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I. Introduction

Of the 10 million compounds registered in the Am-
erican Chemical Society’s Chemical Abstracts, a stag-
gering 6.2% contain compounds possessing a C-F
bond.! The importance of such compounds can be ex-
emplified by the pictorial graphs (Figures 1 and 2),
which indicate the intense activity in the area of orga-
nofluorine chemistry.?

These figures reflect the interest of scientists, both
industrial and academic, in utilizing fluorine to alter the
physical and chemical properties of organic compounds.
It is now well known that the introduction of fluorine
into organic compounds increases thermal and oxidative
stability, alters electronic effects, increases lipophilicity,
and also closely mimics hydrogen in steric requirements.

Organofluorine compounds have been used as lubri-
cants, coatings for cooking utensils, propellants, re-
frigerants, solvents, fire extinguisher agents, inhalation
anesthetics, drugs, blood substitutes, dyes, liquid
crystals, surfactants, and textile chemicals and in the
production of agrochemicals.?

The preparation of organofluorine compounds re-
mains a difficult area, and since fluorine itself is so
reactive and difficult to control alternative methods of
incorporating fluorine into organic molecules are re-
quired. The problem is enhanced when the specific
incorporation of fluorine in a regio- and stereoselectivity
controlled way is required. Incorporation of fluorine
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Figure 1. The increase in the number of published research
papers on organofluorine compounds from 1968 to 1989.
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fluorine compounds prepared during the period 1969 to 1989.
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selectively into organic compounds is of great impor-
tance to the chemical industry and has consequently
provided a great challenge to academic and industrial
researchers alike to overcome this problem. There are
now many different ways of carrying out this process
and so, appropriately, this review highlights the most
recent research methods and covers the work published
in the years 1987-1990, for the selective incorporation
of fluorine into organic compounds.

I1. Nucleophilic Sources of Fluorine

Incorporation of fluorine into organic molecules by
nucleophilic substitution with the flueride anion re-
mains a difficult area. The small size of F~ (radius is
1.36 A) and its low polarizability encourages F~ to be-
have as a base rather than a nucleophile. Indeed F~ has
been successfully used as a mild base in organic syn-
thesis.*

Nucleophilic substitution of halogens with F~ was first
achieved in 1863 by Borodine,’ and since that time
many reagents have been developed to overcome
problems such as poor solubility, substitution versus
elimination in nucleophilic displacement reactions,
lowering of toxicity and price, and also increasing the
stability of the fluorinating agents. While major ad-
vances have been achieved much good work remains to
be done. Recent research has focused on the following
reagents.

A. Alkall Metal Fluorides

These “classical” fluorinating agents have been used
to substitute fluorine for other halogens in a variety of
compounds such as alkyl halides, aromatic halides, and
halo compounds such as a-halo esters, nitriles, and
amides and w-halo compounds such as w-halo alcohols
esters and nitriles. The main driving force is the for-
mation of the thermodynamically favorable C-F bond
(107 kcal/mol). The fluorinations are often carried out
in high boiling solvents which aid solubility of the ionic
fluorides or in anhydrous solvents. Under these con-
ditions stray hydrogen bonds which are easily formed
due to the high hydration energy (123 kcal/mol) of F~
are greatly diminished. This encourages the formation
of unsolvated fluoride anions or, as Liotta succinctly put
it,® “naked fluoride”. Crown ethers have also been used
to solvate inorganic fluorides by complexation. In this
form ionic fluorides are soluble in nonpolar solvents,
such as benzene.

In a recent paper Harpp” has shown that CsF when
“capped” with 18-C-6 or dibenzo-24-C-8 displayed en-
hanced nucleophilicity compared to CsF alone. The
rate enhancement was measured by following the
fluorodestannylation of benzyl (tributyltin) sulfide with
cesium fluoride (Scheme 1).

SCHEME 1
Bu3SNnSCH2Ph + CH3(CHj)sBr

PhCH2S(CH2)sCHj3 +
Bu3sSnF + CsF

In their study 18-C-6, which fails to completely en-
velope cesium ions due to its small ring size, formed
edge or sandwich complexes® with CsF (Scheme 2).

When compared to dibenzo-24-C-8 ether a crown
ether which completely encompasses cesium ions, an
increased rate factor of 5 and 7 was respectively found.
This system has advantages over TBAF (tetrabutyl-
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ammonium fluoride), since anhydrous conditions are
easily obtained. The authors concluded that a quali-
tative order of nucleophilic fluoride anion is of the or-
der; TBAF (anhydrous) > CsF/24-C-8-CsF (18-C-6),
> KF/18-C-6.

Solvation of metal cations is not just limited to crown
ethers but can be extended to using donor solvents such
as glycols and glymes.® The latest investigations in this
area have found that from a large selection of glycols
and glymes, polyethylene glycol 400 appears to be the
most attractive due to its low cost and low toxicity and
its ability to dissolve some inorganic salts.!® With use
of this glycol as a solvent (with and without cosolvents),
efficient monofluorination has been achieved using mild
temperatures and potassium fluoride as a nucleophilic
source of fluorine. Some representative examples are
shown in Scheme 3.
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8 days, 60°C
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In some cases, such as 17,17-(1,2-ethanediyldithio)-
3a-(tosyloxy)-ba-androstane, a high yield of the alkene
(52%) instead of monofluorination (24 %) was obtained.

Another interesting area of research is the use of
supported KF reagents. Here, the reactivity of KF is
improved by dispersion on suitable supports, and this
increases the reagents surface area, for example KF and
alumina, silica, and zeolites have all been used.!!

Alternative support systems which cut down internal
hydrogen bonding of F~ to the support would be ex-
pected to greatly increase the reactivity of F~. In recent
years KF supported on CaF, has been shown to have
enhanced reactivity.!? A further innovation which
clarifies the need for non-hydroxylated supports is the
recent work by Liu using polymer supported KF.* The
dispersion of KF on a cross-linked polystyrene support
showed increased yields of fluorination from acyl
chlorides compared to KF /CaF, and KF alone. Finally
aromatic fluorinations using KF on polychlorinated
substrates have been investigated by Wielgat.'* (Scheme
4).
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B. AgF/CuF,

Silver(I) fluoride is a commercially available, colorless,
deliquescent solid which melts at 435 °C and dissolves
in water and aqueous ammonia. It was first used by
Moissan in 189715 for fluorination of organic com-
pounds. It is a popular fluorinating reagent because of
its high selectivity and its low basicity (compared to
alkali metal fluorides such as KF) and this latter
property minimizes elimination over substitution and
generally gives cleaner reaction products than the more
traditional nucleophilic sources of fluorine. Its main
use is in selective halogen exchange reactions, e.g. RI
— RF. Its disadvantages are its high cost and that 2
mol of reagent are required to 1 mol of substrate
(Scheme 5).

SCHEME 5
RX +  2AgF

AF +  AgF. AgX

Recent work has centered on increasing the nucleo-
philicity of the reagent by modification with added
water or inorganic salts. Water is generally thought to
inhibit the nucleophilicity of F- due to hydrogen
bonding, but in contrast, high yields of fluorination have
been achieved by using “wet” AgF, a modification of a
former fluorination procedure.® Thus 2-fluorostearic
acid was formed in 84% yield from the bromide whereas
under anhydrous conditions a reduced yield of 10-15%
resulted (Scheme 6). By comparison TBAF, TBAF on

SCHEME 6
Br F

AgF / CH3CN / Hz0

CH,
80°C, 2hr N (CHy)ys COMe

1, KOH / CH30H / 60°C--25°C
2.6N HCl/ dioxane / A

CH,
“N(CH,),s COM

silica gel, RbF, CsF, and KF/18-C-6 gave approximately
equal amounts of olefin and fluoro derivative, high-
lighting the increased basicity of these reagents com-
pared to aqueous AgF.!1” The effect of small amounts
of water in enhancing the reactivity of AgF is not fully
understood, but it does support the recent work of Clark
and co-workers who have found that incomplete drying
of KF supported on CaF, increases the reactivity of this
reagent.!® Modification of this reagent by replacing KF
with AgF has lead to the use of AgF/CaF, mixtures by
Ando.’® These give superior results to KF/CaF, and
CsF/CaF,, although the presumably high cost of the
reagent could outweigh the increase in yield when used
on a large scale. Some comparative examples are shown
in Scheme 7. A natural extension of this work, en-
compassing the research of Clark, Ando, and Yoneda,
would be the use of “wet” AgF/CaF, as a highly potent
source of F-. Recently AgF has been used in combi-
nation with BF; to make gem-difluorides from gem-
diiodides.?

Finally Cu,0/anhydrous HF mixtures have been used
in halogen exchange fluorination reactions for making
cyclo and tertiary alkyl fluorides.2 With primary
halides, elimination was the major pathway, but this has
been overcome by using a deep purple solid which was
isolated from Cu,0 and anhydrous HF at low temper-

CH,
\(CH2)15 CO,Me

F
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SCHEME 7
75°C. 0.5hr, CHaCN

41%
AGF—CaF; CH3(CH;)eCHF °

CH3(CH,)sCH2Br

75°C, 0.5hr, CHaCN CH3(CHz)eCHF  11%

dry AgF

CH3(CH2)gCH2Br

PhCHLBr 75°C. 0.1hr, CHaCN PhCH,F 92%
AgF-CaF;
°, o
PRCH,Br 5 C'K’FS_'Z;:WN PRCH,F s8%
92% when performed
in sulpholane at 120°C
tor 2 hours

atures, and is thought to be of the composition CuF-
0.5H,0.22 This compound is stable at room temperature
and when used in combination with 2,2’-bipyridine or
collidine gave high yields of primary alkyl fluorides.
This halogen exchange reaction was found to be supe-
rior to the more traditional reagents such as spray-dried
KF or anion resins.

C. Tetraalkylammonium Fiuorides

Tetraalkylammonium fluorides were invented to
overcome problems with using alkali metal fluorides by
(i) providing a soluble source of F- and (ii) replacing the
M* ion with a bulky organic cation, thereby reducing
ion pairing and enhancing the nucleophilicity (and
basicity) of F~. TBAF (tetrabutylammonium fluoride),
TMATF (tetramethylammonium fluoride), TEAF (tet-
raethylammonium fluoride), and BTMAF (benzyltri-
methylammonium fluoride) have all been used as
sources of F-, with TBAF receiving the most attention.
“Anhydrous” TBAF is a commercially available ex-
tremely hygroscopic substance. Its major disadvantage
is the presence of trace amounts of water which often
produces varying results. The reagent is prepared by
neutralization of tetraalkylammonium hydroxide with
aqueous HF to give TBAF-3H,0. From this, anhydrous
TBAF is obtained by heating to 50 °C at 15 mm and
then storing over P,0; in a vacuum desiccator for 24
h.2 An improved procedure using a higher vacuum and
lower temperatures which prevents thermal decompo-
sition of TBAF has been introduced.?* Despite efforts
to produce the anhydrous material, wet TBAF has also
been used successfully to prepare fluorinated com-
pounds. Recently hydrated TBAF has been used to
make a range of a-fluoromethyl ketones via allene ep-
oxides? (Scheme 8). Here, surprisingly, F- competes

SCHEME 8
e}
SiMe, 10 0
1. =<
L SiMe,
2.BF;
c 3. t-BuOOH/Vo(acac)z C
'S 4. Trilic anhydride 1%
TBAF.3H0
(2.2 mole equi}

Q.
,
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effectively against a 2 mol excess of H,O! TBAF has
also been used to make (%)-fuorobotryodiplodin, a
mycotoxin with antileukemic properties, via an elimi-
nation-substitution reaction? (Scheme 9).

SCHEME $

/\J TBAF o’\ﬁ,

\/H/\ F\)\/\OB
Ve
e mary
steps
s,
o OAc

The reagent has also been used successfully in the
bromo fluorination of olefins, e.g. using 3 equiv of NBS
and TBAF, the fluorinated steroid was formed in 87%
yield,?” whereas no bromofluorination occurred with
NBS/RbF or NBS/CsF (Scheme 10).

SCHEME 10
COOMe
NBS/n-BugNF
. . CHaCN, AT, 1hr .
AcO' OAc AcO"

87%

TBAF has also been found to give high yields of
fluorinated products when used on organic halides in
the absence of solvent.?? The reagent has recently been
used to make novel 14-fluoroanthracyclines, which were
found to have significant cytotoxic activity against P388
murine leukemia in vitro and in vivo.?® In this case
TBAF was activated by using p-toluenesulfonic acid.
The authors suggested that this mixture could be
forming tetrabutylammonium hydrogen bifluoride
(TBABF) as the active species, in situ, which is known
to be a potent source of fluoride anion (Scheme 11).

SCHEME 11
O OH O O OH O
) F
‘OH 1.Py. HBr. Br THF. 11, 1.5hr “OH
3.BugNF. TSOH. THF, reflux, 2hr
OH O OH

61% overal yield

TBABF (Bu,N*HF,") recently introduced as a new
source of “naked” fluoride ion® is prepared by passing
a solution of ammonium bifluoride through an Am-
berlite IRA 40 exchange resin, until the effluent gives
no reaction to silver nitrate solution. After washing and
drying under vacuum, a solution of tetrabutyl-
ammonium chloride in CH;CN is passed through the
column, and after removal of solvent and drying at 80
°C at 0.1 Torr for 24 h, dry TBABF is obtained. Var-
ious aliphatic, benzyl, and a-halo ketones were fluori-
nated in comparable or better yields than with other
sources of F~.

Further work using TBABF has concentrated on the
halofluorination of alkenes.?! These were obtained in
good yields by treatment of the alkene with NBS and
TBABF in dichloromethane. However, unlike the
NBS/TBAF reaction mentioned earlier, a major side
product was the formation of vicinal dibromides. This
was thought to be due to free-radical side reactions from
the in situ formation of tetrabutylammonium tri-
bromide. By using NIS, these side products were sup-

Wiikinson

pressed and high yields of halofluorinated products
were obtained. The reagent seems particularly good
with cyclic and acyclic trisubstituted olefins (Scheme
12).

SCHEME 12
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D. PPHF

Anhydrous hydrogen fluoride (AHF) is one of the
cheapest and most popular fluorinating agents but due
to its corrosive nature and low boiling point (19 °C)
alternatives are required. This problem has largely been
overcome by “taming” AHF in suitable donor solvents,
initially with THF and later more successfully with
triethylamine and pyridine from which PPHF was
made. Polypyridinium hydrogen fluoride (PPHF),
commonly known as Olah’s reagent is a commercially
available stable liquid. It has the molecular composition
1py:9HF (30% py:70% HF w/w) and has successfully
been used to replace AHF, as detailed in Olah’s first
report® and updated recently.?® It has mainly been
used to fluorinate secondary and tertiary alcohols,3
alkenes,® and alkynes®® and in halogen exchange re-
actions.® It has also been used recently to incorporate
fluorine into shikimic acid derivatives via allylicly as-
sisted ring opening of an epoxide.?” Under these con-
ditions removal of the isopropylidene groups occurred
concomitantly with fluorination (Scheme 13).

SCHEME 13
co,Me CO,Me CO,Me CO,Me

Cc (i‘ fi o
o OH oY Y7 F
[o]

)V
49%

Trace amounts

The reaction has also been effectively applied to the
fluorination of aromatic compounds via a modified
Balz—Schiemann reaction.?® A recent addition to this
work by Yoneda® has demonstrated that this process
can be applied successfully to the fluorination of pyr-
idines (Scheme 14).

Fluorination of arenes has also been achieved using
PPHF in combination with electrolysis or with inor-
ganic oxidants.®* For example, upon reacting phenol
with PbO,/PPHF a 30% yield of the difluoro dienone
was obtained, which on subsequent hydrogenation gave
a 90% yield of 4-fluorophenol. Other phenols, oxidants,
and fluoride sources were also used and gave similar
results (Scheme 15).
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SCHEME 14

HF-40% Pyndme
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SCHEME 15
OH

o] OH
PbO2 PPHF 10% PYC
90%
MeOQH, 1bar Hp

FF £

PPHF has also been used for the fluorination of
polyaromatic hydrocarbons in conjunction with N-
bromoacetamide.*! The reagent has also been used to
form fluorocyclobutanes and homoallylic fluorides from
cyclopropanemethanols via a modified Julia rear-
rangement* (Scheme 16). With 1-substituted cyclo-

SCHEME 16

E/Z
PPHF/KHFZ/EQNH F
oC/CH2012 \/\/\O 73%  (100/0)
Me COOMe F Me 85% (13/87)
M e
OH
COOMe

propanemethanols, fluorocyclobutanes were formed
(Scheme 17). Beguin has demonstrated that fluoro-

SCHEME 17
Me
Y “H
OH l /(
Trans/Cis

Me
©
L T e
H

COOEt

Me Me
V\C‘/H —_— A}B‘.F 60%  (5/95)
7/ coost .

dehydroxylation of several substituted benzyl alcohols
can occur regioselectively depending on the HF content
of PPHF* (Scheme 18).

SCHEME 18

Me Me
Me —_— Me

(Ill)

QJ* —*CL’“
HH + Me m Me
(V)

F
v

At high HF concentrations, v dominated, and at low
HF concentrations iii was only produced. Deuterium
labeling showed that hydrogen transfer occurred be-
tween ii and iv at high HF concentration, and this was
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attributed to the cation intermediate iv being stabilized
by long HF polymeric chains present in high concen-
trations of HF /pyridine mixtures.

Olah has recently shown that PPHF in combination
with NBS can be used to convert hydrazones to gem-
difluorides.*

Finally a polymeric version of PPHF has been used
by Zupan to produce high yields of iodofluorinated
alkenes from phenyl-substituted alkenes.*> The poly-
mer resins could be easily recovered and reused several
times.

E. Alkyli Amine Hydrogen Fluorides

Et;N-3HF, originally introduced by Franz,* is also
a popular source of F~ and it is less corrosive than
PPHF. It has recently been used for the bromo-
fluorination of allylic alcohols.*” Treatment of the
fluorobromohydrins with aqueous sodium hydroxides
generates epifluorohydrins (Scheme 19).

SCHEME 19

1. NBS/EtaN 3HF
(L. Resse (Yo

2.NaOH/H0

45%
Cis + Trans

Halofluorination has also been achieved with NCIS
and NIS“8 (Scheme 20).

SCHEME 20

N ENaHFCHC! F
NCS ¢l

we
(/\:) EtN.3HF/CH,Cly d:;
-

An investigation of NBS/Et;N.3HF on nor-
bornadiene®® has been reexamined by Laurent.?® Com-
pounds i and ii have been shown by a combination of
IH + 13C NMR and by independent synthesis to be the
major products in this reaction resulting from exo at-
tack of the bromonium ion and quenching with F-
(Scheme 21).

SCHEME 21

Y e fh N,
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B-Fluoroalkyl methyl thioethers have been prepared
by addition of dimethyl(methylthio)sulfonium fluoro-
borate (DMTSF) and Et;N-3HF across olefins.5! The
corresponding 8-fluoro selenides were formed in higher
yields from N-phenyl selenophthalimide®? (Scheme 22).
Et;N-3HF has also been recently used to prepare some
fluoro sugars although in some cases rearrangement
occurred®3% (Scheme 23).
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SCHEME 22
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Et,NH-3HF is also a good source of F~ and has been
used with great success in the regioselective ring
opening of epoxides.’® Addition of F- to generate the
corresponding fluorohydrins was generally found to
occur from the least hindered carbon (Scheme 24).

SCHEME 24
OH Yied P i
?>\/05n F’_Q_ i roduct ratio
0Bn 759, 151
OH
° oBn — 79% 511
o~ F oBn 7% :
OH
o

OBn
\>7< Ffﬁ—osn 62% 25:1

THF-HF, first reported by Hirschmann® in 1956, has
recently been revived as a fluorinating medium. A se-
ries of tetrafluoro-substituted alkenes were synthesized

Wiikingon

using this cheap source of fluorinating agent®” (Scheme
25).

SCHEME 25
o f RiRC=0  F __F HF.THF FiC___ R
Dy —— 5 . =
LY F F;‘z -78°C--rt. F7 e

when Ry =H,R; = Ph
72% yied

HF has also been used on a polymer support for the
fluorination of a-bromo ketones.®® Different polymer
F- species were prepared and a significant increase was
noted in the nucleophilicity compared to basicity on
transcending the series P*F-, P*HF-,, P*H,F-,. HF,
in the form of KHF, was also used recently to prepare
fluorinated inositol derivatives via an epoxide ring
opening® (Scheme 26).

SCHEME 26
OH
0 o8z 0Bz
0Bn KHF2/OMF F\/msn
T A e nAaR
BnO OBn 160°C/18-¢-6 BnO 0Bn
0Bn 0Bn
72%
F. TASF

Tris(dimethylamino)sulfonium difluorotrimethyl-
siliconate (TASF) was introduced by Middleton in 1976
as a highly nucleophilic source of fluorine.® Since then
many different so called TAS reagents have been de-
veloped, with TASF receiving the most attention.®! Ley
has recently used it for the preparation of fluoroinositol
derivatives®? (Scheme 27).

SCHEME 27

OBn 0Bn
_TASF, THF. reflux, BnO, X .o
R T
FY (o]

OH
74%

TASF has also been used for the fluoride ion cata-
lyzed generation and carbonyl addition of a-halo car-
banions derived from a-halo organosilicon compounds.®

G. HgF,

Mercury(II) fluoride is an ionic crystalline solid that
is easily hydrolyzed and is insoluble in many organic
solvents.% It has been traditionally used for replacing
bromine with fluorine in organic halides.%> However it
has been recently used effectively in the formation of
a-fluoro sulfoxides and vinyl fluorides® (Scheme 28).

SCHEME 28
SPh () HgF»
mh T(MCPBA
/
F
o O
;\(—__J

62%

9
§

‘Ph
F

This methodology was extended to produce a new
method for the preparation of alkyl fluorides®” (Scheme
29).
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SCHEME 29
SPh
O/\/CHO () PRGH, H* Q/VKF NY O/\/\F
—_— Ethanel
(i HgF2 62%
overal
H. ZnF,

ZnF, is a highly toxic, colorless solid made by the
action of fluorine on zinc, zinc oxide, zinc bromide, and
zinc sulfide.%® This infrequently used fluorinating agent
has recently shown some promise in the fluorination of
aromatic compounds® (Scheme 30).

SCHEME 30
NO, NO;
cl ! F
ZnF 3, anisole 49%
refiux, 8 hrs
NO, NO,

Cl
KF___,
letramethylene

sullone

F
7%

1. SIF,

A new fluorinating system utilizing SiF,/Bu,NF has
been developed by Shimizu and Yoshioka and used in
the ring opening fluorination of epoxides.”” This work
has been extended to «,3-epoxysilanes whereby 8-
fluoro-g-silyl alcohols were produced without elimina-
tion of the silicon moiety in contrast to Et;N-3HF,
PPHF, BF,-Et,0, and KHF, which all gave desilylated
products™ (Scheme 31).

SCHEME 31
0 OH
-SIMe; __SiFyHZO/ipraNE C.H CeHia
CeH, CoHrs Etz0 e TsiMe,
KN(SiMes); (1.1 equiv)
Et0.0°C
F CeHys
= + =
CsHyy' CeHqa CeHyg F

63% (45:55)

Subsequent Peterson olefination gave an excess of the
sterically preferred trans product.

J. BrF,

Bromine trifluoride, a yellow green liquid, bp 126 °C,
adds to unsaturated, aryl C-H or carbon-halogen
bonds.”? Recent work has centered on replacing bro-
mine and chlorine with fluorine using BrF; in the syn-
thesis of a-fluoroacrylic acid derivatives via bromo-
chloroalkanes™ (Scheme 32).

SCHEME 32
F F
o I o e e o [ o acoxeo®c O\ ok
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In the presence of Lewis acids (SnCl,, SbCl;) in a
freon solvent further fluorinations occur’ (Scheme 33).
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K. SF,

SF, is a commercially available gas with a boiling
point of —40 °C, and with a toxicity similar to that of
phosgene, it must be handled with caution. Most of the
reactions require special apparatus since the fluorina-
tions are carried out at elevated temperatures (100-200
°C depending on the substrate) and high pressures in
stainless steel vessels, usually with added HF or BF,.
SF, has been used for the conversion of ketones and
aldehydes to gem-difluoro compounds, carboxylic acids
to the trifluoromethyl group, and alcohols to alkyl
fluorides. The chemistry and reactions of SF, have
been reviewed several times in the past.’"’® Recent
work has centered on using SF,/HF in combination
with S,Cl,. This system has been used to fluorinate
double bonds via S,CIF generated in situ™ and has now
been applied to the fluorination of furan derivatives.®
In the case of furan-2-carboxylic acid (I), compounds
IV and V were formed in high yields supposedly via
intermediates II and III (Scheme 34).
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With SF, alone only monofluorination of furan-2-
carboxylic acids occurred® to give furan-2-carbonyl
fluoride which underwent resinification on prolonged
heating. Similar reactions have occurred using Cl, in-
stead of S,Cl,.32 The SF,~HF-Cl, system has also been
used to functionalize a range of acetoacetate ester de-
rivatives®® and a«,8-unsaturated esters and acids®
(Scheme 35). SF, alone usually converts a,8-unsatu-
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rated esters to gem-difluoro compounds and «,8-un-
saturated acids to the CF; moiety, while leaving the
carbon—carbon double bond untouched.?* The reaction
of diketene with SF,/HF, gives the fluorinated com-
pound in 70% yield® (Scheme 36).
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With dicarbonyl compounds it is possible to selec-
tively mono or difluorinate each carbonyl group®
(Scheme 37).
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In some cases SF, forms a,a-difluoro ethers as side
products in the fluorination of ketones. A recent in-
vestigation into the mechanism of these side products
using 1,3-dihaloacetone has resulted in the mechanism
suggested in Scheme 38.%8
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The existence of intermediate III was demonstrated
by trapping out the fluorine stabilized carbocation with
benzene, giving compound V1. Hence, by using added
HF in SF, fluorinations, the formation of gem-difluoro
derivatives over a,a-difluoro ethers is encouraged.
Finally, SF, has also been used recently to convert
1,3-glycols into fluoroalkyl fluoro sulfites.®

L. DAST

DAST [(diethylamido)sulfur trifluoride] has become
one of the most important fluorinating agents of this
century. This is mainly due to the innovative and pi-
oneering work of the Du Pont group led by Middleton. %
Its success is due to the fact that it can mimic the
chemistry of SF, while avoiding the problems of high
pressure and toxicity associated with the use of SF,. It
is a commercially available liquid which can be used at
convenient temperatures in standard laboratory
equipment. DAST is mainly used to fluorinate alcohols
and carbonyl groups, although a recent comprehensive
review has listed many other important transforma-
tions.®! The majority of research on DAST and its
reactions in the last few years has centered on the
conversion of alcohols to fluorides. DAST has been
used to make N-acetyl-9-deoxy-9-fluoroneuraminic
acid,®? (-)-1L-1-deoxy-1-fluoro-myo-inositol®® and 2,2-
difluorooleandrose,? via the following intermediates
(Scheme 39).

Some 5-membered rings have also been fluorinated,
such as II (Scheme 40), a new potent antiviral agent,*®
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and III (Scheme 41) a fluorinated synthon for fluoro-
carboceyclic nucleosides,® in the latter example initially
only an aziridinium species was isolated (Scheme 40).
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However changing to a less basic amino group re-
sulted in the normal inversion of configuration expected
from DAST fluorinations on secondary alcohols
(Scheme 41). These authors also demonstrated the
compatibility of DAST with an azide-substituted car-
bocycle.
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Attempted preparation of the 6-fluoro derivatives of
methyl 8-D-galabioside gave the rearranged 1-fluoro
derivative,?” but in the fluorination of mucin-type oli-
gosaccharides, the 6 position was fluorinated in 60%
yield*” (Scheme 42).
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Similarly a-monofluoro- and a,a-difluorothymidine
have recently been prepared, using DAST, for their
possible antiviral and antitumor properties.?®

In the preparation of some novel chiral fluorinated
ferroelectric liquid crystals Walba has demonstrated
that DAST can fluorinate primary alcohols, « to an
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o
3

o
o DAST
Acomo
0

(o}
OAc o8n OAc 0% OAc o8én



Selective Formation of the C-F Bond

epoxide, with predominant retention of configuration!®
(Scheme 43).
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However in the absence of an OH group DAST will
react with epoxides, as a recent example by Hudlicky
shows, to form gem-difluorides, vicinal difluorides, and
bis(m-fluoroalkyl) ethers!® (Scheme 44).
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Presumably the gem-difluoride is formed via the acid
catalyzed rearrangement of the epoxide to give phenyl
acetaldehyde which is subsequently fluorinated
(Scheme 45). Extending Nicolaou’s recent work on the
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fluorination of thioglycosides,1%2 Suzuki has found that
some thioglycosides failed to react effectively with the
DAST /NBS system.!® Competitive attack of NBS to
both PhS and Me,N groups was thought to have been
the problem in this case. On adding PPHF a 77% yiled
of the fluoroglycoside was achieved (Scheme 46).
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Robins and Wnuk have successfully fluorinated an
adenosine derivative by reaction of DAST on a sulfoxide
moiety to produce an a-fluorinated sulfide.!%4

This follows on from the original work of DAST on
sulfoxides by McCarthy,!% in this case however, the
addition of SbCl; as a Lewis acid catalyst instead of
Znl, was needed for efficient fluorination (Scheme 47).
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Further work on conversion of carbonyl derivatives
to fluoro compounds has focused on the reactions of
esters with this reagent. DAST has recently been used
for the preparation of a,a-difluoro ethers, from thio-
esters, normal esters bemg unreactive or giving side
products 106 A mechanism similar to that for the con-
version of aldehydes and ketones to gem-difluorides has
been proposed (Scheme 48). Mann has used DAST
recently to fluorinate steroidal aldehydes.l?” In the
process an interesting rearrangement also occurred
which was elucidated by 13C NMR and X-ray crystal-
lography (Scheme 49). Finally, Middleton has used
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morphoDAST (4-morpholinosulfonium trifluoride) to
fluorinate cyclohexanols.!® This reagent gives higher
yields than DAST, and in this particular case the cis
alcohol gave a higher yield than the trans alcohol, via
an Sy2 pathway (Scheme 50).
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M. Fiuoroalkyiamine Reagents (FAR)

FAR have been used for replacement of OH and
carbonyl groups with fluorine.!®® There are two fre-
quently used FARs that dominate research in this area,
the first is known as Yarovenko’s reagent!!® (chloro-
1,1,2-trifluoroethylamine) and the second being Ishi-
kawa’s reagent!!! [2-(trifluoromethyl)-1,1,2-trifluoro-
triethylamine] (Scheme 51).
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Ishikawa’s reagent has been used recently to produce
anomeric fluorides in good yields!'? (Scheme 52).
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Yarovenko’s reagent has been used in combination
with Olah’s reagent to fluorinate amino alcohols with
retention of configuration, presumably via anchimeric
assistance from the adjacent pentyl amino group!!®
(Scheme 53).
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The xenon fluorides were discovered almost 30 years
ago,1M ghortly after it was shown that the inert gas could
undergo chemical reactions if the correct conditions and
reagents were used.!’® In the same year xenon di-
fluoride was also prepared!!® and has proved to be one
of the most useful fluorinating agents and the most
stable (an exception is the recent innovation of “taming”
XeFg by forming an adduct with graphite to form
C,oXeF; intercalater!!”). Xenon difluoride has been
used in the fluorination of alkenes,!'8!1 in fluoro-
decarboxylation,!? in the fluorination of thioethers,!?!
and in the fluorination of aromatic!?? and aliphaticl?®
compounds. The reactions of XeF, with organic com-
pounds has been reviewed by Filler.!# Many of the
reactions with XeF, require the addition of Lewis acids
or proton donors such as BF; and HF. These are
thought to coordinate with the fluorine lone pairs and
enhance the electrophilicity of XeF,, encouraging the
formation of radical cations or nucleophilic attack on
fluorine. Recent work has centered on replacing one
of the fluorine groups with an alcohol!? or carboxylic
acid!?® group. Thus, instead of the usual 1,2 di-
fluorination with XeF,, these new species can be used
to monofluorinate double bonds in a regiospecific way
(Scheme 54). In the case of alcohols, the resulting
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ROXeF species can react through oxygen or fluorine
depending on the reaction conditions. When R = CHj,
with added BF;Et,0, I reacted via an electrophilic
oxygen species IIb to give a mixture of cis- and trans-
2-methoxy-1-fluoroindan (IVb). With added HF, I re-
acted via an electrophilic fluorine species Ila to give cis-
and trans-1-methoxy-2-fluoroindan (IVa). When more
acidic alcohols were used!?” (R = CF;) IVb predomi-
nated, without added BF5-Et,0O. (In the absence of any

Wiikinson

indan, oxidation of the alcohol was found to occur.) A
free radical reaction pathway was thought unlikely since
no change in the reaction time or product distribution
was found to occur upon addition of a free-radical in-
hibitor and a predominance of cis to trans was found.
(The trans product would be preferred in a free-radical
pathway due to the steric requirements of the chain
transfer step.)

An interesting application of this work would be the
reaction of ROXeF with various substituted glycals. By
modifying the reaction conditions fluorine sugars sub-
stituted at the 2 or 3 position could be obtained, which
would be useful in biological studies. XeF, also reacts
with ketones via their enol acetates.!?® With silyl enol
ethers a-fluoro ketones were formed.12%130

Zupan'®! has recently shown that XeF, reacts with
aryl-substituted ketones to give rearranged difluoro-
substituted ethers. By using BF; as a catalyst, en-
hanced aromatic fluorination in preference to skeletal
rearrangements occurred (Scheme 55). Here BF; seems
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to enhance the electrophilicity of fluorine, which is in
contrast to the previous studies on alkenes mentioned
earlier.

Fluorination of nitro compounds and imidazole N-
oxides has been studied recently, for which free-radical
mechanisms have been invoked.!?? Finally studies in
XeF, with Grignard reagents gave solvent-derived
products as well as coupled products; however, no
fluorinated compounds were formed.!3?

0. Aromatic Hypervaient Iodine Fluorides

These compounds are easily prepared from the cor-
responding chlorides and are relatively stable. For
example the 4-methyliodobenzene difluoride derivative
can be conveniently stored at 0 °C for many months.
It possesses a bent T-shaped geometry around iodine
as shown recently for the first time by X-ray defrac-
tion!3* which appears to be typical of these compounds
in general (Scheme 56). Although these compounds

SCHEME 56

were first made over a 100 years ago!?® they have only
recently been investigated as possible fluorinating
agents,136-144

Motherwell has recently shown that p-tert-butyl-
iodobenzene difluoride efficiently fluorinates steroids
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when used in conjunction with an electron-transfer
agent. A one electron transfer mechanism has been
implicated.!*® The same reagent has also been used by
the group to fluorinate cephalosporins!*® (Scheme 57).
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This is the first case of nucleophilic substitution on
a carbon-centered iodonium-sulfonium intermediate
with fluoride anion. The reaction is presumably faci-
litated by formation of the azetidinium ion intermediate
by azetidone C-S heterolysis.

This work has been extended to the synthetically
useful formation of gem-difluorides in high yields from
dithianes!’ (Scheme 58).
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Similarly the efficient formation of fluoro carbohy-
drates from phenyl thioglycosides under relatively mild
conditions has been achieved with this reagent.!*8
Higher yields were obtained when p-chloro substituents
were present on the aromatic ring of the glycoside. An
Sx2 displacement at the anomeric center is implied with
some of the substrates which lack neighboring group
participants at the C-2 position (Scheme 59).
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111. Electrophlllc Sources of Fluorine

These reagents have been developed for introducing
fluorine at centers of high electron density, and they
therefore offer an interesting alternative where nu-
cleophilic and free radical sources of fluorine have
proved inefficient or have failed. The ability of fluorine
to behave as an electrophile is not easily achieved since
fluorine is the most electronegative element. Ingenious
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ways of overcoming this problem have been achieved
by either withdrawing electronic charge from fluorine
through inductive effects or by the presence of an ex-
cellent leaving group adjacent to fluorine, or by a com-
bination of these effects. CF;0F, FCl04 CF;CF,O0F,
CF;COOF, CH;COOF, CF;COOF, N-F reagents, CsS-
O,F, and F, itself have all been used as sources of F*.
An obvious extension to this list would be CF;SO,F
which has not appeared as another contender despite
CF;S04Cl and C 938038r being excellent sources of
positive halogen.!*

Some of the more recent developments in this area
are included below.

A F,

Although fluorine can behave as a free-radical source
of fluorine under different conditions it can also behave
as an electrophile. Barton and Rozen have both shown
that F, diluted with N, can fluorinate electron-rich C-H
bonds.180151 Recently Rozen has extended this work to
other systems which contain electronegative substitu-
ents!%? (Scheme 60).
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Fluorine in this system selectively reacts with the
C-H bonds which contain the highest p-orbital con-
tribution (hybridization) as indicated by CNDO and
PRDDO computer calculations. Since fluorination
occurs with retention of configuration, absence of elim-
inations, rearrangements, and partial inversions of
configuration, a pentacoordinate carbonium ion mech-
anism has been suggested!®® (Scheme 61).
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Fluorine has also been used to make an a fluoro-
carbonyl derivative via the silyl enol ether and the enol

acetate of estrone!®* (Scheme 62).
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Other fluorinating agents were also used including
CF;0F, CsCO,F, and XeF,. XeF, gave exclusively the
a isomer in 44% yield, where R = OSi(Me);. Fy/N, has
also been used to fluorinate substituted pyridines in
reasonably good yields. In the case of 4-isopropyl
pyridine a 47% yield of 2-fluoro-4-isopropyl pyridine
was obtained.1%

B. Acetyl Hypofiuorites

CF,COOF was the first acyl hypofluorite to be
made,!% and this has been used to good effect in organic
and polymer chemistry by Rozen.!” CH;COOF has
recently been used to fluorinate glycals of pento-
pyranoses and hexo- and pentofuranoses.!® Syn ad-
dition occurred with all the glycals, with the stereo-
specificity of addition to furanoid glycals being governed
by the nature of the C-3 substituent (Scheme 63).
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CH,COOF has also been used to fluorinate steroids,
tyrosine, hexestro, and uracil derivatives!®1% (Schemes

64 and 65). Other derivatives of acetyl hypofluorite
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have been made recently and it was found that rea-
sonable stability could be achieved providing at least
one electron-withdrawing group was at the a position
and that lengthy alkyl chains were avoided.!8! For ex-
ample, when sodium 2,2-dichloropropionate was reacted
with Fy, 2,2-dichloropropionyl hypofluorite was formed
and this reacted with the enol acetate of tetralone to
give the a-fluoro derivative in 85% yield (Scheme 66).
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CF;OF was first prepared by Cady in 1957.162 Barton
and Hesse pioneered the early work on this reagent and
demonstrated that it was a more powerful electrophile
than FCI0,.1¢3 As mentioned briefly in the section on
fluorine apart from F, and XeF,, CF;OF adds to sil-
oxyestrone and estrone diacetate to give a-fluoro ke-
tones!®* (Scheme 67).
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CF;OF has also been used to introduce °F into sugar
derivatives via their glycals in high yields.18

C. CsSOF

This is a new solid electrophile fluorinating agent
introduced by Appleman in 1979;16¢ however, it must
be used with caution since under certain conditions it
is explosive. It has been used for the fluorination of
aromatic systems,'®’ and the a fluorination of ketones,168
but recent work has centered on addition to alkanes and
alkenes (Scheme 68).
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Zefirov has demonstrated that CsSO,F reacts with
alkenes, showing a preference for anti Markovnikov
products from syn addition.16°

This suggests that the electrophilic center in CsSO,F
is oxygen rather than fluorine in these reactions, this
is in contrast to previous studies by Zupan on CsSO,F
with indene where F* was implicated as the electro-
philic species.!™

CsSO,F has also recently been shown to react with
saturated hydrocarbons.l”! Adamantane, for example,
was fluorinated in over 40% yield giving a mixture of
products in which the addition of a free-radical inhibitor
had no effect on the reaction rate or product distribu-
tion. Other alkanes were also fluorinated (Scheme 69).
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D. N-F Electrophllic Fiuorinating Agents

The compounds were developed to overcome the
problems associated with the more traditional sources
of electrophilic fluorine which are more explosive, hy-
groscopic, gaseous, and toxic. These new reagents are
often more stable and selective, and many are solids and
therefore easier to handle. The range of compounds
which have been developed include, N-fluoroper-
fluoropiperidine (I) (1964, Banks!’?), dihydro-N-
fluoro-2-pyridone (II) (1983, Purrington!’?), N-fluoro-
N-alkyl sulfonamides (III) (1984, Barnette!’¥), N-
fluoropyridinium salts (IV) (1986 Umemoto!’), N-
fluoroquinuclidinium salts (V) (1986, Banks!’¢), and
N-fluoroperfluoroalkyl sulfonamides (VI) (1987, Des-
Marteau!”) (Scheme 70).
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These reagents have been used to fluorinate aromatic
rings, Grignards, lithium salts, enolates, etc. A recent
paper by Banks has shown that N-fluoroquinuclidinium
fluoride, one of the more successful N-F fluorinating
agents, can fluorinate a wide array of electron-rich
substrates!’® (Scheme 71).
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N-Fluorosultams have been recently made by Lang,
and these have been used for the first time to achieve
enantioselective fluorination of metal enolates!”
(Scheme 72).
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0°C-- rt, ; 7% -
N-F 1.5 equiv. ol (1) é"COzEt
-

S0; LDA, THF, Fo
H A 3s% 2%
1.2 equiv. of (1}
KH, toluene/THF ]

F
0°C-- 1t
: 4 <10% 5%
1.3equiv. of () é"coza : 0

5] LDA, THF, Fo:C0:
0,
CH, -78°C--rt, 109 o
1.2 equiv. of (I1) <10% 34%
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IV. Electrochemical Fluorination

This classical fluorination technique is difficult to
employ for selective fluorinations and was traditionally
used to make polyfluorinated organic compounds.!8
Recently however Laurent has successfully applied this
technique to the a fluorination of ketones!®! and ben-
zylic compounds!® by carrying out the electrolysis in
the presence of Et;N-3HF (Scheme 73).

SCHEME 73

Ph'F=CH'Me B — Ph-CO;CH-Me

OAc F
65%
o] o]
F
OMe OMe
MeOQ MeO

99%

This work has been extended to the oxidative fluo-
rination of sulfides and offers an interesting alternative
to DAST for such transformations.!83 Monofluorides
or gem-difluorides can be produced by adjusting the
potential during the electrolysis. A radical cation
mechanism, which seems reasonable has been invoked
to explain product formation (Scheme 74).

SCHEME 74
s‘@ F s’@ F ‘5@
dco,a EIsN 3HE ©><002Et - ©)(co,a
g

84% 1 E=1.6v
.
F. S

FF

(j .
©’s'5 . ©)<co,a EtsN.3HF ©>\cozer
75%
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