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Abstract. Triethylamine trishydrofluoride is a highly versa-
tile fluorinating agent without the disadvantages of liquid
hydrogen fluoride or other mixtures of HF with bases. The
main types of fluorination using this reagent are reviewed:

Nucleophilic substitutions, reactions using this reagent as
nucleophilic partner in electrophilic additions, electrofluori-
nations and deprotection of silylethers.

Fluorinated organic materials — both analogues of nat-
urally occurring compounds and synthetic substances —
gain a continuously growing interest by organic chem-
ists, biochemists, medicinal chemists, material scien-
tists and others because of its unique chemical proper-
ties and biological activity. Hence, there is an enormous
demand of synthetic methods for such compounds. Al-
though there exist plenty of different procedures to in-
troduce fluorine substituents into organic molecules,
there are only a few which can be handled easily and
safely in an ordinary organic chemistry laboratory. One
of these is triethylamine trishydrofluoride (Et;N-3HF)D
as a source of nucleophilic fluoride.

After this reagent was formed in situ for epoxide ring
openings [1], Franz synthesized this complex about 15
years ago as a distillable oily liquid [2]. Et;N-3HF has
important advantages over the most other HF-based flu-
oride sources: The reagent is less corrosive compared
to other mixtures of HF with erganic bases and can be
handled in usual borosilicate glassware up to tempera-
tures of about 150 °C and it is soluble in polar protic
and aprotic solvents and in organic substrates of differ-
ent kind [2].

There are mainly five types of application for Et3N-3HF:

1. Nucleophilic substitutions

1.1. Halogens or hydroxyl groups (via esters)

1.2. Epoxide ring openings to fluorohydrins

1) Very recently a review on the same topic appeared; M. A.
McClinton, Aldrichimca Acta 28 (1995) 31.

1.3. Balz-Schiemann reaction

2. Nucleophilic partner in electrophilic additions

2.1. Halofluorinations

2.2. Sulfenyl- and selenenylfluorinations

3. Electrofluorinations of activated positions in or-
ganic compounds

3.1. Benzylic positions

3.2. Thioethers

3.3. Thioacetals and hydrazones

3.4. Olefins

3.5. Aromatic compounds

4. Nucleophilic substitutions of halogen atoms with
fluorine in organo phosphorus compounds

5. Deprotection of silylethers

1 Nucleophilic Substitutions

1.1 Halogens or Hydroxyl Groups (via Esters)

Usually nucleophilic substitutions of ordinary alkyl
halides with fluoride are not favored. Thus, after 122 h
refluxing of 2-bromooctane with two equivalents of
Et;N-3HF and one equivalent of Et;N in acetonitrile
only 48 % (GC) of 2-fluorooctane was formed [3].
Mesylate is a much better leaving group yielding 90%
(GC) of the fluoro compound starting from the mesylate
of octan-2-0l and from 1-mesyloxy-3-phenylpropane
100% (GC) of the 1-fluoro compound was obtained [3].
However compounds with activated carbon-halogen
bonds can easily be substituted. In this way by heating
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bromoacetone (1) with Et;N-3HF to 110-115 °C and
simultaneous addition of Et;N (to bind HBr and the el-
evating HF to form again Et;N-3HF) fluoroacetone (2)
is formed in 90% yield [2].

EtzN-3HF /?L
H30 CHQBT Hac CHZF

1 2

+ EtgN-HBr 4+ 2HF

Also from o-(chloromethyl)-pentafluoropropyl ether
(3) on heating with Et;N-3HF the corresponding fluoro
compound 4 has been obtained in good yield [4].
CF3CFHCF;0CHoF S8 GF3GFHCF,0CH,

3 4
2,4,6-Triftuoro-1,3-diazines 6 were prepared by treat-
ing the trichloropyrimidines 5 with Et;N-3HF at room
temperature and heating the mixture for 6 h at 80 °C

60 %

[S].
F
R
EtaN-3HF X
)\ AT )N'\)I R=CHz 93%
F7ONTF
6
R =H, Alkyl

In a similar way cyanuric chloride was transformed
into cyanuric fluoride, from phosgene difluorophosgene,
from oxalylchloride oxalylfluoride and from dichloro-
sulfane sulfur tetrafluoride were obtained [2].

In sugar chemistry the reagent has been extensively
used to introduce fluorine substituents. Nucleophilic
substitutions with inversion of the configuration of o-
bromine substituents at the anomeric centre with fluo-
rine were effectively realized by refluxing of 7 with a
large excess of Et;N-3HF in a two-phase system with
CCl, to give 8 [6].

OAc OAc
A EWNIHE o Oﬁ,
c —lie-
AcO CCly, reflux ic ACO F
Br
8
o~5\; . cosg\f\ co~2\7|
OAc I OAc OAc
10! 10b
AC.0C,.H
2Has
' EtN-3HF Qhe 0012”25
Ac AcO Petroloum ether, A 90%
Br reflux

1

Several similar transformations of other protected
o-bromo sugars [5] and protected sugar analogues like
9 and 11 [7,8] have been realized.

Related substitutions were successfully used also for
the synthesis of primary or secondary sugar fluorides.
In this way the triflate 13 gave 87% of 14 and the tri-
flates 15 and 17 gave the corresponding fluorides 16
and 18 with complete inversion of the configuration in
65% and 86% yield, respectively, and without opening
of the expoxide in the case of 17 [9].

><° CH,OTR )<° HoF
Et;N3HF
O&% CHACN, 50°C, 6 O&% 87 %
780 780
14

13

XO
___EWNGHF 07 0
‘CHLCN, 80°C, 60N F
kY

65 %
THO 04r
16
__EWNOHE e Me 86 %
CH. °c °
THOY 4Cle. 40°C. S
o
18

Retention of the configuration has also been obtained
in the substitution of the mesylate 19 with Et;N-3HF to
yield 20 by intermediary neighbouring group participa-
tion of the nitrogen functionality [10].

EtN-3HF, EtN

F
P AL
70°C,2h O@% 99 %

OMe OMe

I T

-0
Ph” 9

Partial retention of the configuration, but mainly re-
arrangement, caused as well by intermediary participa-
tion of a bis-allylamino group, gave the fluorides 22
and 23 (7:1) by treatment of 21 with Et;N-3HF [11].

Ring contraction occurred in the reaction with
Et;N-3HF in acetonitrile and some additional amount
of Et3N of the methyl hexopyranoside 24 bearing the
leaving group in 2-position to form a 1:3 mixture of
epimers 25 and 26 [12}.

Several similar examples were described in the liter-
ature [7,13]. Moreover, nucleophilic substitution of a
2,3'-anhydronucleoside was realized under very harsh
conditions. By heating 27 with neat Et;N-3HF to 150
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°C for 90 min a mixture of 19% of 28 and 5% of the
demesylated 29 was formed [14].

Neighbouring group participation of a sulfur func-
tion to form an intermediary episulfonium ion is respon-
sible for the nucleophilic displacement of chlorine by
fluorine with retention of the configuration in several
B-chloroalkyl-phenylthio ethers 30 with 80-96% yield
[15].

M Meo\l;l‘F F\';'AOMS
e
THl Et,N-3HF, Et,N 0J - O (R
o) e CH( CN, 16h, et g + M
24 25 2
9 o}

) )jj,Me o,j:;j/m oj::zrm

/|\ ElaNaHF
F F
27 28 29
Ci F
CHan"sPh oo (CHz)n"SPh
30 31

As part of a synthetic strategy twoards fluorinated
carbocyclic analogues of nucleosides treatment of 3-
acetoxy-2-bromobicyclo[3.2.0]heptan-6-one (32) with
potassium fert.-butoxide followed by Et;N-3HF gave
fluoroketone 33 likely via HF addition to a highly

H o
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H

Br
32

O
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CH,0Ac
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strained intermediary cyclopropane [16].
1.2 Epoxide Ring Openings to Fluorohydrins

The first application of Et;N-3HF, formed in situ, was
the ring opening of activated epoxides like 34 to form
fluorohydrins 35 and 36 in 60% yield [1].

H
_ENIHE
100 °C F
35 75 25 36

_EN2HE 759
120 °C 18h 5%

C 40 h

OH
C 24h "uF

42

Opening of cyclohexene oxide (37) needs a more nu-
cleophilic reagent Et;N-2HF, and heating for 18 h at
120 °C was necessary to form 38 [1]. For ring opening
of not activated epoxides like 39 [17] or 41 [18] with
Et;N-3HF long reaction time is necessary to form the

F
EtsN-3HF % o

OAc
33
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1,2-fluorohydrins 40 or 42, respectively, without trans-
annular hydrogen shift or transannular participation of
the second double bond which was obtained using the
more acidic Py-9HF (Olah’s reagent).

By contrast, refluxing of exo-norbornene oxide (43)
with Et;N-3HF in chloroform for 20 h gave no 1,2-flu-
orohydrin, but two products of an intermediary Wag-
ner-Meerwein rearrangement 44 and 45 and nortricy-

clanol (46) [19].
HO OH H
ol g Ty oS T
cncn,, 55°C, + +

44[48%]  45[19%)] 46 [19 %]

Mainly rearranged fluorohydrins were also formed
in reactions of carvomenthene oxide, limonene oxide
and o- and B-pinene oxides with Et;N/nHF reagent pre-
pared in situ {20].

From the epoxides of cis- and trans-dodec-6-ene 47
on heating with Et;N-3HF to 150 °C for 3 h the corre-
sponding threo- or erythro-T-fluorododecan-6-ols 48
were obtained in 81% and 82% yield, respectively, in a
highly stereoselective ring opening [21].

F
05H1 1 5H1 1 EN-3HF CeH
\<(§~c 150°C, 3h s CsHyy
OH
47 (cis or trans) 48 (threo or erythro)

Terminal epoxides like 49 on reaction with Et;N-3HF
gave mixtures of the regioisomeric fluorohydrins 50 and
51 bearing fluorine slightly predominant in primary
position. Addition of more amine (Et;N or other terti-
ary or secondary amines) shifted the product ratio to-
wards the main compound 50 [22].

EtOzl:/\H% + Et02M

M _ENOHE
EtO; 7 1oo °C,36h

49

55 45
o | Yield
_EGNSHE y R'=R%=H 55 %
7o°c 3d 1 2
R'=0OH,R°=H {66%
R2
53

=H,R*=0H |56 %

In an analogous way 5,6-epoxyhexonolactones 52
were also transformed selectively into the correspond-
ing primary fluorides 53 [23].

However, the regioselectivity is also dependent on
functional groups attached to the epoxide ring. From
trichloropropene oxide (54) only the primary fluorine

compound 55 was formed in 76% isolated yield [24].

ClC,

\W EN3HE __ ClC

o 100°C, th Y\F
HO

54 55

Contrary to saturated terminal epoxides vinyl oxiranes
like 56 can be opened using Et;N-3HF under much mild-
er conditions to form the corresponding quite unstable
fluorohydrins like 57 bearing the fluorine substituent
in allylic position [25].

= EtsN-3HF a
/\<|O CHClp, 1. t. /\F(\OH
56 57

The ring opening of different analogues of sugar
epoxides was shown to proceed much more selective
using Et;N-3HF compared to other HF-amine com-
plexes. 2,3-Anhydro-L-erythrono-1,4-lactone (58) gave
the regioisomer 59 exclusively after three days at 70 °C

[26].

00 _EtNSHE
70 °c 3d
(s
1.3 Balz-Schiemann Reaction

The Balz-Schiemann reaction, the traditional method
for the synthesis of fluoroaromatics from arenediazo-
nium tetrafluoroborates, is much more effective in the
presence of Et;N-3HF and ultrasonic irradiation. Ben-
zenediazoniumtetrafluoroborate (60) and equimolar
amounts of Et;N-3HF in Freon 113 with sonication for
8 h at 40 °C gave 92-95% of fluorobenzene (61) [27].

® o
Nz 1BFf  EyNaHF F
Oy e oy

60 61

2 Nucleophilic Partner in Electrophilic Additions
2.1 Halofluorinations

Halofluorinations as well as selenenyl- or sulfenylfluor-
inations (cf. chapter 2.2) of unsaturated hydrocarbons
allow the introduction of a fluoride atom under much
milder conditions and usually more selective than di-
rect hydrofluorination. Moreover, the 8-halo, -thio, or
B-seleno substituents are very useful functionalities for
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elimination or substitution reactions [28].

The combination of a source of an electrophilic hal-
ogen (like N-halosuccinimides) and Et;N-3HF is a very
convenient and effective reagent for the halofluorination
of alkenes [29].

=

The addition of the halofluorides like "BrF" proceeds
stereospecifically giving trans-2-fluoro-1-halo-cyclo-
alkenes like 63 from cis-cycloalkenes like 62 or cis-2-
fluoro-1-halo-cycloalkanes like 65 from trans-cyclo-
alkenes like 64. Moreover, the addition is regioselec-
tive according to the Markovnikov rule as shown for
bromofluorinations to allyl benzene (66) and a-alkyl-
styrenes 69 to form the products 67 and 68 and 70, re-
spectively, in very good yields [30].

NXS/EtsN3HE
“CHLC rt.

)—,( X=Cl, Br, |

NXS/Et;N-3HF X  X=Cl 96 :/o
CHOlp 1.1 . X=Br 95%
“F X=1 82 %
62 63
NXS/ELN-GHE X X=C 92%
CHClo, . 1. X=Br 91%
F o X=l  76%

64 65

NBS/EtzN-3HF
CHLClp, . 1.

3
3

Br F 83 %
+ Br °

66 67 89 : 11 68

X NBS/EN-3HF
v

CHCly, 1. 1. r R =H, CHy, CoHg, n-CaH; 93-97 %

q.
o'

69 70

NBS/E1;N-3HF
CHCly, 1. 1.

xe

A

73 : 27

i?i\?

NBS/EtzN-3HF p\ﬁé

CHCla, 1. .
-y -y

C:) NBS/Et;N-3HF

—_— + +

CH.Cly, . .
H ':= F
85 |

Such reactions occur in hydrocarbon systems where
Wagner-Meerwein-type rearrangements or transannu-
lar m-participations are possible [29, 31].

Meanwhile several other types of ethylenic com-
pounds such as long chain terminal {32] and symmetric
[33] alkenes, terminal allylic alcohols [34], vinyl ox-
iranes [35], methallyl derivatives [36], and w-unsatu-
rated fatty acids [37] and enol esters {38] have been
bromofluorinated using this method.

NBS/ELNSHE | A7 @ A T
OO CHzclz' n [OO ] @ @
Br “Br

95%

If an oxirane is placed in transannular position to a
double bond in an eight membered ring on bromofluor-

ination transannular O-participation occurs prior to the
introduction of the fluoride ion [39].

2.2 Sulfenyl- and Selenenyl Fluorinations

The combination of Et;N-3HF with electrophilic sulfur
or selenium reagents gives rise to sulfenylfluorinations
or selenenylfluorinations. In this way the electrophilic
anti-1,2-addition of the elements of methane- sulfenyl
fluoride to carbon-carbon double bonds by a one-pot
reaction of dimethyl(methylthio)sulfonium tetrafluor-
oborate (DMTSF) and Et;N-3HF with various types of
alkenes was used for the synthesis of B-fluoroalkyl
methyl thioethers [40].

SMe
DMTSF/Et;N-3HF V_K
—
CHoCl, 1. t.

F

This reaction is stereospecific like the halofluorina-
tions: From cis-cycloalkenes trans-1-fluoro-2-(methyl-
thio) cycloalkanes are formed while trans-cycloalkenes
give the cis-products, always in good yields [40]. With
unsymunetrical alkenes, these reactions proceed regi-
oselectively to produce mainly Markovnikov-oriented
flu- oroalkyl thioethers. With norbornadiene exclusively
exo-attack of the electrophile on one of the double bonds
and subsequent transannular participation of the sec-
ond ®-bond gives rise to two isomeric 3,5-disubstituted
nortricyclanes, while starting with the medium-sized
(Z,Z)-cycloocta-1,5-diene (71) only 1,2-addition to 72
and no transannular w-participation has been observed

[401.
DMTSF/Et;N-3HF SMe 76 %
ALt b °

71 72
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In contrast, the reaction of the monoepoxide of this
diene gives in addition to the simple 1,2-adduct also
transannular oxygen participation producing oxybicy-
clic compounds (analogous to the bromofluorination)
[40].

Phenylselenofluorinations of various kinds of alkenes
and alkynes were realized in good yields using N-phe-
nylselenophthalimide (NPSP) combined with Et;N-3HF.
Again the reactions occur as anti-1,2-additions form-
ing B-fluoroalkyl phenylseleno ethers from alkenes [41].

metric alkynes giving B-fluoroalkenyl phenylseleno-
ethers. With unsymmetric alkynes mixtures of regioi-
somers are formed while terminal acetylenes yield un-
pleasant mixtures of at least five products with 1-fluoro-
1,2-(diphenylseleno)- 1-alkenes as the main components
[41].

This reaction has been used as a key step in a new
synthesis of a fluoroallene. From 4-octyne (82) first the
corresponding trans-phenylseleno vinylfluoride 83 is
formed in 80% yield which after oxidation and elimi-
nation gives the fluoroallene 84 [42].

3 Electrochemical Fluorinations of Activated

The most simple procedure for the synthesis of fluori-
nated compounds is the direct fluorination. However,

ePh
NPSP/EtN-3HF

> < CHCh T L o
el ! F Positions
NPSP/Et3N-3HF F 3 PhSe 2

CH G Tt + o

PhSe" § F $

73 74 75

From So-cholest-2-ene (73) a mixture of two trans-con-
figurated regioisomers 74 and 75 were formed in a ra-
tioof 3:2.

Acid sensitive olefins like methylene cyclohexane
(76) yield the corresponding 1,2-adducts like 77 with-
out rearrangement prior to the addition of the elements
of PhSeF and also acetals of o.,8-unsaturated aldehydes
like 78 or ketones like 80 give the 1,2-addition prod-
ucts 79 or 81, respectively, bearing the electrophile next
to the acetal function [41].

NPSPIEGNSHF SePh
q CHoCl,, . t. g:\ o 89 %
77
NPSP/EtaN 3HF /\/‘\i
\i T CHCR Tt Y 55%
SePh
79
o, 0 0. 0 SePh
NPSP/Et;N-3HF ©
e
80 81

Moreover, the formal addition of the elements of
PhSeF across triple bonds is most successful with sym-

\\“’“‘\\\\v/ﬁ\\ ,/~\v/1§7/'\\//

SePh

NPSP/Eth IHF
CHzclz rt

1. MCPBA
2. benzene
reflux

chemical methods using elemental fluorine or CF;0F,
XeF,, DAST or N-fluoro compounds are often danger-
ous, difficult to handle, or very costly [43].

Electrochemical fluorinations, on the contrary, are a
very good alternative because they can be done in one
step under safe conditions using cheap chemicals [44].
However, electrochemical partial fluorinations some-
times lack selectivity or give low yield because of the
low nucleophilicity of fluoride ions in solvating sol-
vents or because of solvent participation. Et;N-3HF has
two major advantages in this respect: It can be used as
the electrolyte and simultaneously as the source of flu-
oride ions. The reagent is stable against oxidation and
it is a good solvent for several organic substrates (some-
times no additional solvent is needed). Moreover, it can
be recycled by simple distillation without change of the
initial Et;N-3HF ratio [1, 45].

3.1 Benzylic Positions

The electrochemical oxidation of ethylbenzene (85) in
neat Et;N-3HF at 63% conversion gave 42% of 1-fluoro-
1-phenylethane (86) [45].

o

207 HO H®
EtaN BHF

84



G. Haufe, Triethylamine Trishydrofluoride in Synthesis

The anodic oxidation of benzylic nitriles, carboxylic
acid esters, sulfonic acid esters and ketones 87 in the
presence of Et;N-3HF in acetonitrile yields the corres-
ponding monofluorides 88 or difluoro compounds 89
depending on the electrode potential. Best results are
obtained with p-substituted aromatics like p-chloro or
p-methoxy derivatives, which stabilize the intermedi-
ates. In some cases acetamides 90 are formed as minor
products [46].

The monofluoro compounds 88 or the difluoro com-
pounds 89, respectively, are usually obtained in 30-70%
yield [44]. Replacing acetonitrile with sulfolane as the
solvent the formation of acetamide by-products is pre-
vented. However, parallel fluorination of the aromatic
nucleus is obtained under these conditions [47].

)
R—@»CHZE SN —@—cn—e — n—@—qﬂ—s
CH,CN

NHCOCH;
87 1

)
R‘@-gH‘E W R CFQ"E

R= H, p-CI, p-OCHa
E = COCHg, COCgH,OCHg, CO,C,Hs, CN, SO5C,H5

In reactions of compounds with two different ben-
zylic positions in neat Et;N-3HF the chemoselectivity
is difficult to direct by different electrode potentials,
giving usually mixtures of mono- or difluorinated prod-
ucts [48].

A diastereoselective fluorination of the benzylic po-
sition is possible using a chiral, non racemic auxiliary
as the ester alcohol component . Best diastereoselec-
tivity was found for the phenylmenthyl ester 91 to give
the (S)-enantiomer of the benzylic fluoro compound 92
in 65% chemical yield and 60% de [49].

H
- @ H
o -297 -H o
H300—©-CH2 B Haco—-@—q E
F
o1 02

3.2 Thioethers

Highly selective anodic fluorination of activated o-po-
sitions has been also obtained in sulfides, selenides, and
heterocycles including B-lactams [50].

Constant potential electrolysis of activated sulfides
on a platinum electrode in the presence of excess
Et;N-3HF in acetonitrile gave the corresponding oi-
fluoro compounds in 50-87% yield. In this way, e.g.
from 93 the fluorinated phenylsulfide 94 was obtained
in 85% yield {51].

However, 94 contains another susceptible proton
which can be substituted by a fluorine atom. By increas-

105
\ (o]
S E=14V,Q=1.6Fmor’ Se o
Ph Ph  Et,N3HF/CHON Ph ph 87%
93 F 94
E=195V, EtyN-3HF/
Q=16Fmol' CHiN

91 %

0
Ph)S( S~ph
FF

35

ing the potential during the electrolysis, the difluoro
compound 95 was isolated in 91% yield [51].

Other o-phenylthiocarbonyl compounds like ketone
96 or y-lactone 98 have been monofluorinated to give
the products 97 and 99, respectively, in good yields [52].

Recently the successful electrochemical monofluor-
ination of o-phenylsulfenyl lactams 100 has been re-
ported to give 101 in good yields [53].

(o] (o}
F
PhS
= - 1
\ij E=18V,Q=23F mol Phsﬁ 67 %
EtaN-3HF/CH,CN
96 97
[o] o}
PhS : F
E=18V,Q=23Fmol' PhS 84 %
EtyN-3HF/CH,CN
98 99

O E (0]
PhS N— E=15V,Q=22-25F mof' PhS
N-R Et;N-3HFICH,CN N-R

n=185%
n=2 6%%
(CH)n (CHg)n
100 101
Ph
\Q/
£ =m0
(o]

Moreover, o.-phenylsulfenyl B-lactams 102 were
regioselectively monofluorinated giving 103 in high
yields (65-92%) and with good current efficiencies us-
ing the analogous protocoll [54].

Q. R o. R
N e-1822v,0=234Fmor N
EtsN-3HF/CH,CN F
PhS
102 SPh 103

R = Et, i-Pr, n-Buy, t-Bu, cyclohexyl, Bzl



106

J. prakt. Chem. 338 (1996)

The first successful anodic fluorination of sulfur-con-
taining heterocycles has been reported by Fuchigami et
al. [55]. The 4-thiacyclohexanones 104 provide the
fluorinated diastereomers 105 in low or reasonable
yields and with moderate to high diastereoselectivity.

0 0
R EiNOHFICHON R

S S7F

104 105

a R=Me yield 7% (100 % de)
b R=Bz 49 % ( 44 % de)

The related reaction takes also place in thiolanone
derivatives 106 to yield the corresponding cis/trans-iso-
meric fluoro compounds 107 which exhibit in vitro hu-
man type II phospholipase A, inhibitory activity [56].

o 0
WOQMG 207 _H@ COQMG
Et;N-3HF/CHSCN
S R ? s R

106 F 07
a R=Me 21V,51Fmol' yield 74 % (48 % de)
bR=Bzl 24V,82Fmol 71% (22 % de)

Recently also the anodic monofluorination of 4-thia-
zolidinones 108 gave the corresponding cis/trans iso-
meric O-fluoro compounds 109 with moderate to good
yields, but low diastereomeric excess [57].

R R
O N O N R
! "; 207 -H® |“E N
g AT EGN3HFICHZCN S Ar ==
F F Ar
108 109 110

Ar = Ph, naphthyl
R =H, Me, i-Pr, Ph, Bn

Oxidation of 109 to the corresponding sulfones and
thermal extrusion of SO, provides monofluorinated B-
lactams 110 [57].

Furthermore, several 2H-1,4-benzothiazin-3(4H)-one
derivatives 111 with protected nitrogen were effective-
ly monofluorinated to form 112 under the same condi-
tions [53].

Analogously, different aryl 2,2,2-trifluoroethyl sulf-
ides 113 were a-fluorinated in acetonitrile solution of
Et;N-3HF at a platinum electrode with constant poten-
tial to give 114 in 25-56% yield [58].

The o-monofluorination of phenyl sulfides bearing
other electron-withdrawing groups is also successful
[58, 59]. Simple alkyl phenylsulfides like 115 can be

R A
N.__O N.__0O
@ :/r E=15-20V,Q=2.1-2.5 F mol’ @[ I
S EtsN-3HF/CH,CN s” F
111 112
R = COPh 77 %
R=iPr 88 %
R=Me 68 %

- H@
-287 -

HoCFy e F

ArSC ZC 3 1o /CHy AFS?HC 3

113 F 114
Ar= Ph, p-M6C6H4, p-MeOCaH4, p-CICeH4, PhCHg

= 1
PhSCH; GriuionE™ PNSCHoF 57 %

115 116

n-C,H<SCH,COOEt _E=21V.Q=161Fmoll oy
7HsSCH,CO0Rt . aRFoReoN n-C7 ‘5S?HCOOEt
F

17 118

electrochemically monofluorinated to form 116, best in
DME solution [60].

Even the aliphatic thioether 117 having a methylene
group activated by a carboxylic function gave the mono-
fluoro derivative 118 in 70% isolated yield [58].

And also n-heptyl methylsulfide (119) exhibiting any
electron-withdrawing group underwent fluorination
rather effectively in DME to give a mixture of 120 and
121 [60].

Thioethers with two different activated o--methylene
positions gave mixtures of isomers fluorinated in o or
o' position, respectively. For example, 122 gave the iso-
mers 123 and 124 in good overall yield [60].

= = 1
H3C(CH,)gSCHz E=40V. Q=4 Fmal -E‘;% }QH‘iF,D;:""°’ Hac(cHg)SFHSCHa + HaC(CHy)SCHoF
F

119 120 [22 %) 121 [31 %]

- - 1
PhCH,SCH,CF;3 % PHCH,SCHCFs + PhGHSCH,CF
F F

122 123 {51 %)

124 (30 %]

Furthermore, thioethers 125 bearing a nitrogen con-
taining heterocycle at one side and an activated meth-
ylene function at the other have been selectively mono-
fluorinated electrochemically in the presence of
Et;N-3HF to give 126 [61].

Phenyl sulfides bearing two substituents at the o-car-
bon can readily be fluorinated in constant-potential elec-
trolysis on platinum electrode in acetonitrile solution
of Et;N-3HF. For example 127 was fluorinated giving
128 with 84 % yield [62].
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R R
R? R2
Xl N E=16-22V, Q=511 F mol' X! A
RaJ\N/ SCH,E EtgN-3HF/CHLCN o RSJ\N/ S(IDHE
125 126 ¢
R? R2 R3 X E yield [%)]
H H H CH CN 76
H H H CH COOEt 76
H H H N COOEt 55
CH; CN CH; CH CN 55
CH; CN CH; CH COOEt 45
Ph__SPh ,,..® Ph_ SPh Ph_ F

X E =16V X
EtaN-3HF/
FC0gEt RS E 00,6

EloN-3HF/
CO,Et CHiCN

127 128 [84 %] 129 [75 %]

At a potential of 1.6 V in the presence of Et;N-3HF
the carbon-sulfur bond of 128 is cleaved and the inter-
mediary formed fluorocarbenium ion is fluorinated to
give the difluoro compound 129 [62].

On the other hand a similar procedure was applied to
the synthesis of o, 0-difluorosulfides. From monofluo-

EtyN-3HF/ Et;N-3HF/CHLCN

X SeCH,E —22H __ CHE
eU2E ENaRFchREN Se |
136 137 F

X = H, Cl, OMe
E = CN, CO,Et, CONH,

acetates 133 bearing the same auxiliaries yield optical-
ly active compounds 134, however, with much lower
diastereoselectivity compared to the reactions of com-
pounds 91. This is explained by the different reaction
mechanisms ?) [63]. Difluorides 135 were found as by-
products [63].

Analogous to the monofluorinations of phenylsulfides
also phenylseleno ethers 136 bearing activated methyl-
ene groups give the corresponding o-fluorinated deriv-
atives 137 in 51-81% yield 3) [64].

In contrast, the corresponding tellurides like 138 and
several similar phenyltelluro compounds with or with-
out activating groups did not give o-fluorination at the
methylene group, but the tellurium has been difluori-
nated giving 139 in 86% yield [66].

F
= 1. 1 !
Ph~Te-CH,CF; £21211 o Ph=Te~CH,CF

138 F139

g C)
PhSCH,CO,Et —207H” Phs?HCOgEt E=22V,Q=20.7F mol' PhSCF,CO,E
F

132 CHLCN
130

EtaN-3HF/CH,CN

131 [53 %]

PhSCH,COR* E=1.8V.Q=39F mol’_ PhS?H-COH' +PhSCF,COR* R" = /O*(P
F

133 134 135

ride 130 the difluoride 131 was formed in 53 % yield.
131 could also be obtained directly by anodic fluorina-
tion of ethy! (phenylthio)acetate (132) [58].

Similar to the diastereoselective electrofluorination
of a-(p-methoxyphenyl)acetates 87 bearing enantiop-
ure auxiliaries [49] the analogous o-phenylsulfenyl-

2) A Pummerer-type mechanism has been suggested recently
for the reactions of sulfides [60] instead of an ECEC-
mechanism proposed earlier for the reactions of phenylacetates
[46].

3) Interestingly it was noted that electrochemical o-meth-
oxylations of phenylthio ethers or phenylseleno ethers bearing
activated methylene groups were much more effective in the
presence of Et;N-3HF/MeOH compared to the related
reactions without the HF/amine reagent [59, 65]. This was
suggested to be a proof for the Pummerer-type electrochemical
fluorination of phenylsulfides [59].

The electrochemical procedure has also been used
for substitution of substituents other than H-atoms with
fluoride. Anodic oxidation of 4-trimethylsilylazetidin-
2-ones 140 in the presence of Et;N-3HF gives 4-fluoro-
azetidin-2-ones 141 in high yields under very mild con-
ditions [67].

—.,  SiMeg — F
f 14 F mol™! g
a \—Ph o \—Ph
140 141 (md. 1: 1)

3.3 Thioacetals and Hydrazones

From 2,2-diphenyl-1,3-dithiane 142 on electrofluorina-
tion the geminal difluoride 143 is formed in good yield
[62].
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Ph s:> Ph F
E13N3HF PH F
143

Several similar compounds including even dithioa-
cetals of aliphatic and alicyclic ketones have been trans-
formed in this way to the corresponding gem. difluorides
[68].

Recently Fuchigami and Fujita reported the elec-
trosynthesis of hypervalent p-nitro- and p-methoxyio-
dobenzene difluorides and the latter, 145, has been used
as a mediator (0.05 or 0.2 equivalents) for indirect anod-
ic gem. difluorination of dithioacetales to form 146 [69].

E=19V,Q=4.9F mol’ F
Haco—©—l EtNGHFICHICN [H300—©—|\F]

144 145

!
JO QO

On the contrary, in diphenyl dithioacetals only one
C-S bond is selectively cleaved. The diphenyldithioa-
cetal 147 gave solely the monofluoride 148 in 54% yield

X=Cl 98 %
X=F 96%

[68].
PhS. ,SPh g-36v,Q=67Fmor! PhSXF
HygCo H Et;N-GHF/DME AT
147 148

Similarly the electrochemical reaction of diarylketone
hydrazones 149 in the presence of Et;N-3HF in CH,Cl,
solution gives mainly the monofluorinated compounds
150 and some traces of the difluorides 151 [66].

Ar, o Ar_ H Ar_ F

o + X
A CH,Cl. Ar F Ar F

]
149 150 151
Ar current density
mA cm2 150 151

Ph 1.3 95 3
p-CICqH, 1.3 40 0
p-FCqHa 1.3 63 8
p'M906H4 1.3 16 1

Selective electrochemical oxidation of aliphatic al-
dehydes like 152 in neat Et;N-3HF or in acetonitrile
solution leads to the corresponding acylfluorides, e.g.
octanoyl fluoride 153 in 23% or 42% yields, respec-
tively. However, a more acidic fluorinating agent, name-

ly EzN-5HF gave even better yields (66-89%) for 153
and several other aliphatic aldehydes [71].

Q -20~ 0
/\/\/\)LH ENIHF N\/\)LF
152 153

3.4 Olefins

The anodic oxidation of double bonds in the presence
of fluorinating agents yields mixtures of cis/trans iso-
meric vicinal difluorides and products of solvent incor-
poration.

. K
20~ * 4@ [©) *&' F F

F NHCOCH;

1,2-Dihydronaphthalene 154, indene and 3-tert-butyl-
indene 157 in acetonitrile solution of Et;N-3HF give
mixtures of diastereomeric difluorides 155 or 158 and
the respective N-(B-fluoroalkyl)acetamides 156 or 159,
while in methylene chloride the difluorides 158 (44:56)
were formed in 67% yield [72].

NHCOCHa
_E=17V
TEGNOHF
CH,Cl,
154 155 [20 %) 156 [47 %)
(c:t = 36:64) (c:t = 58:42)
'Bu 'Bu
_E=17V
“ TENaHF GQ F + @ F
cHzclg
F NHCOCH;
157 158 {22 %]} 159 [74 %]

The electrofluorination of other alkenes like styrene,
stilbene, 2,3-dimethylbut-2-ene or 2-methyl-2-butene
with neat Et;N-3HF leads to the corresponding vicinal
difluorides in 22-51% yield and from butadiene 160 a
1:2 mixture of 1,2- and 1,4-products 161 and 162 is
formed [73].

-2 F.
NP EtN-3HF A/\F + INNE

160 F 61 162

When enol esters are oxidized electrochemically in
the presence of Et;N-3HF after basic work up o-flu-
oroketones are produced in moderate yields. In this man-
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ner from 163 the a-fluoroketone 164 has been prepared
in 65% yield [74].

——, — E=17V (S -
Ph 9"0H CH, EtgN-3HF/CHZON Ph 9 9“ CH,
OAc O F
163 164

Analogously, the enol acetates derived from acetophe-
none, benzylphenyl ketone, isopropylphenyl ketone,
benzyl methyl ketone and tetralone give the correspond-
ing o-fluoroketones [74].

From the sterically very hindered and optically ac-
tive enol camphanate of a-tetralone 165a and its 3-me-
thyl derivative 165b on electrofluorination gave a mix-
ture of four diastereomers 166 in equal quantities, that
means without asymmetric induction.

o)
PN

R F
R! E=14V,Q=3Fmol' E
Et3N-3HF, CH,CN
R1
HaC\_CHj
R* O)h CHg epara ion
c 0

\

Hydrolysus
F
"lR‘ a4y F
a)R=H 60% (5)-167 (R)-167

b)R=CH,; 55%

After chromatographic separation the diastereomers
166 on mild hydrolysis are transformed to the optically
active B-fluoro-a-decalones 167 in 65-70% chemical
yield and >95% enantiomeric excess [75].

Moreover, the electrofluorination of vinyl sulfides
gave vicinal difluorides in relatively attractive chemi-
cal yields, which in some cases are accompanied by
geminal difluorides and some amount of fluorinated
acetamides resulting from solvent participation. At high-
er potential a trifluorinated sulfide 170 was obtained in
a one pot transformation of 2-(phenylthio)styrene (168)
via the difluoride 169. Other examples are described
too [76].

o, B-Difluorosulfides of this type are sensitive to ac-
ids and bases and, therefore one diastereoisomer of (1,2-
difluoro-cyclohexyl)-phenylthio ether (172) (obtained
from 171) on chromatography (Si0,) in the presence of
small amounts of triethylamine gave a-fluorocyclohex-
anone (173) [76].

3.5 Aromatic Compounds

Selective monofluorination of aromatic compounds is
difficult to achieve at high conversions because the ion-
ization potentials of educts and products are very simi-
lar (e.g. benzene 9.25 eV, fluorobenzene 9.21 eV, p-
difluorobenzene 9.15 eV). Consequently, benzene at a
conversion of 86% on electrochemical oxidation in neat
Et;N-3HF yields a mixture of compounds shown below
[45]. Better selectivity has been observed in acetonitrile
solution [77]. Chlorobenzene and naphthalene produce
mixtures of fluorinated compounds [45].

H F R_F
207 H®
ENIHF
F FF
18 % 6 % 20 % 4%

SPh
= E=1V,Q=25F mol'
Et3N-3HF, CH,CN
168 169 (72 %]

(md. 72:28)
F

SPh
E 1.8V, Q=4.7F mol}
EtzN-3HF, CH,CN

170 [57 %]

SPh

SPh SPh
= E=1V,Q=25F mol' . CF3-CHs
CHg  EtN-aHF, CHEN cyf;

[37 %]
(m.d. 70 : 30)

SPh Chromatogr.

E=1V,0=25F mofl' F Si0,
EtgN-3HF, CH.CN E PE/EtN

(97:3)

171 172 (35 %}
(m.d. 50:50)

(30 %)

0]

173
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In the related reaction of phenol (174) 20% of 4,4-
difluorocyclohexadienone (175) has been isolated,
which on hydrogenation yielded 90% of 4-fluorophenol
(176) [45].

OH
E=35V,Q=4.5F mol' __MeOH
EtN-3HF H2110 % PYc
1 bar

174 1 75 [20 %]

176 [90 %]

Also heteroaromatic compounds have been mono-
fluorinated on a similar way. The anodic oxidation of
ethyl 1-methylpyrazole-4-carboxylate (177) in ace-
tonitrile solution of Et;N-3HF produces a 93:7 mixture
of 178 and 179 in 29% isolated overall yield [78].

COLE COLEt CO,E
A\ E=27V,Q=26F mol' /j\ /_S\
N\N EtgN-3HFICH,CN N + N
|
CHj3 CH3 CHgF
177 178 179

4 Nucleophilic Substitutions of Halogen Atoms
with Fluorine in Organophosphorus Compounds

Triethylamine trishydrofluoride (Et;N-3HF) has been
used for different substitutions of halogenides with flu-
oride at trivalent or pentavalent organophosphorus com-
pounds. The reaction of triethylphosphite (180) or phos-
phorus trichloride with excess Et;N-3HF in acetonitrile
at room temperature gives 95% of triethylammonium-
hydrido-pentafluorophosphate (181) [79].

P(OEt); _E.'ﬂi“_". Et.NH HPFO + 3 EOH
180 181

Treatment of PCl5 with Et;N-3HF and additional Et;N
in acetonitrile yields triethylammoniumhexafluorophos-
phate (182) nearly quantitatively, while in the analo-
gous reaction using a secondary amine for neutraliza-
tion of the acidic fluorinating agent mainly (> 90 %)
PF5-HNEL, is formed [80].

PCls + 2 EtaN-3HF + 4 EtgN

EtaRHPES + 6 EtgNHCI
182

PCls + *4EtzN-3HF+ %, HNEt,——» PF5-HNEt,+ 54 EtzNHCI + 1%, EtaNH,CI

CHEON

By reaction of PCl; with Et;N-3HF and a secondary
or tertiary amine in the presence of ethanol or phenol

the formation of the corresponding ammonium ethoxy
(or phenoxy) pentafluorophosphate 183 is obtained in
39% and 68% yield, respectively [80].

®
PCl5 + * EtsN-3HF 4 %, EtgN + ROH —» EtaNH(RO)FFS + 5 EtsNHCI
183

The product 183 (R=Et) has been formed in 80%
yield as well by oxidation of triethylphosphite (180)
with CCl, in the presence of Et;N-3HF, Et;N and EtOH
in acetonitrile solution [81].

In the system Et,NH/CCl,/Et;N-3HF elemental phos-
phorus P, is oxidized very fast forming [HPFs]~ as well
as Et,NH-PF5 and (Et,N),P(O)F. In the case of simul-
taneous addition of alcohols [(RO)PFs], (RO);PO and
(Et,N),P(O)F are formed {81].

Dialkyl fluorophosphonates were prepared by fluor-
ination of some phosphoric acid derivatives with
Et;N-3HF. Thus, fluorination of (EtO),P(O)ON=CCl,
with the reagent in acetonitrile gave 83.5% of
(EtO),P(O)F [82].

The reaction of phenyldichlorophosphane (PhPCl,)
with an equimolar amount (C1:F = 1:1) of Et;N-3HF
did not give the expected instable PhPF,, but mainly
the disproportionation products (PhP), and PhPF, {79].
With excess of Et;N-3HF (in regard to Cl atoms) phe-
nylhydridofluorophosphorane (184) was obtained [83].

PhPCl, + EtsN-8HF ——= PhPHF; + Et;NHCI + HOI
184

Organyldifluorophosphanes (RPF,) have been syn-
thesized treating the corresponding chlorides with
Et;N-3HF in the presence of excess Et;N [83].

3 RPCl, + 2 Et3N-3HF 4 7 EtzN ——» 3 RPF; + 3 Et3N + 6 EtzNHCI
R = Ph, p-MeOCgH4, n-Bu

3 RoPCl + EtgN-3HF + 5 EtsN — 3 R,PF + 3 EtgN + 3 Et3NHCI
R = Ph, n-Bu, t-Bu

Reactions of cyclic phosphoric 185 or phosphonic
compounds with Et;N-3HF are strongly dependent on
the stoichiometry. With excess of the acidic reagent
Et;N-nHF (n > 1) the pentafluorohydridophosphate 186
is formed, while by addition of more amine Et;N-nHF
(n < 1) and equimolar amounts of fluoride and phos-
phorus (F: P = 1) chlorine—fluorine exchange was ob-
tained to form 187. With a reagent combination (ratio
F:P=3) additionally the trifluorohydridophosphate 188
was formed [84].

Triethylammonium pentafluorotellurate (IV) (189)
has been prepared by the reaction of Et;N-3HF with
TeO, in aqueous hydrogen fluoride [85].
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o . OH
@ ol S pED 4 IO @[
o

OH
185 186

I o stgeee (O -+ 122 (Y e

185 187 188

TeO, + 2 Et;N-3HF FHL0 gt .NH-ToF;
189

5 Deprotection of Silylethers

Triethylamine trishydrofluoride has successfully been
used for the deprotection of silylethers. Treatment of
the 1-tert.-butyldiphenylsilylether of 1,3-butanediol 190
or its 3-mesylate with this reagent gave the correspond-
ing primary alcohols 191 with excellent yield [9].

In the same way trimethylsilylated cyanohydrines de-
rived from ketones can be desilylated [86].

The reagent has been reported to be a more efficient
desilylating agent than tetrabutylammonium fluoride in
deprotection of a fert.-butyldimethylsilylether of a syn-
thetic t-RNA [87] and has been shown to be quite safe
with respect to migration of phosphodiester linkages in

0]
H\N)j
| o’/LN
-I—SI'_O o
(o} O-SI'
I 'l
@o-T.—.o H. |
(0] O)\
(o)

Ph
| Y
CHy—CH-CHy~CH,-0~§i—'Bu =% > CHy—CH-CH,OH
OR Ph OR . . . . . ' e
190 191 deprotection of silylated oligoribonucleotides like 2',5'-
R=H,Ms di-O-tert.-butyl-dimethylsilyluridine-3'-(2',3'-di-O-tert.-
butyldimethyl-silyluridine-5'-phosphate) (192) as a
model substrate [88].
For the deprotection of several nucleosides and nucle-
0SiMe; o otides bearing disiloxane, tert.-butyldimethylsilyl and
Ph 1.NEt;aHF Ph tert.-butyldiphenylsilyl groups 4-10 equivalents of
\ CN  2NaoH N 85% Et;N-3HF in THF were used giving the deprotected
compounds in good yields [89].
¥ 1 NESHF /\/\/lcj)\/\/\
X X T heon X X 9%
1 QSiMe; H O
: 1, NEty BHE m n=173%
2. NaOH =2 67%
(CH CHz)y "
g 2hn k) (CHz)n
wlMea 1. NElGIHF <_§\f° n=288%
h\ﬂ 2 NaOH n=3 90%
?Hz)n
2 OSiMe:. 2
R CﬁOSM 1. NEty 3HF/THF H : Q OH a)R'=R’=H, R’=Me
\ ! °3§N_°°*1’“L°_, : b)R' = Me, R2 = R® = H
Ceflg, &
c)R'=R?=Me, R®=H
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