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Abstract. Data on electrophilic fluorination of aromatic,
heteroaromatic and organoelement compounds are general-
ized and analyzed. The attention is focused on the factors
determining the selectivity of fluorine atom substitution for
hydrogen in the aromatic ring. The bibliography includes
188 references.

1. Introduction

Fluorinated aromatic derivatives represent an important
class of organic compounds, which find a broad range of
practical applications as drugs (antibiotics, analgesics, anti-
septic agents, antidepressants, antitumour agents, etc.),! ~19
pesticides,>> 10-11.20-22 Jijquid crystals,*6-11.23.24  dyes *
materials for electronics,?®~ 27 polymers,?® cancer diagnos-
tics agents.?? Fluoroaromatic derivatives are key intermedi-
ates in the synthesis of various (including practically useful)
organic compounds by nucleophilic substitution, polymer-
ization and other reactions.?~ %28

Fluorine is the most electronegative element, while the
van der Waals radius of the fluorine atom does not exceed
much that of hydrogen; this largely determines its unique
effect on the properties of organic molecules.!? 13,3033
Usually, the introduction of a fluorine atom into the
aromatic ring considerably changes the physical and bio-
logical properties and reactivity of organic com-
pounds.*~7-12.22 These changes especially concern increase
in the stability, lipophilicity and biological activities of
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organic compounds, which is important for pharmaceutical
and agrochemical industries.3?33 The fluoro-containing
drug analogues metabolized to give compounds toxic for
the body are used as bioisosteric drug mimetics.% 12-31.32
This review deals with the problem of selectivity of the
electrophilic fluorination of aromatic, heteroaromatic and
organoelement compounds with an aryl fragment. Despite
the numerous reviews and monographs published in recent
years 4~ %4 that consider the methods of synthesis and the
properties of fluoroaromatic compounds, the selectivity
problem in the electrophilic fluorination has still received
little attention. This review covers the literature published
during the last 10 to 15 years. Earlier publications are
mentioned only whenever necessary to understand the
considered problem and to elucidate new trends in this field.

I1. Reagents and mechanism of electrophilic
fluorination

Throughout many decades, gaseous fluorine served as the
reagent for fluorination of aromatic compounds (Refs 4—6,
16, 34, 38 —42). However, this reagent is hazardous, highly
reactive and corrosive with respect to many materials;
therefore, it is used most often as a mixture with inert gas
(N2, He). Owing to high reactivity, fluorine does not possess
selectivity needed for the synthesis. Even the use of polar
solvents (or Lewis acids) at low temperatures does not result
in selective fluorination of arenes.

The presence of Bronsted or Lewis acids in the reaction
mixture should result in polarization of the F—F bond,
electrophilic substitution of fluorine for a hydrogen atom
being the most probable mechanism of arene fluorination.
In the case of using oxygen-containing solvents or acids,
formation of compounds with the O—F bonds acting as
electrophiles may be expected.®’

8+ 6—
F—F —> F...F---HOY —> YO—F
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During the last 50—60 years, a number of oxygen-
containing fluorinating agents have been proposed (FCIOs,
AcOF, CF;0F, CsSO4F).57.16.38,40.43.44 However, most
of them are not sufficiently stable and moreover toxic.
Xenon difluoride is a fairly reactive fluorinating agent but
it is also rather toxic and expensive.’~7-45.46 Both XeF; and
most OF reagents are potent oxidants, which complicates
the electrophilic aromatic fluorination.® In recent years a
broad range of new electrophilic fluorinating agents, NF
reagents, have been developed and have started to be widely
used in the fluorination of aromatic compounds (Refs 5—7,
10, 11, 16, 40—42, 47—64). Reagents with the N—F bonds
are beneficial over OF and SF reagents as regards stability,
environmental safety and handling safety, which accounts
for their extensive use. As neutral reagents for introducing a
fluorine atom into the aromatic ring, compounds 1—8 have

been proposed.
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As a rule, pyridinium and quaternary ammonium cati-
ons used as salts with the BF;, TfO~ and other anions or
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R4 N RZ R3 X
‘ . +
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F F
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SO;

zwitter-ions (e.g., reagents 9—17) are more reactive NF
reagents.

Since fluorine is the most electronegative element, the
formation of the F* cation is thermodynamically extremely
unfavourable (the formation enthalpy in the gas phase AHy
is 1757 kJ mol—1).¢ Therefore, the formation of this cation
during electrophilic aromatic fluorination is unlikely.
Molecular fluorine and other fluorinating reagents are to
be considered as sources of ‘pseudopositive’ or ‘electro-
philic’ fluorine (see reviews 3% 34). Therefore, two variants of
fluorine atom transfer to the arene are mainly considered in
the electrophilic fluorination of aromatic compounds,
namely, nucleophilic substitution at fluorine (polar mecha-
nism, SgAr) and single-electron transfer with involvement
of radical cation (SET mechanism).6> 35,37 38,40,45, 54,60

d—

SEAr
—

Y~

Y =F, AIk:N, etc.

From comparison of experimental rate constants for
fluorination of 1-naphthyllithium, potassium 2-methyl-3,4-
dihydronaphtholate-1 and some other compounds by 3,3-
dimethyl-2-fluoro-2,3-dihydro-1,2-benzoisothiazole 1,1-dioxide
with the values calculated from standard redox potentials (E°)
using the Marcus theory, it was concluded %7 that the polar
SeAr mechanism is preferred. High substrate selectivity of
mesitylene (Mes) and durol (Dur) fluorination with the reagent
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(16¢)(BF4)> (F-TEDA - BF4, Selectfluor) (80 °C, kmes: kpur =
6—10) or 1a (NFSI) (105 °C, kmes: kpur = 3.4) also indicates
that the reaction follows the polar mechanism.%®-% Conversely,
in some studies dealing with fluorination of aromatic com-
pounds with NF reagents, reasons are given supporting the SET
mechanism 775 assuming a very short (10— 13-10—1 s) life
span of the radical cation—fluorine atom pair.®° In this case,
according to Jencks, reasons pro or contra the SET mechanism
become meaningless.”® (Note that the SET mechanism has been
substantiated for fluorination of alkenes and organometallic
compounds.””-78) A common feature of the considered mecha-
nisms (SET and SgAr) is the formation of c-complex or the
Wieland complex, which is converted to fluorinated aromatic
derivative upon proton elimination. In the general case, various
fluorination mechanisms are possible depending on the nature
of the fluorinating reagent, aromatic compound and reaction
conditions. Some specific features of the fluorination mecha-

nism of aromatic compounds that affect the process selectivity
are discussed below.

II1. Fluorination of benzene derivatives

1. Fluorination of monosubstituted benzenes

Fluorination of monosubstituted benzene derivatives with
fluorine or fluorine—inert gas mixtures has most often low
selectivity.”” 85 The effects of the solvent nature, various
additives and reaction conditions for the liquid-phase fluo-
rination of PhX (X = H, Me, OH, CO:;H) were studied
(Table 1).

The predominant formation of the meta-isomer in the
case of benzoic acid and ortho-, para-isomers for phenol and
toluene confirms the electrophilic character of the reaction.
The ortho-/para-isomer ratio depends little on the solvent
nature, temperature, excess of F» with respect to the starting

Table 1. Fluorination of monosubstituted benzenes PhX with fluorine gas as a F»—N, mixture.

X F» Solvent Tempe- Ratio of the products XCcH4F (%) Ssa Overall Ref.
(vol.%) rature /°C yield (%)®
ortho meta para
Me 6.5 CHCIz ¢ —45 60 0 40 1.50 (74 79
33 MeOH ¢ —40 36 0 04 0.56 29) 79
33 MeOH © —40 53 0 47 1.13 (40) 79
5.0 CF3;CH>OH —-37 59 0 41 1.44 (33) 79
5.0 CF3;CH,OH —-37 56 0 44 1.27 on 79
4.8 CF3;CO>H —12 61 0 39 1.56 (36) 79
10 MeCNf — 56 11 33 1.70 — 80
1.0 MeCNf 20 53 16 31 1.71 12 81
2.5 MeOH 20 61 11 28 2.18 11 81
COH 5.5 CF3CH,OH-H-»0 —10 20 80 0 (26) 79
5.5 CF3;CO:H —15 31 69 0 (53) 79
9.5 MeOH —40 29 71 0 (30) 79
OH 4.3 CHCl3 —02 61 0 39 1.56 77 79
39 MeOH ¢ —40 64 0 36 1.78 (72) 79
5.2 CF3;CH,OH -30 60 0 40 1.50 77 79
5.5 CF3;CO-H 15 61 0 39 1.56 (50) 79
3.0 H-O -2 56 0 44 1.27 (73) 79
3.0 H,0¢ -3 63 0 37 1.70 (75) 79
5 CHCl, —78 52 0 48 1.08 (58) 82
5 CHCl>-BCl3 —78 21 0 79 0.27 (100) 82
5 CH»Cl, - AICl3 —78 27 0 73 0.37 (100) 82
NH-> 10 H>SO4 20 29 39 31 0.94 (74) 83
10 CF3SOsH 20 27 40 33 0.82 (59) 83
10 CF3SO3H - B(OTf)3 20 25 40 35 0.71 (62) 83
10 CF3SO3H - SbFs (4%) 20 23 44 33 0.70 (61) 83
F 10 CFCl3—CF3SOsH (5%) -30 18 0 82 0.22 93) 84
10 CFCl3—-CF3SOsH - BF; -25 26 0 74 0.35 (78) 84
10 CFCl3—-CF3COzH (10%) —-20 27 0 73 0.37 (76) 84
10 MeCN - CF;CO2H (10%) —30 40 0 60 0.67 71 84
Cl 5 CFCl3—CH»Cl» —78 39 9 52 0.75 9.5) 82
5 CFCl3—CH»Cl,—-BCl3 —78 21 5 74 0.28 (62) 82
5 CFCl3—CH>Cl>—-AICl3 —78 52 20 28 1.86 (39.9) 82
CHO 5 CFCl; —78 0 100 0 (2.2) 82
5 CFCl3—-BCl3 —78 0 100 0 2.1 82
10 MeCN 0 11 65 24 0.46 (48) 85
CH(OCH), 5 CFCl3 —78 74 0 26 2.85 (19.7) 82
5 CFCl3-BCl; —78 58 0 42 1.38 (41.7) 82
NO» 5 CFCl3-BCl3 —78 0 100 0 ®)] 82

2 Sis the ortho- : para-isomer ratio; ® degree of conversion is given in parentheses; ©in the presence of 2.6% of 2,4-dinitrophenol; 4 with addition of

9% KOH; ¢in the presence of 3.2% of KOH; fin a microreactor.
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substrate, degree of conversion, or additives (2,4-dinitro-
phenol or other). In the fluorination of toluene in MeOH,
the highest fraction of para-isomer (ortho : para = 0.56) was
attained for F»:PhMe ratio of 0.5 in the presence of 9.2%
KOH.” The authors noted an increase in the yield of
monofluorinated products following a decrease in the
F>:substrate ratio and along the following series of polar
solvents: CFCl; < CHCl3 < MeOH < CF3CH>OH <
CF;COxH.

The fluorination of aniline with a F>—N, mixture in
strong acids (H,SO4, CF3SO3H) yields mainly m-fluoroani-
line, which is caused by transformation of the NH» group to
the electron-withdrawing NHY substituent directing the
electrophile to enter the meta-position.8? The addition of
Lewis acids does not change considerably the reaction
selectivity (see Table 1).

The use of a microreactor for toluene fluorination with a
2.5% F»— N mixture in MeCN or MeOH did not result in a
higher selectivity either: the ratio of o-, m- and p-fluoroto-
luene isomers was 3.8:1:2.1 or 5.3:1:2.4, respectively.®!
The increase in the fluorine content in the gas phase to 50%
results in considerable increase in the fraction of the para-
isomer (ortho : para ~ 1:4).8°

The possibility of formation ortho- and para-isomers
through the addition of fluorine to the aromatic ring
followed by elimination of HF was considered. This mech-
anism is supported by the following data: fluorination of
fluorobenzene gives addition products along with substitu-
tion products (Scheme 1).84

Notably, fluorination of fluoro- and chlorobenzene with
a F>— N, mixture gives in most cases predominant amount
of para-substituted products (see Table 1). This is attribut-
able to high electronegativity of fluorine and chlorine
atoms, which deactivate to a higher extent the neighbouring
ortho-position of the aromatic ring by the inductive effect
and by the ‘back donation’ effect.®* In the fluorination of
chlorobenzene and phenol with a F>— N> mixture in the
presence of BCls, the fraction of the para-isomer was much
higher than of the ortho-isomer, which was attributed to an
increase in the effective volume of the electrophilic system
F-.-F-.-BCl3.8? The replacement of the Lewis acid BCl3 by

Scheme 1
F
F
F F
H —HF
F> F ]
1,2-addition F F
H F
F2 F H
L
F 1,4-addition F
H
— F
—
F F _HF
F F

L
1,4-addition

1,2-addition géé

AICI; in the case of phenol also resulted in the predom-
inance of the para-isomer, whereas in the fluorination of
chlorobenzene, the proportion of the ortho-substituted
product increases; this was explained by higher degree of
coordination of AICI; to the chlorine atom of the substrate
as compared with BCl3;82 obviously, F» involved in the
reaction is coordinated, thus increasing the probability of
the ortho-attack.

Cl
X Cl\
Cl-/Al\ 5
cl K,
\F5+
53— &+ \)
ClsM---F---F

X = OH,CI;M = B, Al
Fluorination of benzaldehyde derivatives with a Fo—N»

mixture has low selectivity and affords a mixture of fluo-
robenzaldehydes and benzoyl fluoride.®3

CHO CFO
@ (3 - @
X X

X = H, 3-CFj3, 3-CHO, 3-CN, 3-NO,, 4-Me, 4-OMe, 4-CF3;, 4-CN.

Fz N>
MeCN 0°C

When electron-withdrawing substituents are present in
the ring, benzoyl fluorides are mainly formed, while in the
case of electron-releasing substituents, fluorination involves
mainly the aromatic ring. The ratio of fluorination products
does not change significantly when the reaction is carried
out in a flow microreactor system.8>

The fluorination of monosubstituted benzenes with
electron-releasing substituents with XeF», like fluorination
with fluorine gas, yields predominantly ortho- and para-
substituted products,®®-87 which is in line with the electro-
philic nature of the reaction.

F
XeF,, BF3-Et,O
_ >

+
CH-Cl,
F

X Product ratio (%)

ortho para
Bn 45 55
Ph 53 47
PhO 38 62

Note a number of early examples of using OF reagents
to attain high selectivity. Thus fluorination of N-phenyl-
methanesulfonylamide with CF3;OF and CF,(OF), in
CF3CO3H is mainly directed to the ortho-position.

NHSO,Me NHSO;Me NHSO;Me

siEh<iel
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NHSO,Me
NHSO:Me

+ + F F

F ¢ D

‘F*+’ = CF;OF: yields 60% (A), 18% (B), 4% (C), 4% (D);
‘F*+> = CFa(OF)y: yields 38% (A), 12% (B), 10% (C), 1% (D).

This can be attributed to hydrogen bonding between the
oxygen atom of the OF reagent and the NHSO,Me group.®®
The mechanism involving the intermediate formation of
N-phenyl-N-fluoromethanesulfonylamide cannot be ruled
out.

Similarly, treatment of anisole and acetanilide with
AcOF gives mainly ortho-substituted products; the authors
explained this by assuming that the reaction follows the
‘addition —elimination’ mechanism.%?

F3C\oi\
0~ “NSO.Me “NSOMe
@ NHSO,Me
—HF
“NSO>Me S NSO>Me

=&

Table 2. Fluorination of monosubstituted benzenes PhX with NF reagents.

R AcO, R
AcOF
—_
CFCl3—-CH,Cl,- AcOH —AcOH
R R
F
. n
F
R Yield (%)
ortho para
MeO 77 8
NHAc 55 8

Analysis of the data of fluorination of monosubstituted
benzenes with NF reagents has shown that the use of these

X Reagent Solvent Tempe- Time Ratio of the products S Overall Ref.
rature /°C XCeH4F (%) yield (%)
(see?)
ortho meta  para

Me la PhMe A 216 h 65 7 28 2.32 19 90
(16¢)(BF4)> MeCN A 16 h 75 0 25 3.00 80 91
(16¢)(BF4)> CF3SO3H - CH»Cl» A 24 h 68 0 32 2.12 89 92
(16¢)(BF4)> MeCN P 150 30 min 71 0 29 2.45 53 93

Bn 1b MeCN 22 36 h 70 0 30 2.33 95) 94
1b CH-Cl» 22 36 h 71 0 29 2.45 (63) 94
1c MeCN 22 36 h 76 0 24 3.17 94) 94
1c CH-Cl» 22 36 h 71 0 29 2.49 (34) 94
(16¢)(BF4)> MeCN 80 48 h 76 0 24 3.17 13 74
(16¢)(BF4)> MeCN - PhNO» 80 48 h 720 28 2.57 14 74
(16¢)(BF4)> CF;CO-H 60 4h 64 0 36 1.78 (66) 74

Ph 1b MeCN 22 40 h 64 0 36 1.78 90) 94
1b CH-Cl» 22 40 h 60 0 40 1.50 (63) 94
1c MeCN 22 40 h 70 0 30 2.33 o7 94
1c CH-Cl» 22 40 h 63 0 37 1.70 (28) 94
(91)BF,4 MeCN 70 24 h 60 0 40 1.50 53 95
(16¢)(BF4)> MeCN 70 97 h 78 0 22 3.55 77 95
(16¢)(BF4)> MeCN - PhNO» 70 97 h 78 0 22 3.55 73 95
(16¢)(BF4)> CF3;CO-H 60 4h 83 0 17 4.88 69 95
(16d)(BF4)> MeCN 70 96 h 77 0 23 3.35 50 95

OH 5 MeOH 20 overnight ~50 0 ~50 ~1 91 96
9i (CH2Cl)» 100 84 h 9 0 <1 >99 (85) 97
9j (CH2CI), 100 264 h 66 0 34 1.94 (57) 97
10a (CH2Cl), 100 24 h 98 0 <2 >49 (81) 97
10e (CHxCl)2 100 18 h 98 0 <2 >49 (71) 97
10f (CHxCl)> 100 1.5h 9 0 <1 >99 (85) 97
10h (CHxCl)> 100 0.05 h 9% 0 4 24.0 81) 97
10h CH-Cl» A 2h 98 0 2 49.0 (88) 97
10h CH-Cl» 20 13 h 9 0 1 99.0 87) 97
10h MeCN 40 3h 76 0 24 3.17 (82) 97
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Table 2 (continued).

X Reagent Solvent Tempe- Time Ratio of the products S Overall Ref.
rature /°C XCeH4F (%) yield (%)
(see?)
ortho meta  para
OH 10h (CF3),CHOH 5 0.25h 80 0 20 4.00 (83) 97
10h CF3SO3H - CH)Cl» 20 2.5h 79 0 21 3.76 (88) 97
(12)(BF4)> MeCN A 8 h 54 0 46 1.17 77 98
(12)(BF4)> MeCN (NaOTf) A Sh 58 0 42 1.38 80 98
(16a)(OTYf)> MeOH 20 overnight ~60 0 ~40 ~1.5 85 99
(13b)(OTY)> MeOH 20 15h ~60 0 ~40 ~1.5 52 100
(16¢)(BF4)> MeCNP 150 60 min 67 0 33 2.03 24 93
(16e)(BF4)> HCO,H 20 15 min 71 0 29 2.45 48 71
MeO la see © 100 24 h 58 5 37 1.57 33 90
la MeCNP® 150 10 min 50 0 50 1.00 4 93
4 see © 150 5h 56 0 44 1.27 77 101
(92)OTf MeCNP® 150 10 min 50 0 50 1.00 2 93
(92)OTf (CICH»)2 120 18 h 369 — — (72) 64
(9c)OTfE (CICH2)2 147 10 h 424 — — (68) 64
(9m)OTf (CICH2)2 83 18 h 49 0 51 0.96 (65) 64
9HOTE CH-Cl, 40 7h 50 0 50 1.00 (71) 64
(9n)OTf CH-Cl, 20 15 min 49 0 51 0.95 1) 64
(9)BF4 MeCN 70 3h 64 0 36 1.78 56 95
10h CH>Cl» A 29.5h 39 0 61 0.64 (80) 97
(11a)(OTY)> MeCN 80 I5h ~50 0 ~50 ~1.0 55 100
(12)(BF4)> MeCN A 9h 59 0 41 1.44 76 98
(12)(BF4)> MeCN® 150 10 min 56 0 44 1.27 21 93
(15)BF4 MeCN 90 overnight 52 0 48 1.08 21 102
(15)PF¢ MeCN 90 overnight 54 0 46 1.17 23 102
(15)(FSO3) MeCN 90 overnight 50 0 50 1.00 20 102
(15)F MeCN 90 overnight 50 0 50 1.00 10 102
(15)0Tf MeCN 90 overnight 60 O 40 1.50 26 102
MeO (16a)(OT1), MeCN 40 13 h ~5 0 ~50 ~1.0 72 99
(15)BF4 MeCN 90 overnight 52 0 48 1.08 21 102
(16¢)(BF4)> MeCN 70 3h 60 0 40 1.50 47 95
(16¢)(BF4)> MeCN - PhNO» 70 3h 58 0 42 1.38 55 95
(16¢)(BF4)> CF3;CO-H 50 25h 58 0 42 1.38 42 95
(16¢)(BF4)> MeCNP 150 10 min 60 0 40 1.50 32 93
(16d)(BF4)> MeCNP® 150 10 min 62 0 38 1.63 42 93
(16d)(BF4)> MeCN 70 3h 60 0 40 1.50 58 95
(16¢)(BF4)> CF3SO3H - CH)Cl» A 12 h 45 0 55 0.82 99 92
(16e)(SbF¢)> MeCN 20 15 min 60 0 40 1.50 57 71
(16¢)(BF4)> [emim][CF3SOs3] 80 I15h 47 0 53 0.89 54 68
(16¢)(BF4)> [emim][CF3SO3] ¢ 80 15h 47 0 53 0.89 12 68
(16¢)(BF4)> [emim][BF4] 80 15h 43 0 57 0.75 40 68
(16¢)(BF4)> [bmim][PF¢] 80 15h 48 0 52 0.92 41 68
(16d)(CF3S03)> [emim][CF3S0s] 80 15h 56 0 44 1.27 29 68
14 [emim][CF3S0s] 80 15h 54 0 46 1.17 11 68
(17)BF4 MeNO» —20-20 - 33 0 67 0.49 — 103
PhO (91)BF,4 MeCN 70 24 h 41 0 59 0.69 72 95
(16¢)(BF4)> MeCN 70 24 h 4 0 56 0.79 65 95
(16¢)(BF4)> MeCN - PhNO» 70 24 h 4 0 56 0.79 73 95
(16¢)(BF4)> CF;CO-H 50 4h 41 0 59 0.69 68 95
(16d)(BF4)> MeCN 70 24 h 47 0 53 0.89 62 95
F (16¢)(BF4)> CF3SOsH - CH,Cl» A 36 h 23 0 77 0.30 87 92
Cl (17)BF4 MeNO> 70 ~6h 30 9 61 0.49 - 103
(16¢)(BF4)> CF3SO;H - CHCl» A 36 h 69 0 31 2.23 87 92
NHAc la see© 100 18 h 62 0 38 1.63 40 90
(16a)(OTY)> MeOH 70 4 min ~062 0 ~38 ~1.6 80 99
NHCO-Et 10h (CHxCl)> A 2h 87 0 13 6.69 87) 97
NO» (17)BF4 MeNO» 70 ~6h 29 71 0 — 103

Note. emim is 1-ethyl-3-methylimidazolium, bmim is 1-butyl-3-methylimidazolium. # The yield of fluorination products, the value in parentheses
is the degree of conversion; P using microwave irradiation; ¢ without a solvent; 9 the yield of the ortho-isomer is indicated, while the yield of the
para-isomer was not determined due to superimposition of impurity signals in the NMR spectrum; ¢ with addition of dicyclohexane-24-crown-8.
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reagents does not increase significantly the selectivity in
both cases. Thus in the case of toluene and chlorobenzene,
the ranges of variation of the selectivity factor S
(S = ortho:para) for the NF reagents are 2.1-3.0 and
0.5-2.2, respectively (Table 2); these do not differ much
from these values for the fluorination of these compounds
with molecular fluorine without additives (KOH, 2,4-dinit-
robenzene) (1.3-2.2, 0.3—1.9) (see Table 1). The fluorina-
tion of fluorobenzene with (16¢)(BF4)> (like that with
fluorine) affords p-difluorobenzene as the major product
(see Table 1, 2), which is attributable to high electronega-
tivity of fluorine, which deactivates to a higher extent the
neighbouring ortho-position of the aromatic ring.8* In the
chlorobenzene fluorination with (17)BF4, the relative frac-
tion of the meta-isomer is nearly the same as for the use of
F», which attests to its higher activity (see Tables 1, 2).
Anisole fluorination with (16¢)(BF4)> has shown that the
use of ionic liquids (instead of MeCN) or microwave
radiation does not change significantly the process regiose-
lectivity (see Table 2). Nevertheless, fluorination of insecti-
cide 18 with this reagent assisted by microwave irradiation
(MW) is fairly selective being directed to the ortho-position
relative to the OR group of the less substituted aromatic

ring.??

\HHO

(16C)(BF4)2, MeCN
MW 150 °C, 20 min

S48
%%

(14%)

i(‘j
e @)

High regioselectivity was attained by treatment of phe-
nol with NF reagents 9i, 10f,h. The fluorination occurs
almost completely to the ortho-position (ortho: para = 99),
which was explained by hydrogen bonding between the SO3
fragment of the reagent and the phenol OH group in the
transition state, the ring orientation in the transition state
being determined by the donor-acceptor interaction.®”

Il_O

D s
X N\ 0-
Foo

o |

N

H

2. Fluorination of disubstituted benzenes

The selectivity of electrophilic fluorination of disubstituted
benzenes depends on the nature of substituents in the ring
(Tables 3—5). Thus fluorination of o-nitrotoluene with
molecular fluorine in H>SO4 yields a mixture of 3-fluoro-
and 5-fluoro-2-methylnitrobenzenes in 2: 1 ratio, while for
2-fluoronitrobenzene, the reaction gives mainly 2,5-di-
fluoronitrobenzene.3®

NO;
Me F,
- >
H>SO04
(40%) (20%)
NO>
F F»
—
H>SO04
8%) (55%)

The low fraction of 3-substituted product in the latter
case is apparently due to high electronegativity of fluorine,
which deactivates more efficiently the neighbouring ortho-
position of the aromatic ring.®* Similarly, fluorination of
1,2-difluorobenzene gives predominantly 1,2,4-trifluoro-
benzene (Table 3).

Fluorination of 1,3-disubstituted benzenes containing
electron-releasing or electron-withdrawing groups under
their concerted influence is mainly directed to positions 4
and 5, respectively (Table 3, 5).

In the fluorination of (£)- and (£)-B-fluoromethylene-
m-tyrosines with AcOF in CF3;CO,H-AcOH, both the
benzene ring and the double bond are involved in the
reaction. 108,109

Table 3. Fluorination of 1,2- and 1,3-disubstituted benzenes CcH4XY with a F2— N, mixture (10 vol.% F»).

1-X Y Medium Temperature /°C Product yield (%) Conver- Ref.
sion (%)
4-F 5-F 6-F

F 2-F CFCl;-CF3SO3;H -25 132 — — 94 84
Me 2-NO; H>SO4 — 20 — 40 see® 36
F 2-NO> H>SO4 — 55 — 8 see® 36

3-F CFCl;-CF3SO3H —15 182 — — 94 84
CF; 3-CHO MeCN 0 — 24¢ — 38 85
CN 3-CHO MeCN 0 — 23¢ — 34 85
NO» 3-CHO MeCN 0 — 15¢ — 39 85

@ Apart from the 4-F-product, 2% of 1,2,4,5-tetrafluorobenzene was found; ® reaction conditions and conversion are not indicated in the literature
source; “the yields of the isolated product with respect to the crude product mixture are given; fluorination products at the formyl group

predominated.
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Table 4. Fluorination of 1,4-disubstituted benzenes CcH4XY with a F5— N, mixture (10 vol.% F»).

1-X 4-Y Medium Temperature /°C Product yield (%) Conver- Ref.
sion (%)
2-F 2,6-F>
F COH HCO-H 20 52 3 79 65
COH H>SO4 20 39 5 92 65
OH NO» HCO-H 10 70 8 75 104
OMe NO» HCO-H 10 50 20 100 104, 105
NHAc NO, HCO-H 10 60 8 100 104
Me NO» HCO-H 10 50 traces 63 104
F NO» HCO-H 10 53 traces 36 104
Cl NO» HCO-H 10 44 traces 47 104
OH NO» H,S04 10 24 8 30 104
OMe NO> H>SO4 10 50 11 63 104
Me NO» H,SO4 10 81 2 75 104
NO» HCO>H-MeCN? 0-5 60—78° — 44-77 39
F NO» H,S04 10 75 10 87 104
Cl NO» H,SO4 10 65 - 64 104
OMe CO>Me H,S04 10 31 10 23 104
Me CHO H,S04 10 60 - 74 104
CHO MeCN 0 73¢ 12 58 85
OH CN HCO,H 10 64 10 84 104
OMe CN HCO>H 10 35 10 90 104
NHAc CN HCO-H 10 66 10 86 104
Me CN HCO-H 10 60 <5 86 104
F CN HCO-H 10 40 traces 67 104
OH CF; HCO-H 10 12 22 100 104
Ac HCO:H 10 41 7 83 104
CO,H HCO-H 10 55 20 50 104
CO,Me HCO-H 10 28 17 100 104
Br HCO;H 10 22 4 90 104
Cl HCO-H 10 18 13 100 104
OMe NO, HCO-H 10 50 19 100 104
CN HCO-H 10 35 10 90 104
CHO H,S04 — 60 - - 36
CHO MeCN 0 79 12 66 85
Ac HCO-H — 65 - - 36
OMe COxMe HCO:;H 10 51 9 92 104
Br HCO,H 10 43 15 92 104
Cl HCO>H 10 49 7 80 104
Me HCO-H 10 53 <5 43 104
CN CHO MeCN 0 seed — 44 85

2n a microreactor; ® the yield of the crude product; ¢ apart from the 2-F-isomer, 3-F-isomer was formed (12% relative to the major product) but it
was not isolated; 4 12% of the 3-F-product was isolated.

Table 5. Fluorination of 1,2- and 1,3-disubstituted benzenes C¢H4XY with NF reagents in MeCN.

1-X Y Reagent Tempe- Reaction Product yields (%) Overall Ref.
rature /°C time yield (%)
2-F 4-F 4,6-F»
Me 2-Me (16¢)(BF4)» A 16 h 494 29 172 95 91
3-Me (16¢)(BF4)> A 16 h 23 42 23 88 91
OH 3-OH (16¢)(BF4)>» A 12 h — — — see® 106
3-OH (12)(BF4)> A <5 min 3 72 10 85 98
OMe 3-OMe (11c)BF4 20 20 h 0 52 0 52 100
3-OMe (11a)(OTY)2 see© see© 0 40 0 40 100
3-OMe lad 85-90 1-8h 0 73 15 88 107
3-OMe (16¢)(BF4)> (see %) 85-90 1-8h 0 78 13 91 107

a1n this case, these are 3-F- and 3,6-F»-products; Pisomer mixture; the yield and conversion are not indicated; € kept at 20 °C for 15 h and then at
60 °C for 20 h; 9 the reaction was carried out without a solvent.
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X Y fraction of 6-fluoro isomer increases to reach 91% for

| CF3SO3H.110
The electrophilic fluorination of 1,4-disubstituted ben-
COLH zenes with a F»>—N, mixture or NF reagents is mainly
directed to the ortho-position relative to more potent

OH X=HY-=F electron-releasing group out of the two groups present in
X=FY=H the ring (Table 4, 6). This regularity holds for the fluorina-
tion of L-tyrosine and L-a-methyltyrosine with molecular
R! XY CHF» NH fluorine in the presence of various acids (HCO:xH,
H NH ? CF;CO;H, HF, HF—-BF3); for all acids except for HF,
. 2 N CO.H minor am.ounts of diﬂuorinated products are formed
. 2 CO,H OAc together with monofluorinated products.!!3
OH OH . COO~ . COO~ . COO~
X =HY=FR =FR =R = H; H:N——R H:N——R - HN7T7R
R!'=R}*=H,R?>=F; H——H H——H H——H
R' = R2 = F,R3 = H; .
X=FY=HR =FR=R=H = g, Q N = |
R]:R3:H,R2:F; N - e N
R! = R? = F,R® = H; F F F
R'=R?2=H,R}=F. OH OH OH

The fluorination of m-tyrosine with F>O in H,O or R = H, Me.
HCO,H furnishes a mixture of 2-, 4- and 6-fluoro-m-
tyrosines in 33:20:47 or 26:8:66 ratio, respectively.!? 3-Nitro-L-tyrosine is also fluorinated in the ortho-posi-
When the acids AcOH, CF3CO;H or CF3SO3;H are used  tion to the OH group.''#
as the solvents, no 4-fluoro derivative is produced, while the

Table 6. Fluorination of 1,4-disubstituted benzenes C¢H4XY with NF-reagents.

1-X 4-Y Reagent Solvent Tempe- Time Product ratio (%) Overall Ref.
rature /°C yield (%)
2-F 3-F other
Me Me (16¢)(BF4)> MeCN A 16 h 67 0 338 97 91
OH Cl (12)(OTf)2 (CH2Cl)2 82 20 h 100 0 0 40 111
COxMe (12)(OTh)2 (CH2Cl), 82 20 h 100 0 0 50 111
Me (16¢)(BF4)> MeCN A 2h 34 0 66° 55 112
Me (16d)(BF4)> MeCN A 2h 41 0 590 53 112
Me (16¢)(BF4)> MeOH A 2h 100 0 0 52 112
Me (16d)(BF4)2 MeOH A 2h 100 0 0 60 112
Pri (16¢)(BF4)> MeCN A 2h 40 0 60 78 112
Pri (16d)(BF 4), MeCN A 2h 47 0 520 87 112
Pri (16¢)(BF4)2 MeOH A 2h 62 0 38b 84 112
Pri (16d)(BF4)2 MeOH A 2h 67 0 33b 88 112
Pri (9)BF4 MeCN A 2h 100 0 0 22 112
But (16¢)(BF4)> MeCN A 2h 60 0 40¢ 84 112
But (16d)(BF4)> MeCN A 2h 61 0 39¢ 92 112
Bu! (91)BF4 MeCN A 2h 63 0 36¢ 43 112
Bu! (16¢)(BF4)2 MeOH A 2h 81 0 19¢ 83 112
Bu' (16d)(BF 4), MeOH A 2h 90 0 10¢ 91 112
Bu! (9)BF4 MeCN A 2h 63 0 36¢ 43 112
Bu! la seed 85 4h ~100 0 0 55 107
tert-CsH,7 (16¢)(BF4)» MeCN A 2h 88 0 12¢ 55 112
tert-CsH,7 (16¢)(BF4)> MeOH A 2h 88 0 12 60 112
OMe Me (16¢)(BF4)> [emim][CF3S0s] 80 I5h 93 6 le 51 68
OEt But la seed 85 4h ~ 100 0 0 52 107
OMe (I (16¢)(BF4)> [emim][CF3SOs3] 30 15h 95 0 5¢ 50 68
F (16¢)(BF4)> [emim][CF3SO3] 80 15h ~100 0 0 23 68
Me Me (16¢)(BF4)> [emim][CF3SOs3] 80 15h ~100 0 0 48 68
Me (16¢)(BF4)> [emim][BF4] 80 I5h ~100 0 0 22 68
NO> (16¢)(BF4)> [bmim][BF4] 80 15h 0 68
NO» (16¢)(BF4)> [bmim][CF3SOs3] 80 I5h 0 68

2 1,4-Dimethyl-2,5-difluorobenzene; ® 4-Y-4-fluorocyclohexa-2,5-dienone; ©4-fluorophenol; 9the reaction was carried out without a sol-
vent; ¢ 1-X-4-Y-2,6-difluorobenzene.
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COO~ COO~

+ +
Hs;N H
H H
CF3;COH
or HF
+ ]8F2
F NO>

OH

The direction of fluorination of 3,4-dihydroxyphenyl-L-
alanine with molecular fluorine is considerably dependent
on the medium acidity: the use of CF3CO,H, HCO,H or a
CF3CO2H — AcOH mixture gives 2- and 5-fluoro derivatives
as the major products, while in the presence of HF or
HF —BF3, 2- and 6-fluoro isomers are formed.!!>

N COO~ N COO~
H:N H H;N——H
H H H——H
H* =
+ BF, — F
X
OH OH
OH OH

The fluorination of bis(4-hydroxyphenyl)bis(trifluoro-
methyl)methane with (12)(OTf), also gives rise to mono-
and disubstituted products with the fluorine atom in the
ortho-position relative to the electron-releasing group

OH.!1!

F:C CFs
(12)(OTD:. (CH:Cs
82 °C,20h
FiC CF; F;C CF;
“ Shed
(23%) (58%) OH

The fluorination of dihydropyrrole derivative 19 with
(16¢)(BF4)2 in MeCN in the presence of CF3CO,H affords a
mixture of di- and trifluorinated products in 57 : 43 ratio.!1¢

(160)(31:4)2
MeCN, CF;COzH

In the fluorination of p-difluorobenzene with a F2— N>
mixture in CFCl;-CF3SO3H, the addition rather than
substitution reaction is the predominant route, because the

para-position of the substrate is occupied by the fluorine
atom.%4

© CFCl;-CF3S0:H Q i;@ <j/

An unexpected result came from fluorination of vanillin
with a F»>—N> mixture in H»SO4: the reaction proceeded
selectively being directed mainly to position 2 rather than 5,
i.e., to the ortho-position relative to the electron-withdraw-

ing formyl group.36-117
CHO
F>
N
H>SO4
OMe
OH
CHO CHO CHO
F F
— + n
OMe OMe OMe
OH OH OH
(60%) (5%) (1%)

Similarly, the low-temperature fluorination of 1-X-2,4-
dinitrobenzenes (X = Me, Cl) with a F>—N, mixture in
HCO;H or HCO;H-MeCN using a microreactor was
performed selectively.37-39

X X
NO, F>—N, F NO,
—
0-5°C
NOZ NO2

X = Me (70%), Cl (97%).

Conversely, fluorination of methyldehydroabietate (20)
with (91)OTf is non-selective and gives fluorinated products
in moderate yields.%*

©NOTF
- >
(CH2Cl)2, A, 8h

3. Fluorination of tri- and tetrasubstituted benzenes
The fluorination of mesitylene with NF reagents la or
(16¢)(BF4)> in MeCN, CF3SO3sH - CH»Cl> or ionic liquid

[bmim][PFs] proceeds selectively yielding 2-fluoromesity-
lene 68-92. 118,119



The selectivity problem in electrophilic fluorination of aromatic compounds

269

The monofluoro derivative is formed as the major
product in the fluorination of 1,3,5-trimethoxybenzene
with (11a)(OTf), and (11¢)BF4 (yields 50% and 61%,
respectively).100

F
MeO OMe (Ma)OTh20r — No OMe
(11¢)BF4, MeCN
20 °C, 18 h
OMe OMe
Meanwhile, fluorination of 1,3,5-trimethoxybenzene

with equimolar amount of (16¢)(BF4)> gives, in addition to
1,3,5-trimethoxy-2-fluorobenzene, the demethylation prod-
uct, namely, 3,5-dimethoxy-4,4-difluorocyclohexa-2,5-dien-
l-one (yields 62% and 26%, respectively) even under mild
conditions (from —40 to 20 °C).'2° As the (16¢)(BF4),>: ArH
molar ratio increases to 2, the yield of the demethylation
product increases to 51%; the use of water as the solvent
increases the yield (63%). The specific effect of water was
attributed to its participation in the reaction as a nucleo-
phile.

F F F
MeO OMe (166)(BF.)» MeO OMe
e —>
\
OMe
H-»O
_ >
\Q/ \Q/ —MeOH, —H™"
H-,O O HO O+
Me Me
F F
MeO OMe
—
|
(0]
The fluorination of 2,4,6-trimethoxytoluene with

(16¢)(BF4)> in MeCN proceeds in a similar way (the yield
of  4-methyl-3,5-dimethoxy-4-fluorocyclohexa-2,5-dien-1-
one is 81%).120

The fluorination of phenols is often accompanied by the
formation of ketones. Thus on treatment of 4-R-phenols
with the tetrafluoroborates of cations 91 and 16c.d, the
ortho-substitution is accompanied by the ipso-substitution
or ipso-addition to give 4-fluorophenol and 4-R-4-fluorocy-
clohexa-2,5-dienone; the fraction of ortho-substituted prod-
uct tends to increase with increase in the bulk of the
substituent R and the fraction of ipso-addition product
decreases when acetonitrile is used as the solvent (see
Table 6).112

OH OH OH O‘
© NF reagent @/F @ Q
E— + +
R R F R F

R = Me, Pri, Bu!, tert-CgH 7.

The fluorination of substituted phenols 21a,b with
(16¢)(BF4)> under kinetic control conditions also affords
ketones 22, 23, whereas under thermodynamic control
conditions for R = Me, fluorodealkylation takes place.”?

(0]
But I But Bu! | Bu'
10 °C F
OH *
Bu* Bu* R F R
(16¢)(BF4)2 2ab 23a,b
OH
R . Bw F
21a.b 80 °C
R = Me (a), Bu' (b). (R = Me)
Compound Yield (%) Me
22a 44
22b 20
23a 56
23b 80

Using a [bmim]X—-MeOH or [bmim]X-EtOH mixture
(X = BF4, PFg) and the reagent (16¢)(BF4),, it is possible
to carry out selective fluorination of diol 24 giving rise to
ortho-substituted products in ~8:1 ratio.!?!

e OH
(160)(BF4)2
[bmim]X - ROH
HO
24
Me OH Me OH
F
> +
HO HO
F

X = BF4, PFs; R = Mg, Et.

Conversely, the reaction of estrone (25) with (16¢)(BF4)»
in water '?2 or without a solvent'23-124 occurs mainly as
oxidative addition of the fluorine atom in the para-position
to the hydroxyl group.

Me //O
(16¢)(BEJ),
—_
HO
25
0 0
M M
°J ¢y
F
F
> +
A
o~ HO

Fluorination of other steroids in MeCN (Ref. 125) and
of hydroxy indane and tetrahydronaphthalene derivatives in
MeCN 25 and in water 22 occurs in a similar way.
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R (160)(BF ),
e
MeCN

R!' = R* = H,R>+R3 = O;
R!' = R3=R*=H,R? = OH;
R!' = R* = H,R? = OH, R? = C:H;
R!' = Me, R?+R? = O,R* = H;
R!' = Me, R? = OH,R3 = C
R!'=R}’=H,RZ=R*=0

(16¢)(BF4)2
(CH2)N
H>0 or MeCN
HO

n=1,2.

A high selectivity was attained in the fluorination of
nabilone (26) with salt (9a)OTf.126

OH

Me (6]
Me

26 (88%)

4. Side reactions at the side chain

In some cases, the fluorine substitution for the hydrogen
atom in the aromatic ring is accompanied by side-chain
fluorination. The reaction of alkyl aryl ketones with
(16d)(BF4)> in MeOH affords a-fluoro ketones in a nearly
quantitative yield, whereas in MeCN, aromatic hydrogen is
displaced by fluorine (Table 7).127

Table 7. Fluorination of some alkyl aryl ketones with reagent (16d)(BF4),.!

Similarly, 1-R-2-hydroxy-2-phenylpropanes (R = Me,
Bn, PhO) are fluorinated with (16¢)(BF4)> to give vicinal
fluorohydrins for R = Me, Bn, whereas in the case of
R = PhO, fluorination involves only the phenoxy group to
give mainly the ortho-isomer (ortho : para = 1.8).128

OH

\ (160)(BF4)2
C—CH,R —>
| MeCN
Me
(RH
e O Lo )
(R = PhO) e F
(‘)H (‘)H
T @C—CHQR + @C*CHFR
(R = Me, Bn) | I
CH,F Me

R = Mg, Bn, PhO.

IV. Fluorination of bi- and polycyclic aromatic
compounds

In recent years, the interest in the use of molecular fluorine
and OF reagents for the fluorination of bicyclic and poly-
cyclic aromatic compounds has considerably decreased,
while NF reagents have found extensive use.?7- 38,4447

In the naphthalene fluorination with the tetrafluorobo-
rate of cation 16¢ or 16d, the formation of 1-fluoronaph-
thalene is accompanied by the formation of noticeable
amount of 2-fluoronaphthalene and difluorination products
(Table 8).

16¢ or 16d
—_—
F F
F
F

The introduction of electron-releasing substituents in
position 1 of naphthalene leads to predominant displace-

Starting ketone Solvent Products Starting ketone Solvent  Products
[0) MeOH [6)
C(O)Me MeOH C(O)CH,F Rl ) e R 5
OMe OMe m mF
R2 n R2 n
MeCN C(O)Me C(O)Me R' = H, R? = OMe;
@om /©/OM6 R' = OMe, R2 = H;
+ (1:1 -
F n= Lz MeCN F o
F MeO /
C(O)Me MeOH C(O)CH.F
(R! = OMe, R?2 = H)
: . ? | e
R = OH, OMe MeCN C(O)Me . F
MeO n MeO n
F Foan
R

(R' = H, R? = OMe)
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Table 8. Fluorination of naphthalene and its 1-derivatives CoH7X with NF reagents.

X Reagent Solvent Tempe- Time Product ratio (%) Overall Ref.
rature /°C yield (%)?
I-F 2-F 4-F other
H (16¢)(BF4)> [emim][CF3SO0s3] 80 I15h 91 7 0 2b 88 68
(16¢)(BF4)> CF3CO-H 70 4h 75 25 0 0 75 129
(16¢)(BF4)2 CF3SOsH-CHCl, A 12 h 60 40 0 0 100 92
(16d)(BF4)> MeCN 80 30 min 90 <2 0 8¢ 82 130
Me (16d)(BF4)> MeCN 80 3h 22 68 104 65 130
(16¢)(BF4)> [bmim][PF] 80 15h 21 53 11¢, 15° 23 68
OH 10h CH,Cl» 20 5 min 95 0 5¢ 66 97
(16a)(OTY)>» MeOH 20 1h ~67 ~33 0 ~100 99
(16¢)(BF4)> MeCN 20 3h 49 41 10& 100 131
(16d)(BF4)> MeCN 80 10 min 45 42 132 80 130
OMe  (16d)(BF4)> MeCN 80 15 min 48 48 4¢ 85 130
la CHxCLL" 20 12 h 43 57 0 31 132
OPr' (16d)(BF4)> MeCNP® 80 10 min 68 30 28 85 130
F (16d)(BF4)> MeCN 80 3h 15 85 0 65 130

aQverall yield of fluorinated products; ® 1,8-difluoronaphthalene; © 1,4-difluoronaphthalene; ¢ 1-methyl-2,4-difluoronaphthalene; © 1-methyl-5-
fluoronaphthalene; ! 1-methyl-8-fluoronaphthalene; £2,2-difluoro-1(2H)-naphthalenone; " in the presence of 20% ZrCly.

ment of the 2- and 4-hydrogen atoms in the aromatic ring _ (16¢)(BF4)2
see Table 8). Pr! - >
( The fluo)rination of azulene and its derivatives with NF MeOH = MeCN
reagents is directed to positions 1 and 3 of the five- F
membered ring, the yield of fluorinated products (for _ _
example, 27—-31) being considerably dependent on the — P 0 + Pr
nature of substituents.!33-134

(27%) 8%) F
F F Me
- + (16¢)(BF4)>
Me OO B ———
MeOH -MeCN
27 28 F

Me

NF reagent  Yield (%) Me F
27 28
— + M
(9¢)OTf 24 7 Me 0 ¢
(16¢)(BF,), 34 3
R (12% (2%
(9C)X “ i (
MeCN
(160)(BF4)7 0
"MeOH _MeCN O
X R Yield (%) F
Me

BF4 Me 5 (31%)

BF4 Ph 16

OTf CHO 21 Fluorene is fluorinated with (16¢)(BF4), in MeCN or
OTf CO,Me 19 CF3COzH to give 2- and 4-fluorofluorenesin 1.6:1 or 1.2: 1

ratio, respectively, which corresponds to a larger coefficient

F F
of electron density at C(2) (0.39) than at C(4) (0.278) in its
0 r _GOBF:_ 0 R+ 0 r HOMO.7
MeCN, A
30 31 F * (16¢)(BF),
R Yield (%)

S -0 O

Ph 33 7 ¥
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Fluorene fluorination with XeF, in CH,Cl, in the
presence of a catalytic amount of BF3-Et,O also provides
2- and 4-fluorofluorenes in 2: 1 ratio.8”

Phenanthrene is fluorinated fairly selectively with
(16¢)(BF4)> (Ref. 129) and (16d)(BF,)> (Ref. 130) in
CF3CO,H or MeCN at position 9, whereas pyrene is con-
verted, on treatment with 16d, to a mixture of 1-fluoro- and
4-fluoropyrenes, the selectivity becoming higher upon a
decrease in temperature (63:22 at 80 °C and 93:7 at
5 °C).13% Note that the use of reagent 8 for fluorination of
pyrene and a number of its derivatives ensures high selec-
tivity even at ~80 °C.!35 Fluorination of other polycyclic
arenes with this reagent is non-selective (for product yields
and isomer ratios, see below).!3>

‘ ‘ F ‘
8 F
— +
l (CH,Cl), I I

(23%,9: 1)
Bu! Bu!
8
—_
! (CH2C1)2 I
Bu! But  (21%)
R R R R
‘ 8 ‘ F
— >
! (CH2CD)2 I
R R R R

(CHACl)

L
l (CHCI),
F F

BN .
(CHCl),

(6%,1:1) F

(12%,3:1) F

oy 2
O, 0
SOOR1400
F
L0 10
QLU0 - QG

(24%,4:2: 1) F
F
! ! 8 ‘ E l ! F
o +
OO o OO OO
(27%,2: 1)

The fluorination of 2-naphthol with NF-reagents gives
products 32, 33 and is usually accompanied by the forma-
tion of ketone 34 (Table 9).

OH
_—
Cry
F F F
OH OH _o
Ey) 33 F 34

Using 2-naphthol and the reagent (16¢)(BF4), in 1:1,1
ratio in a [bmim]X—-MeOH or [bmim]X—-EtOH mixture
(X = BF4, PFg), one can selectively obtain naphthol 32
(yield >94%), while the amounts of ketone 34 and naph-
thol 33 are relatively small (<3%).!2! An increase in the
(16¢)(BF4)>: 2-naphthol ratio to 2.1:1 in the same solvent
mixture affords mainly ketone 34 (>97%).12!

In liquid CO,, fluorination of 2-naphthol with the
reagent (12)(BF4)2 does not proceed due to low solubility
of the fluorinating reagent.!''! The addition of NaOTf
induces salt exchange, thus increasing the solubility of the
fluorinating reagent, and results in the formation of ketone
34 in a high yield (see Table 9). The variation of the anions
X~ in the salts with cation 15 has almost no influence on
the ratio of mono- and difluorinated products obtained
from 2-naphthol (see. Table 9).102

The fluorination of 2-naphthol ethers with 1a,
(16¢)(BF4)> without a solvent was carried out rather selec-
tively giving no corresponding ketone.!07

Yy

F

o

1a or (16¢)(BF4)>
_— >

85 °C
R = Et, Pri.
NF reagent R Yield (%)
16¢ Et 61
la Et 67
16¢ Pri 52

1a Pri 55
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Table 9. Fluorination of 2-naphthol with NF reagents at room temperature.
Reagent Solvent Reaction time Product ratio (%)* Overall Ref.
yield (%)
1 11
(12)(0TH)> MeCN 12 h 35 65 85 111
CO> 12 h 10 90 99 111
(12)(BF4)> CO, 12 h 0 111
CO,b 12 h traces 95¢ 95 111
HCO,H 10 min 77 23 79 98
(11a)(OTf)> MeCN¢ I5h 100 0 60 100
(15)BF4 MeCN overnight ~67 ~33 90 102
(15)PFs MeCN overnight ~67 ~33 94 102
(15)SOsF MeCN overnight ~67 ~33 88 102
(15)0Tf MeCN overnight ~67 ~33 92 102
(16¢)(OTH)> MeOH 30 min ~67 ~33 ~100 99
(16¢)(BF4)> MeCN 3h 73 27 100 131
H>O¢ 30 min 0 100 78 122
(16e)(BF4)> HCO,H-MeOH 15 min 57 43 67 71

a1is I-fluoro-2-naphthol, ITis 1,1-difluoro-1-(2 H)-naphthalenone; ® with addition of NaOTT; ¢ yield of fluorinated products; ¢

at80 °C;cat 60 °C.

The ZrCly-catalyzed fluorination of 2-methoxynaphtha-
lene with 1a affords 2-methoxy-1-fluoronaphthalene; an
increase in the amount of the -catalyst (20 mol.%,
50 mol.% and 100 mol.%) entailed an increase in the
product yield (28%, 43% and 70%, respectively).!32

The fluorination of 2-acetylaminonaphthalene (35) with
the reagent (16¢)(BF4)> in a [bmim]X—-MeOH or [bmim]-
X —EtOH mixture (X = BF4, PFg), as in the case of 2-naph-
thol, is fairly selective giving predominantly product 36
(>96%) for the ratio (16¢)(BF4)»: substrate = 1.1 or
ketone 34 (>95%) when the NF reagent is present in a
twofold excess.!?!

NHAc
(16)(BF ),
_—
35
F F F
NHAC O
- > +
36 34

The fluorination of phenanthrene derivatives 37 and 38
with (16¢)(BF4), in a [bmim]X —MeOH or [bmim]X - EtOH
mixture (X = BF4, PFg) furnishes the corresponding fluo-
roketones.!?!

AcHN

//
(166)(BF.);

(69%)

NHAc /O
(160)(BF4)2

(56%

Under analogous conditions, anthracene 39 is converted
to anthraquinone in a high yield.!?!

NHAc (ﬁ
OO == 0
_—

|
39 o

(91% —97%)

In the case of alkyl aryl ketones, the fluorine substitu-
tion for the hydrogen atom in the ring is accompanied by
side-chain fluorination. For example, the reaction of 9-ace-
tylphenanthrene with (16d)(BF4), in MeOH affords a-flu-
oro ketone in a high yield, whereas in MeCN a hydrogen
atom of the ring is displaced.!?’

C(O)CH,F

V. Fluorination of heteroaromatic compounds

Ac

Since nitrogen and oxygen are more electronegative than
carbon, the electrophilic fluorination of six-membered N-
and O-heteroaromatic compounds is hampered and is
usually performed by potent electrophilic reagents [Fa,
XeFs, (16¢)(BF4)2, etc.); as a rule, the fluorine atom enters
the aromatic ring free from heteroatom.

Indeed, fluorination of quinoline with a F»— N> mixture
in acid medium produces 5-, 6-, 8-fluoroquinolines and
5,8-difluoroquinoline.!3¢
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~N F2 Nz
— H»S04, 5 °C
N
(27%) (8%)
F (14%) F  (32%)

The variation of the nature of the medium (conc. H>SOy4
and a concentrated H>SO4— perfluorophenanthrene mix-
ture) and the excess of F» in the fluorination of quinoline
with a 10% F,—N, mixture changes the ratio of the
isomeric products, but the reaction selectivity still remains
low.13¢ Similarly, low selectivity is observed for the fluori-
nation of 2-chloro-, 4-methyl-, 2,7-dimethyl- and 4,7-
dichloroquinoline with this mixture.!36

Meanwhile, 6-X-quinolines (X = Me, OMe, Cl) are
fluorinated more selectively and mainly in position 5,
irrespective of the electron-releasing properties of the sub-
stituents. 136,137

(75%) F (5%)
X = Me, CL.

In the case of 6-methoxyquinoline, apart from the
product of fluorine atom substitution for the hydrogen

atom, ketone 40 is formed.'3” The yield of this product
increases when an excess of F» is used.!36-137

Reel Meehise

(74%)
Fluorination of 6-methoxy-8-nitroquinoline under the
same conditions gives almost quantitatively the correspond-

ing 5-fluoro derivative.
NO2 (99%)

However, fluorination of 6-methoxy-8-nitroquinoline
with reagent 1a without a solvent is evidently accompanied

NS
0" o

Fo— Nz
HzSO4,

40 (26%)

Fz N>
HvSO4,5 °C

F2 N>
HzSO4,5 °C

(20%) (22%)

by nucleophilic displacement of fluorine from the initially
formed 6-methoxy-8-nitro-5-fluoroquinoline.!38

MeO XN 1a
S ——
2 130°C,3h
N
NO;
NO> (38%) NO>  (22%)

However, the reaction of 8-hydroxyquinoline with this
reagent without a solvent affords only fluorination prod-
ucts. 139

F
N 1a AN N
> Jr
~ ~ ~
N N N
OH OH OH

The fluorination of coumarin with a F>— N> mixture in
acid medium mainly involves the benzene ring and affords a
complex mixture of products (Scheme 2).140

The fluorination of 6-methyl- (41) and 7-methoxycou-
marins (42) is more selective yielding a minor amount of
diketones.!40

T
N\
o o

F>—N»
_—
H>S04, 5 °C

4
i i
F
Me XN Me XN
. N
N\ n
o o 0" o
(69%) (10%)
N HsS045°C
MeO o Yo T
4
A A
. N
N = N
MeO o o o7 0" o
F  (66%) F F (23%)

As the F»:42 molar ratio increases from 5 to 10, the
yield of diketone considerably increases (to 72%).!40 The
mechanism of diketone formation can be represented as
follows.140

Scheme 2

\©\/oj\o /©foj\o ; :o: o \ij\/oj\o \Qfoj\o

F  (8%) (15%) F  (17%)
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F F
M Me (\OHZ
¢ AN . F X
— —
N N —HF
0" o F 0" Yo
F on
M Me H
— _—
. —HF N
0" Yo 0" o
A A
\ .
NN
0" o

F F

When a strong electron-releasing group is present in the
heterocycle, hydrogen atom displacement occurs in this
ring. For instance, fluorination of isoquinoline 43 with
(16¢)(BF4)> is directed only to position 4 of the nitrogen-
containing ring, the yields of the target product being higher
in a MeCN—MeOH mixture at room temperature than on
refluxing in MeCN (100% and 45%, respectively).!4!

F
(16¢)(BFa), ~N

N T _N
OH

During fluorination of isoquinoline derivative 44 with
xenon difluoride, both rings are involved in the reaction to
give both mono- and difluoro derivatives.!4?

CO,Et
i
N OMe  xcF, CH,Cl,
- >
. —78°C—=20°C
OMe
44
COyEt CO-Et
(0] (0]
‘ OMe ‘ OMe
N N N
X
N OMe OMe
F F F
(35%) (18%)

The regioselectivity of dibenzofuran fluorination with
(16¢)(BF4); in the ionic liquid [emim]OTf is low.%®

»u

(19%)

_(16¢)(BFy)>
80 °C,15h

(42%) (40%)

A similar situation is observed for fluorination of
dibenzofuran with this reagent also in other solvents
(MeCN, MeCN-PhNO,;, MeCN-CH>Cl,, MeCN-
MeOH, MeCN-CF;CO>H, CF3;CO;H) °° under micro-
wave radiation 3 or for fluorination with XeF,.87

The electrophilic fluorination of collidine with reagent
1b in the ring is accompanied by displacement of a hydrogen
atom of the methyl group affording 4,6-dimethyl-2-fluoro-
methylpyridine, which reduces the reaction selectivity.!4?
Presumably, this product appears as a result of formation of
the enamine form of the substrate during fluorination.

Me Me
AN X 1b, CH,Cl>»
\ — —
= NS
Me N Me Me N CH»
H

(21%) (52%)

High regioselectivity observed for the reaction of tricy-
clic compounds 45 with XeF, is apparently achieved
through binding of this reagent to the nitrogen atom
bearing a negative charge.!44

N
N H XeF,, CH,Cl, H
N 40 °C N. _N
X B Xe<x X —Xe
\ A
Pz
= X X
45 E-
X X
» 8
N~ "H N
— 1‘\1 11\1 _— [
p;vgj\ e RN
F = 2
H X F X
L
X = H, CL Br, L

The electrophilic fluorination of pyrrole and its deriva-
tives occurs most often at position 2 in moderate yields. For
example ZrCly-catalyzed fluorination of pyrrole with N-flu-
orobis(phenylsulfonyl)amine in CH,Cl, gives rise to 2-fluo-
ropyrrole in a 53% yield.!32 When pyrrole derivatives react
with XeF> in MeCN or CH,Cl,, fluorination is also directed
to position 2 and results in 25% —54% yields.!4>

R? R! R2 R!
R3 N R3 N F
H H

R! = R2 = H: R? = CHO, CO,Bn, C(O)NMe,, C(O)CCls;
R! = CH,CO>Me, R? = (CH;).CO>Me, R3 = CO,Bn;
= (CHz)zCOzMe, Rz = CHzCOzMeI R3 = CHO, COan.
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Xenon difluoride proved to be the best in the series of
reagents including 9a, N-fluoro-N-propyl-p-toluenesulfony-

lamide, XeF> as regards fluorination of pyrrole derivative
46_146

CO,Me CO,Me
MeO,C MeO,C
Xer MeCN / \
20 °C OHC N F
H
46 (32%)

The fluorination of 3,5-diarylisoxazoles with the reagent
(16¢)(BF4)> in MeCN or sulfolane occurs in position 4; at
high temperatures, the substitution reaction is accompanied
by trifluorination of the isoxazole ring.'4’

/./(’(lﬁchF4
MeCN
80 'C

(CH»)4S0>
L= >
120 °C

R
R = H, Me, OMe, CF3, Br.

It was shown that (16d)(BF4)> (Accufluor) is a more
efficient reagent than (16¢)(BF4)2 (Selectfluor) for introduc-
ing a fluorine atom into the 2,4-diarylthiazole ring; how-
ever, the yields of fluorinated products are relatively low.!48

R

16d or 16¢
_—

N N
/B /B
S Fong

(19% — 43%)

R = H, Me, OMe, NOa, Br.

Compound 47 is fluorinated with various electrophilic
reagents into the benzene ring at the meta-position to the
chlorine atom.!#® The highest selectivity was attained on
treatment with the reagents XeF,, CF2(OF),, CF3COsF and
CF;0F (100%, 98%, 93% and 93%, respectively), while the
lowest selectivity was observed with the use of fluorine gas
(44% —66%), which is in line with the usual ‘activity —se-
lectivity’ relationship.

NYN\CHFZ NYN\CHFz
Me Me
47

Treatment of 3-methylindole with (16¢)(BF4)2 in MeCN,
MeCN-H-0, MeCN-MeOH, MeCN-CF;CH,OH
afforded oxindole 48, the highest yield (71%) being attained
using a threefold excess of the fluorinating reagent and a
MeCN —-H,0 mixture (1:1).1% The yield of oxindole 48
increases to 88% —99% when the ionic liquid [bmim]X—
MeOH or [bmim]X—EtOH (X = BF4, PF¢) is used as the
solvent.!®! The fluorination of 3,5-disubstituted indoles,
tryptophans, tryptamines and serotonin with the reagent

(16¢)(BF4), also leads to 3-fluoro-substituted prod-
Ucts, 150,152

R! F R!

R? R?
16¢)(BF

N\ (16¢)(BFq): o

N MeCN-H0 N

H H

48

R2=H:R!'= Me, CHzCOzMe, (CHz)zCOzMe, (CH2)3C02MC,

(CH»)>0Ac, (CH);0Ac, (CH,)40Ac, (CH,),NPhth,
(CH,),CH(NHAC)CO>Me, (CH,)>CH[NH(p-NO>CgH4CO,)]CO>Me,
CH>C(CO>Me)NHAc, CH>C(CO>Me)NH(CO,But),
CH>C(CO>Me)NH(CO,Bn), CH,C(CO>Me)NHC(0)CFs,
CH>C(CO»Bu)NHAc, CH,C(CO>Me)N(CO,But)s:

= (CH,),NPhth, R? = OAc; HNPhth is phthalimide.

The substituted purines (X = H, NHAc) are fluorinated
with a F;—He mixture in CHCIl;, MeCN or EtOH in
position 8, the yields of the fluorination products being
dependent on the nature of substituents X and Y (X = NHo,
Y =OH: 7%-10%; X =H, NHAc; Y =OH, NHa2:
25% 730%).153—155

Y
N N
\> F,-He /Nﬁ S—F
N X N
\ X \
R R

R = B-D-ribofuranosyl, X = NH>: Y = OH, NH»; X = NHAc,

Y = OH: R = 2',3/,5-tri-O-acetyl-B-D-ribofuranosyl, (2-acetoxy-
ethoxy)methyl; R = (2-hydroxyethoxy)methyl, X = NH>,

Y = OH; R = 2/,3’,5'-tri-O-acetyl-B-D-ribofuranosyl:
X=H,Y=O0OH; X=H,Y = NHa,.

In an aqueous solution of uracil with (16¢)(BF4),, a
stereoisomeric mixture of fluorohydrins is formed with the
ratio trans:cis = 8:1; the reaction involves the participa-
tion of water.!5¢ Fluorination of thymine, 2’,3’,5'-triacety-
luridins and other pyrimidine bases with this reagent occurs
in a similar way.13¢
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0 O
[ & LR
HN | (16¢)(BF4),, H,O  HN F
- T s
P 90 °C _
07 "N o~ OH
H H

0
I s
Hll/j/ HN F
= =
0~ N (16¢)(BE )2 o~ "N~ oy
O —_—
AcO MeCN-YOH,A 4.0 0
AcO R! AcO R!
R! R Y Product yield (%)
OAc H H 80
OAc H Me 85
OAc H Ac 82
H Me H 9
NH2 NHZ
F
N~ | N~ F
= =
0~ N (16¢)(BF ), 0~ "N” OMe
0 N —— 0
Coﬁ MeOH-MeCN, A AcQ
AcO OAc AcO OAc
(82%)

The octaethylporphin fluorination with the reagent
(16¢)(BF4)> in THF is non-selective and gives 5-fluorooc-
taethylporphin (16%) as well as 5,10- and 5,15-difluorooc-
taethylporphins (33%).'%7

Et Et Et F Et
Et Et Et Et
(16¢)(BFa)> .
THF, 90 °C
Et Et Et Et
Et Et Et Et
Et F Et Et F Et
Et Et Et Et
+ F +
Et Et Et Et
Et Et Et F Et

VL. Fluorination of organoelement compounds

One way of selective fluorination of aromatic and hetero-
aromatic compounds is preliminary introduction of an
organoelement group or metal atom into a particular
position of the molecule followed by their displacement by
a fluorine atom. In this Section, we first consider the

substitution of a fluorine atom for the hydrogen atom
through intermediate formation of an organoelement com-
pound. As a rule, this method provides for fairly selective
fluorination without isolation of the organoelement inter-
mediate. Organolithium compounds obtained by direct
displacement of the hydrogen atom from the aromatic ring
are often used for this purpose.

The Bu"Li metallation of 1,2-dimethoxybenzene deriva-
tives 49, 50 followed by treatment with la results in
fluorinated derivatives 51, 52 in moderate yields
(33% —65%); in the case of substrate 50c, two products
are formed, 52¢ and 52d.158

MeO 1) BurLi MeO
—_
2)1a
MeO F MeO F

49 F 51
R! O Me R! O Me
MeO X Me MeO X Me
N 1) Bu'Li N
MeO R} Dla Meo R}
R? 50a—c R? 52a—d

R! = R2 = R? = H (a); R!' = F,R? = R?® = H (a);
R! = F,R2 = R? = H (b); R! = R3 = F,R2 = H (b);
R!' = R2=H,R? = F (¢). R!' = H,R? = R3? = F(¢);

R!' = R = F,R? = H (d).

Treatment of aromatic compounds containing oxazoli-
dine, amide or sulfamide group with Bu"Li or BuSLi
followed by fluorination with NF reagents results in dis-
placement of the hydrogen atom located in the ortho-
position to this functional group by the fluorine atom.!>®

Me Me
Me Me
Oo__N Oo__N
1) BuLi, —78 °C
—_ >
2) 1a F
OMe OMe
(78%)
O\ NEt \ NEt,
1) BusLi, —78 °C
B —
2) 1a
(10%)
0O>NMe> SO7NM62

1) Bu"Li, —40 °C
_ >
2)laor3

R (47% —76%)
R = Me, MeO.

Treatment of 2-octylthiophene with Bu"Li and then with
reagent la yielded 5-fluoro-2-octylthiophene.!¢°

n-CsH 7 2)1a  n-CsHyy F

S S
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The reaction of Bu'Li with substituted gramine 53
affords the 4-lithium derivative, which then reacts with
reagent la to give the desired fluoro derivative.!¢!

Me

’ /Me
Me,N Li------- N
MeO
N ButLi, 78 °c V€O | 1a
B — I
Y Y
53  SiPr} SiPr}
F MezN
MeO
\
N
(40%)  SiPr}

Note that the use of reagent (16¢)(BF4)> instead of 1a in
this process does not result in a fluorination product.

The metallation of 1-(4-toluenesulfonyl)indole with lith-
ium diisopropylamide followed by treatment of the lithium
derivative with trimethylstannyl chloride gives rise to com-
pound 54, which is readily fluorinated by reagent
(16¢)(BF4), being converted to substituted indole 55.162

©\j 1) Pe,NLi, —70 °C
- >
1‘\1 2) SnMe;Cl
Ts
— ) e
N SnMe; MeCN, 20 °C NTF
54 Ts Ts

55 (40%)

Pre-metallation of nucleosides with lithium diisopropy-
lamide followed by treatment with reagent la gives the
corresponding 8-fluoronucleosides in relatively low yields
(14% —34%).193 The fluorination is accompanied by the
formation of the corresponding phenylsulfonyl derivatives
(6% —21%).

i
N NH
<A
R!O N N 1) PryNLi
—_— >
2)1a
RIO R2

P IL ) phoos% ONH
e

RO R? R'O R?
R! = Bu'Me,Si: R? = H, Bu'Me>SiO.

NH,
N ~N

<1 ]

= .

RO N™ °N 1) P_NLi
(0]
2)1a
RO NH, NHSO,Ph

LI .y
- k_v kj

R = Bu'Me-Si.
< P
R'O NH> l)Pr7NL1
2) 1a
R!O
RZ
N X
N
T
R'O N "N~ "NH,
s o
R!O

R! = Bu'Me,Si: R2 = OMe, OBn.

When an organoelement group SiR3; or SnRj is present
in the aromatic ring, the reaction with a fluorinating reagent
results in displacement of this group by the fluorine atom.
For example, fluorination of (4-fluorophenyl)trimethylsi-
lane with a F>—N; mixture in CF;CO,H - CFCl; gives 1,4-
difluorobenzene, resulting from ipso-substitution of the
trimethylsilyl group, as the major product.'®* The fluorina-
tion of the substrate with the same F,—N, mixture in the
presence of a stronger acid (CF3SO3;H) affords products
devoid of the trimethylsilyl group, obviously, as a result of
ipso-substitution of the proton for this group; apart from

F
Fz*Nz
—_—
SiMe3
F F F
CFCl;-CF3;COH
—— + +
SiMe3
F F (2%)
— (15%) (4%)
F F F
CFCl;-CF3SO3H F
_— + + +
F
F (6%) (2%) (23%)

(10%)
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p-difluorobenzene, this reaction produces the ortho- and
meta-isomers and fluorobenzene. Presumably, (2,5-difluor-
ophenyl)trimethylsilane is formed upon the 1,2-shift of the
trimethylsilyl group.

The major route of the reaction of aryltrimethylsilanes
with XeF, or XeF> in BF3- Et;0 is ipso-substitution of the
SiMes group, as indicated, in particular, by the yields of
products 56 —59.163,166

SiMej SiMes F F
XCFz, Cgl:(1
- + + +
18 °C
F F
X X X X F
56 57 58 59
X Yield (%)
56 57 58 59
H 65 0 0 35
Bu* 86 8 6
OMe 61 39 0
Cl 82 12 6
SiMes F
XeF,, BF3-Et,O
e +
CH,Cl»
F
(13%) (3%) (4%)
SiMes F F
+
F F
(34%) (4%) (3%) (5%)

On treatment with a F> —He mixture, OF, or MeCO,F,
phenethylamine derivative 60 undergoes ipso-substitution of

the SnMej group.'¢’
—He, or OF>,
or MeCOoF
CFC13
NHC(O)CF3 NHC(O)CF;
A catalytic method for fluorination of benzene deriva-

SnMes 60
tives containing a pyridine ring as a substituent using
reagent (9a)BFs and Pd(OAc), catalyst has been pro-

posed.168
(33%7 62%)

R! = H: R? = Me, OMe, CF3, Cl; R! = OMe, R? = F.

(9WBF., PAOA)
MeCN PhCF;

(92)BF., Pd(OAc),

O mmmo,

R = CF;, CO,Et.

sael—o

It is noteworthy that it is the ortho- hydrogen atom
relative to the pyridyl fragment that is displaced in all cases;
the authors interpreted this fact by considering preferred
formation of the five-membered palladacyclic intermediate.
The C—H bond activation by palladium may also proceed
through a six-membered palladacyclic intermediate if the
formation of the five-membered ring is impossible.!68

MeCN -PhCF3

e sl

(54% — 75%

0

(52%)

(9a)BF4, PA(OAC),
MeCN - PhCF;

VII. Fluorination of fullerenes

Fullerene fluorination is evidently the fluorine addition
reaction, which is most often non-selective.10%-170 Treat-
ment of Cgo fullerene with F, at a temperature of
20120 °C produces a set of fullerenes of variable compo-
sition CegoF36-42 (Ref. 170). Treatment with F, in the
presence of HF induced a similar reaction, which gave
fluorofullerenes with composition ranging from CeoF3g5_40
(70 °C) to CeoFag (315 °C).'7! The composition of the
products of fullerene fluorination with molecular fluorine
considerably depends on the reaction temperature; as the
temperature increases from 237 to 397 and 487 °C, the
number of fluorine atoms (n) in the CgoF, mixture succes-
sively decreases from 32-42 to 14—-34 and 218, respec-
tively.!72

The reasons for the lack of selectivity in the fluorination
of fullerenes with molecular fluorine or other fluorinating
agents have been considered in reviews 16%-170.172=176 3pndq
are concerned, first of all, with the specific properties of this
substrate. The poor solubility of fullerene in solvents that
are inert against molecular fluorine dictates the necessity to
perform fluorination under heterogeneous conditions.!”?
Moreover, fluorine gas affects first of all the surface layer
of fullerene and to a lesser extent penetrates to the deeper
layers of the sample; as a result, the reaction mixture
contains both high-fluorinated and low-fluorinated fuller-
enes together with the starting fullerene.!”> The presence of
equivalent reaction sites in fullerenes makes the formation
of a complex mixture of fluorinated products highly prob-
able. 169177

The presence of ‘short’ and ‘long” bonds (1.40 and
1.45 A) in Ceo fullerene is indicative of a relatively low
degree of aromaticity; initially, in the fluorination with
molecular fluorine, the 1,2-addition of fluorine to the
’short” bond in the area of which the m-electron density is
higher is more probable.'®® Further conjugated addition of
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F> may occur according to either S or T variant, resulting in
the corresponding set of isomers (the F positions are shown
with black circles).!1¢?

o[

T

The existence of CgoF2 was first reliably confirmed by
13C and '"F NMR and IR spectroscopy and mass spec-
trometry.!”® Treatment of Cgp fullerene with K,PtFs at
470 °C afforded a product mixture comprising CeoF>,
C()OF4, CGOFG, C()oFg, C50F7CF3 CeonO; by HPLC, com-
pound CeoF2 was isolated from this mixture in a low yield
(<1%).178:17% The T-type positions of 6 out of the 8§ F
atoms in CgoFg were confirmed by 2D '"F NMR data and
quantum chemical calculations.!80

The selectivity of fluorination is considerably affected
by the degree of aromaticity of the fluorinated fullerenes
formed. The compounds CeoF19 and CeoF14 have not been
isolated and their existence as discrete species has not been
confirmed by mass spectrometry.'®® Apparently, this is due
to higher degree of aromaticity of the subsequent more
fluorinated fullerenes CeoF 16, CsoF 15 caused by lower strain
and higher electron delocalization in the latter com-
pounds.1¢?

C50F15 C60F18

It was shown by X-ray diffraction analysis that the
CesoF 13 molecule has a planar aromatic six-membered ring,
which increases its aromatic nature.'®! Similarly, the iso-
lation of compounds from CeoF26 to CeoF34 is hampered, as
the CeoF36 molecule has a higher aromaticity.!®® The CgoF36
fullerene is a mixture of three isomers with C3, T and C;
symmetry incorporating several planar aromatic rings.!%°

The selectivity of fullerene fluorination with molecular
fluorine can be increased by using metal fluorides on which
it is believed to be chemisorbed. In the presence of MnF»,
molecules CgoF15, CeoF36 were predominantly formed,'8?
and the reaction carried out in a closed reactor under
elevated pressure gave fluorinated fullerene CgoFas in a
high yield.!%3

In the solid-state fluorination of Ceo fullerene with metal
fluorides, the selectivity is largely determined by the nature
of the fluorinating reagent. The reactions with MnF 3 afford
mainly CeoF36, while the use of K,PtFg results in CgoF s as
the major product.!'84 185

The fluorination of Cgg fullerene with xenon difluoride
in CH2Cl, is non-selective, giving rise to a large set of
fluorinated fullerenes CgoFg 44 and CeoFgo.!70- 186

A large number of isomers are also formed in the
fluorination of Cy9, C76, C7s and Cg4 fullerenes. The
structures of some of them were determined by '"F NMR
spectroscopy: CroF34, C70F36 (6 isomers), C;oF3g (7 iso-
mers), C70F40 (4 isomers), C70F42, C70F44, C76F36, C76F3s,
C76F 40 (4 isomers), C76F42, C76F44, C78F 38, C78F 42, Cg2F 44,
C84F40 (2 isomers) and C84F44.169’ 187,188

VIII. Conclusion

The material presented in the review clearly demonstrates
that the problem of selective introduction of a fluorine atom
into aromatic and heteroaromatic compounds is far from
being solved. Fluorination selectivity depends on the struc-
tural details of the substrate, fluorinating reagent and
reaction conditions. Molecular fluorine is most reactive
among the fluorinating reagents; however, the selectivity is
usually low. In recent years, Bronsted and Lewis acids have
been employed to increase the selectivity of fluorination of
aromatic and heteroaromatic compounds by the F>—inert
gas system. It was hypothesized that interaction of Lewis
acid with the F> molecule results in polarization of the latter
and, hence, increases the reaction selectivity. High selectiv-
ity can be attained owing to the formation of substrate —re-
agent complexes with a specific structure. Thus fluorination
of phenols with N-fluoropyridinium 2-sulfonates proceeds
almost completely to the ortho-position owing to hydrogen
bonding between the SO3 and OH groups. One method for
increasing the selectivity of fluorine atom substitution for
the hydrogen atom is pre-metallation of the aromatic or
heteroaromatic compound provided that metallation can be
performed selectively. Further progress in the development
of methods for selective introduction of the fluorine atom in
aromatic compounds requires, evidently. more profound
investigation of the electrophilic fluorination mechanism,
search for new systems of specific external action on the
reagent or substrate, which would provide for development
of targeted synthetic routes to fluoroaromatic compounds,
in particular, to practically valuable products.
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