, CHF3 container equipped with a main valve and
reducing valve.

Attention! Eye protection (safety glasses and/or face mask) and protective
gloves must be used at all times.

Caution! Manipulation of CHF3 is in general much safer when compared with
other conventional fluorinating agents, like HF, because of its low toxicity,
relatively high inertness, and non-flammability. However, gaseous products
from the fluorination with CHF3 contain water, HF, and CO, and must be
handled with caution. In the exhaust tubing highly corrosive and toxic aqueous
HF may condense. Transfers involving � -alumina and the fluorinated products
can produce harmful dust and should be carried out in a fume hood. All
equipment should be housed in a well-ventilated hood or similar facility.

Experimental Procedure This procedure is convenient for the preparation of
larger laboratory batches (several grams) of fluorinated � -alumina.
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� -Alumina (10 g, BET area 240 m2 g−1) is placed on a nickel perforated
holder plate, positioned in the middle of the vertical reactor and calcined at
523 K under flow of dry N2 (25 L h−1) for 2 h. The N2 stream is firstly replaced
by a mixed CHF3/N2 stream (20% CHF3, 30 L h−1) and the temperature is
increased to 623 K in 2 h. The mixed CHF3/N2 stream is then replaced with
pure CHF3 (6 L h−1) for 3 h maintaining the reactor temperature at 623 K.
After this period, the reactor is allowed to cool to ambient temperature under
N2 flow.

Characterization Data BET area 34 m2 g−1, F content 58.4%. XRD analysis
indicates the presence of �- and �-AlF3 with, possibly also, an amorphous
phase.

Applications/Properties Irrespective of the preparative method used, fluori-
nated � -alumina exhibits significant surface acidity and is an effective het-
erogeneous catalyst for many reactions involving carbon–halogen compounds
[2–4,6, 7,10–14]. Lewis acid surface sites are present in all cases but when
SF4 is used as the fluorinating agent under static conditions, there are addi-
tionally Brønsted surface sites, believed to be the result of incomplete removal
of adsorbed HF formed during the fluorination process. The material formed
by fluorination using CHF3 has been used as a benchmark in comparative
studies of catalytic activity involving isomerization and dismutation of C2

chlorofluorocarbons. Examination of the surface of this material using various
X-ray spectroscopic methods shows that the fluorine uptake is a slow process
and is initiated at the surface of oxide particles; subsequently F is incorpo-
rated into sub-surface regions. The X-ray BE data indicate, however, that the
Lewis acid sites have Al(III) in disordered O/F rather than fully fluorinated
environments. They indicate in addition that oxidic species are present at the
surface.

Events that occur during the fluorination of the alumina surface by SF4

under static conditions can be inferred from radiotracer experiments. Although
the treatment described above is carried out nominally at ambient temperature,
the surface hydrolysis reaction is strongly exothermic. The initial step involves
replacement of surface –OH and some Al–O–Al groups by Al–F with the
concurrent formation of OSF2 followed by SO2. Although there is no evidence
from radiotracer studies for strong adsorption of OSF2 or SO2, retention of HF
appears to be essentially complete.

The chemical reactivity of the surface that results from the fluorination
of � -alumina by SF4 under static conditions suggests that the Lewis acid
sites formed may be stronger than those resulting from the other treatments
described. For example, dehydrochlorination of CH3CCl3 and tBuCl are both
observed at room temperature and are accompanied by oligomerization of
the olefins formed. In the former case the resulting surface catalyses F-for-
Cl halogen exchange, also at room temperature, in hydrochlorocarbons that
themselves undergo dehydrochlorination.
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CHAPTER 68

High-Yield Synthesis of a Single
Asymmetric Isomer of C70(CF3)10 by
High-Temperature Radical
Trifluoromethylation

NATALIA B. SHUSTOVA, STEVEN H. STRAUSS, AND OLGA V. BOLTALINA

The first high-temperature preparation of 1,4,10,19,25,41,49,60,66,69-C70(CF3)10

compound using CF3I gas as a perfluoroalkylating reagent was reported by Boltalina
and co-workers [1]. It resulted in a 27% yield of trifluoromethylated fullerenes
based on converted C70. The C70(CF3)10 single isomer constituted about 40 mol%
of all C70(CF3)n compounds in the crude mixture. Following attempts to optimize
the synthetic conditions using the same procedure led to 55 mol% of the desired
C70(CF3)10 isomer [2].

Further significant improvement of yield and selectivity of the title compound is
described in the present procedure. The distribution of trifluoromethylated fullerenes
in the crude mixture is a function of the synthetic conditions, among which the
crucial parameter is a residence time of C70(CF3)n compounds in the reactor hot zone.
Decreasing the CF3I flow rate and changing the reactor length from 5 to 40 cm resulted
in the increase of the residence time and hence improved selectivity. Careful studies
of the reaction parameters led to the preparation of 1,4,10,19,25,41,49,60,66,69-
C70(CF3)10 in 68 mol% yield and 89 mol% purity in the 40 cm long quartz tube at
530 ◦C for 90 min using 0.025 mmol/min flow rate of CF3I. Such high selectivity
toward the single isomer is rare in fullerene chemistry, especially for the derivatives
with a high number of the attached groups on a fullerene cage [3]. The presented
procedure allows one to prepare C70(CF3)10 isomer with good purity on a gram-scale
without time-consuming and labor-demanding HPLC procedure.

Efficient Preparations of Fluorine Compounds, First Edition. Edited by Herbert W. Roesky.
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68.1 PREPARATION OF 1,4,10,19,25,41,49,60,66,69-C70(CF3)10

Apparatus A 0.7 cm internal diameter quartz tube is placed in a 40 cm tube
furnace and connected to a mineral-oil bubbler and a source of CF3I gas. The
length of the furnace hot zone is critical (e.g., the 5 cm shorter furnace leads
to low yield and purity of the prepared compound). The Teflon connectors are
used to ensure proper fitting of the quartz tube. Safety glasses, a laboratory
coat, protective gloves are used during experiment.

Chemicals C70, CF3I, toluene, and heptane (solvents were used for HPLC pu-
rification).

Attention! Safety glasses and protective gloves are necessary.

Caution! CF3I decomposes in air above 300 ◦C and produces toxic HF, COF2,
and I2. It should be handled in a well-ventilated fume hood.

Experimental Procedure Finely ground C70 (0.02 g, 0.024 mmol) is loaded in
a 0.7 cm internal diameter quartz tube. The central part of the tube containing
C70 is placed in a 40 cm long tube furnace. The tube is connected to a gas han-
dling system at one end and a mineral-oil bubbler at the other. After purging the
system with nitrogen, the reactor is heated to 530 ◦C in the presence of steady
flow of CF3I gas (0.025 mmol/min) for 90 min. The orange-brown product and
purple iodine condense on the cold end of the quartz tube. The reactor is then
cooled to room temperature under CF3I flow. The product is washed with hep-
tane and the washings are evaporated to dryness. Excess of iodine is removed
under vacuum at room temperature. The 19F NMR of the crude mixture showed
that the title compound constituted 89 mol% of all C70(CF3)10–14 compounds
present. If the higher purity is necessary (�89 mol%), the isolated C70(CF3)10

compound can be purified by HPLC (5 mL/min eluent flow rate, 10 mm I.D. ×
250 mm Cosmosil Buckyprep Column, Nacalai Tesque Inc., 300 nm UV detec-
tor) using a two-stage quick procedure. In the first stage, 3.6–3.9 min fraction is
collected using toluene as an eluent. The fraction is then eluted with 60:40 (v:v)
toluene/heptane mixture to separate C70(CF3)10 compound from C70(CF3)8 and
C70(CF3)12. The 19F NMR spectrum of C70(CF3)10 prepared by this procedure
indicated 98 mol% purity.

Characterization Data 19F NMR (376.5 MHz, chloroform-d, C6F6 internal
standard (� −164.9 ppm)): � −60.9 (m), −62.9 (m), −63.3 (m), −63.3 (m),
−63.6 (m), −63.6 (m), −64.9 (m), −65.5 (m), −67.6 (q, JFF = 15.9 Hz), 70.7
(q, JFF = 10.3 Hz). APSI-MS: m/z 1530.

Application Perfluroalkyl fullerenes, in particular C70(CF3)10, exhibit high
solubility in most organic solvents, thermal/air stability and possess bet-
ter electron-accepting properties than the parent C70 due to the presence of
electron-withdrawing groups on the fullerene cage. Such a combination of
chemical properties with a tunable range of reduction potentials makes them
attractive candidates for electron-accepting materials in organic photovoltaic
devices.
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thiopyran, 296
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Cs[1-H-CB11F11], 22–24
Cs2SO4, 8
Cu(CF3SO3)2, 47
CuF2, 36, 37, 55, 179
CuSCF3, 26
Cyclohexylacetyl fluoride, 158
Cyclotron, 11

Dehydrofluorination, 148, 275, 306, 315
Dehydroxyfluorination, 412
Dibenzosuberenone, 140, 141
S-(Trifluoromethyl)dibenzothiophenium-3-

sulfonate, 280, 283, 284
S-(Trifluoromethyl)dibenzothiophenium
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pyrimidine, 372
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hydroxybutylphosphonate, 211
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2,2-Difluoroadamantane, 155, 156
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2-(Bromomethyl)-1,1-difluorocyclopropane, 338,

339, 341
2,2-Difluorocyclopropylmethanol, 339, 341
1,1-Difluoro-2,2-dibutylethane, 168
2,2-Difluoro-3,3-diiodo butane, 135
2,2-Difluoro-1,3-dioxolo-4,5-pyridine, 160
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5-(2,4-Di-tert-butoxypyrimidin-5-yl)-4,5-

difluoro-2-methyl-4-(trifluoromethyl)
isoxazolidine, 367

1,1-Difluoro-1-methylthioundecane, 163
1,1-Difluorotridecane, 171
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(2R)-1,2-Di-O-isopropylidene-4,4-difluoro-5-

hexen-1,2,3-triol, 350, 351
Dimethyl-2,2-dibromo-3,3-difluorosuccinate, 136
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3,7-Dinitro-S-(trifluoromethyl)

dibenzothiophenium-triflate, 282
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Electric discharge, 11
Elemental fluorine, 1, 4–6, 16, 37, 39, 55, 80, 94,

95, 100, 111–113, 127, 142, 148, 150
Enaminone, 300, 302
Enantioselective fluorination, 408, 411
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402
Ethyl-2,2-difluoro-3-methylundecanoate, 169
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354
Ethyl-2-trifluoromethylcycloheptanoate, 165

F2, 1, 3–6, 8, 11–14, 16, 17, 23, 95, 135, 136,
139, 140, 142, 146–153, 155, 173, 273

18F, 11, 12, 14, 144, 394–397, 403
4-FC6H4IF4, 72, 73
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Fluorinated indanones, 400
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74, 91, 94, 100, 108, 139, 140, 154, 271, 379,
380, 384, 442, 444, 445

Fluorination of aliphatics, 149
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Fluorination of bicyclic compounds, 149
Fluorination of steroids, 149
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412
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194
Fluorodesilylation, 411
�-Fluoro enamino reagents, 379
Fluoroethylene/perfluoropropylene copolymer, 3,

11
trans-1-Fluoro-2-iodomenthan, 135
3-Fluoro-3-methyloxindole, 128
18F positron emission tomography, 11
(FPTPT), 196–199
18F radiosynthesis, 396, 399
FSO2N=SF4, 91

Gabriel reaction, 375, 378
Gaseous HF, 9
Graphite fluorides, 425–427, 432, 441

Heptafluoropropyl trifluorovinyl ether, 152
Hexafluorophosphate, 35, 36, 44, 45, 57
HF, 2–4, 8–11, 13–16, 22–24, 38–44, 55, 62, 67,

68, 70, 72–74, 76, 77, 79–81, 92, 100–106
HF/H2O, 8–10
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Hg(NSF2)2, 89–91
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IF, 134–138, 155
IF5, 70, 72–75, 78
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2-Methoxy-6-trifluoromethyl-2H-thiopyran, 297,
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340
Methyl-3,3-dimethyl-2-fluorobutyrate, 143
Methyl glutaroyl fluoride, 157
MnF3, 1
Moissan, 1, 5, 146, 370
Monel, 4, 16, 37–39, 94–97, 100, 103–105, 111,

136, 140, 148, 153, 155, 309, 312, 416, 435,
443, 444

Monel U-tube, 3, 4
4-[2-Hydroxy-2-phenyl-2-(trifluoromethyl)

acetyl]morpholine, 123, 124

Na[SbF5OH], 119
NbCl4F, 111, 112, 115
NbF5, 112, 336, 431
[N(CH3)4]F, 76–78
[N(C2H5)4][SbF6], 118, 119
[N(C2H5)4][SbF5OH], 119
(NF4)2MnF6, 3
Nickel, 3, 6, 12, 13, 37, 39, 164, 166, 236, 313,

331, 416, 426, 429, 431, 435, 436, 444, 445
7-Nitro-S-(trifluoromethyl)dibenzothiophenium-

3-sulfonate, 280, 284
[NMe4]SCF3, 27, 28
[NMe4]SeCF3, 27–29
[NMe4]TeCF3, 31, 33
NO2BF4, 41, 43
Noble-gas compounds, 11
NSF, 85, 86, 88, 90–92

Octafluorocyclooctatetraene, 308, 312–314
1,1,2,2,9,9,10,10-Octafluoroparacyclophane, 343
Octyltrifluoromethyl ether, 158

[PBr4][PF6], 110, 115
PCl4F, 114, 115
[PCl4] [PF6], 109
trans-[Pd(H)-(4-C5NF4)(Pi-Pr3)2], 238
5,5,6,6,6,6-Pentafluorohexane-3-ol, 207
2,2,3,3,3-Pentafluoro-1-phenylpropan-1-ol, 206
1,1,3,3,3-Pentafluoropropene (PFP), 379
1,1,3,3,3-Pentafluoropropenemorpholine adduct

(PFPMor), 379
2-Pentafluorosulfanylheptanal, 277
2-Pentyl-�,�-difluoroacrylate, 166
Perfluoroalkyliodide, 386
Perfluoro n-butylsulfonyl fluoride (nonaflyl

fluoride), 412
Perfluoromethyl vinyl ether, 385, 389, 390, 394
Perfluoro[2.2]paracyclophane, 343–348
Perfluoropropylene copolymer, 11
PF5, 45, 109, 110, 112–115, 334
(Z)-N-Phenyl-2,3-difluoro-3-(triethylsilyl)

acrylamide 249
PhSCF3, 178, 180, 182
PhSCH2F, 187, 188, 190
PhSO2CF2H, 181–186
PhSO2CF2TMS, 184–187
S-(Difluoromethyl)-S-phenyl-2,3,4,5-

tetramethylphenylsulfonium tetrafluoroborate,
195
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S-(Fluoromethyl)-S-phenyl-2,3,4,5-
tetramethylphenylsulfonium tetrafluoroborate,
196

PhSO2CF3, 176, 178, 180–182
PhSO2CH2F, 187–195
Polyethylene beaker, 2
Potassium hexafluoromanganate, 1
4-[(E)-1-Chloro-2-(pentafluoro- �6-

sulfanyl)vinyl]-4′-propyl-1,1′-bi(cyclohexyl),
215

4-[(Pentafluoro-�6-sulfanyl)ethynyl]-4′-propyl-
1,1′-bi(cyclohexyl), 216

Pyrazoles, 301, 306, 307
Pyrimidines, 302, 307, 365, 368, 369, 371

Radical copolymerization, 385, 388–392, 394,
395

Raman, 13–15, 80, 97–99, 106, 107, 111, 335,
336

[Re(CO)5(NSF)][AsF6], 85, 86
ReF6, 101, 103, 104, 107
ReOF5, 100–104
ReSF5, 79
[Rh(Bpin)(PEt3], 235
Ruppert–Prakash reagent, 174–182, 186, 199,

200

SbCl4F, 110, 111, 113, 115
SbF5, 1–4, 51, 52, 82, 111, 120, 428–430
SF6, 5, 107, 276
Sibunite, 433–435, 437–439
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SmSF, 416, 418, 422
Stainless steel, 3, 8, 12, 45, 67, 80, 100–106, 335,

426, 443
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Superstoichiometric fluorocarbon, 433, 435, 436,

439, 440

TaCl4F, 112, 113, 115
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73, 76, 83, 85, 91, 92, 101–106, 154, 240,
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Triazoles, 303, 304, 307
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hydroxypropionic acid methyl ester, 229
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359
Trifluoromethane, 121, 122, 126
2-Trifluoromethylimidazoline, 306
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(trifluoromethyl)isoxazolidine, 366
2-Trifluoromethylpyrrole, 122, 123
2-Trifluoromethylthiopyrylium tetrafluoroborate,

298
2-Trifluoromethyl-3,3,3-trifluoropropanal, 250
2-[N-(2-Ethoxyoxalyl)imino]-3,3,3-

trifluoropropanoate, 230
Trifluorothioacetamide, 304–306
Trifluorothioacetylchloride, 293, 297
(3,3,3-Trifluoropropyl)trimethoxysilane, 232–234
Trimetylsilyl-2,2-difluoro-2-(fluorosulfonyl)

acetate, 339
Tris(tetramethylguanido)sulfoniumchloride, 223,

224

UF3, 94, 95, 97
UF6, 5, 94, 96–99, 107, 336, 337
N1-(Perfluoroprop-1-enyl)uracil, 373

van de Graff accelerator, 11
Vinylidene fluoride, 385, 388, 390, 394, 395
4-Vinyltetrafluoropyridine, 237–239

WSF4, 79–81

Xe, 11–14, 39
Xe(C6F5)2, 78
XeF2, 11–14, 39, 60, 62, 68, 78, 142
XeF4, 11, 68
XeF6, 11
Xenon difluoride, 11–14, 39, 70, 75
Xenon tetrafluoride, 14

Zinc bars, 10


