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FLUORINATED AROMATIC COMPOUNDS

Aromatic fluorine compounds have been known for nearly a century, but numerous applications have surfaced
only in recent years. The special properties conferred by fluorine justify the higher costs required to produce
fluoroaromatics. The unusual physiochemical and biological properties that fluorine imparts to aromatics result
from the small size of fluorine (it is bioisosteric with both the hydrogen atom and the hydroxyl group) and from
its striking electronic properties, including high electronegativity and the ability to alter polarity of adjacent
groups, as well as to donate electrons by resonance. Other significant properties are the enhanced stability of
the C-F bond in the absence of activating groups, high lipid solubility, hydrogen-bonding potential (acceptor
role), and enzyme inhibition. The carbon—fluorine link in fluoroaromatics has been of considerable value as a
label for metabolic, mechanistic, and structural studies.

Depending on which substituents are present, fluoroaromatic intermediates can be converted into fluori-
nated or fluorine-free products. Fluorine substitution can affect the biological spectrum of the parent aromatic
or heterocyclic compound by enhancement of desired properties or by suppression of undesired properties.
Fluorine-containing aromatics have been incorporated into drugs (hypnotics, tranquilizers, antiinflammatory
agents, analgesics, antibacterials, etc) and into crop protection chemicals (herbicides, insecticides, fungicides).
Liquid crystals, positron emission tomography, and imaging systems are newer use areas for fluoroaromatics
and fluoroheterocyclics.

For fluorine-free products, the lability of fluorine in fluoronitrobenzenes and other activated molecules
permits it to serve as a handle in hair-dye manufacturing operations, high performance polymers such as
polyetheretherketone (PEEK), production of drugs such as diuretics, and fiber-reactive dyes. Labile fluorine
has also been used in analytical applications and biological diagnostic reagents.

1. Preparative Methods

1.1. Ring-Fluorinated Aromatics and Heterocyclics

In contrast with other molecular halogens (Cly, Brg), early attempts at direct aromatic substitution with fluo-
rine (Fy) gave violent reactions involving ring scission, addition, coupling, and polymerization. Consequently,
indirect fluorination techniques based on diazotization of anilines or exchange fluorination of activated haloaro-
matics were developed. Recent advances in synthetic methods include discoveries of new fluorinating agents
and modifications of known methods. Some of these efforts were stimulated by objectives to effect selective
fluorination of natural or biologically active compounds. The need to prepare 8F-labeled pharmaceuticals for
use in positron emission tomography also accelerated the need for improved aromatic fluorination techniques

(1).
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1.1.1. Substitutive Aromatic Fluorination

The search for improved substitutive aromatic fluorination tools based on tamed fluorine continues (2). These
reagents include elemental fluorine (F3) (3-7), chlorine trifluoride (8) and pentafluoride (9), xenon fluorides
(eg, XeFy) (10), silver difluoride (11), cesium fluoroxysulfate (12), trifluoromethyl hypofluorite (CF3OF) (13),
bis(fluoroxy)difluoromethane (CF3(OF)3) (13), and acetyl hypofluorite (CH3CO2F) (14, 15). Substitutive aro-
matic fluorination with elemental fluorine is commercially practiced for the manufacture of the antineoplas-
tic, 5-fluorouracil (5-FU) from uracil. Nitrogen—fluorine reagents can also effect substitutive aromatic flu-
orination, for example, N-fluorobis[(trifluoromethyl)sulfonyllimide (16); N-fluorobenzenesulfonimides (NFSi)
(17); N-fluoropyridinium trifluoromethanesulfonates (18); and 1-alkyl-4-fluoro-1,4-diazoniabicyclo[2-2-2]octane
salts, marketed as SELECTOFLUOR reagents (19, 20).
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1.1.2. Diazotization Routes

Conventional Sandmeyer reaction conditions are not suitable to make fluoroaromatics. Phenols primarily result
from high solvation of fluoride ion in aqueous media.

Fluoroaromatics are produced on an industrial scale by diazotization of substituted anilines with sodium
nitrite or other nitrosating agents in anhydrous hydrogen fluoride, followed by in situ decomposition (fluorode-
diazoniation) of the aryldiazonium fluoride (21). The decomposition temperature depends on the stability of the
diazonium fluoride (22, 23). A significant development was the addition of pyridine (24), tertiary amines (25),
and ammonium fluoride (or bifluoride) (26, 27) to permit higher decomposition temperatures (>50°C) under
atmospheric pressure with minimum hydrogen fluoride loss.

The Balz-Schiemann reaction is a useful laboratory and industrial method for the preparation of fluo-
roaromatics. The water-insoluble diazonium fluoroborate is filtered, dried, and thermally decomposed to give
the aryl fluoride, nitrogen, and boron trifluoride (28-30).
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Extreme caution must be exercised in the handling of nitroaryldiazonium fluoroborates because of un-
ruly decomposition (29, 30). Water-insoluble aryl diazonium hexafluorophosphates, ArNoPF¢, frequently give
higher yields of the fluoroaromatic (31). Substitution of aqueous sodium nitrite by nitrite esters—boron tri-
fluoride in organic solvents gives high yields of aryl diazonium fluoroborate (32, 33). A variant of the Balz-
Schiemann reaction features diazotization by nitrosonium tetrafluoroborate, NOTBF 4, in organic solvents fol-
lowed by in situ decomposition to give high yields of aryl fluoride (34). A single fluorine atom can be introduced
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sequentially by the Balz-Schiemann reaction (via successive nitration, reduction, and diazotization) for a total
of up to four fluorine atoms, eg, 1,2,4,5-tetrafluorobenzene. The Balz-Schiemann process is used to manufacture
fluoroaromatics, eg, o- and p-difluorobenzene, not readily accessible by standard aniline-hydrogen fluoride dia-
zotization or exchange-fluorination (Halex) routes. Estimates of producer capacities utilizing Balz-Schiemann
technology range from 50-100 t/yr (35) to hundreds of t/yr (36). A continuous feed aryl diazonium fluoroborate
decomposition step has been patented (37) and commercial details described (38).

The discovery of the Balz-Schiemann reaction in 1927 replaced the earlier Wallach procedure (1886)
based on fluorodediazoniation of arenediazonium piperidides (aryltriazenes) in aqueous hydrogen fluoride
(39, 40). The Wallach aryltriazene fluorodediazoniation technique has found new utility in agrochemicals
(41), pharmaceuticals (42), and positron emission tomography (43). This is illustrated in the synthesis of 2,4-
dichloro-5-fluorotoluene [86522-86-3], an intermediate to the fluoroquinolone antibacterial ciprofloxacin, by
heating N-(2,4-dichloro-5-methylphenyl)-N’,N’-dimethyltriazene in anhydrous fluoride (42).

1.1.3. Exchange Fluorination

Fluorobenzene cannot be made from chlorobenzene and potassium fluoride because of absence of substrate acti-
vation. The halogen exchange (Halex) reaction of activated haloaromatics and haloheterocyclics with potassium
fluoride is a primary industrial fluoroaromatics synthesis tool (44, 45). Early work featured preparation of o-
and p-fluoroaromatics activated by nitro or cyano groups by exchange fluorination in dipolar aprotic solvents
(46). Features of this technique include good fluorine utilization (1:1 stoichiometry), facile product separation,
and potential recycling of potassium chloride (as KF) by treatment with hydrogen fluoride or fluorine. Apro-
tic solvents permit less solvation of fluoride ion (as compared with protic solvents), a kinetically significant
amount of fluoride ion in solution, and greater insolubility of potassium chloride which, in turn, provides a
further reaction driving force.

p— CICGH4NOQ + KF si;vent D — FC6H4N02

The degree of fluorination can be limited by the thermal stability of the solvent or by its reaction with
basic potassium fluoride through proton abstraction. Such solvent-derived by-products can subsequently react
with the starting material and/or main product.

Of the alkali metal fluorides, potassium fluoride offers the best compromise between cost and effective-
ness. Although cesium fluoride generally gives higher yields, its higher cost may be a potential drawback as
an industrial fluorination tool except for those substrates resistant to potassium fluoride. In contrast, inexpen-
sive sodium fluoride consistently gives lower yields than potassium fluoride. Tetra-n-butylammonium fluoride
(TBAF) (47), tetra-n-butylphosphonium hydrogen difluoride, and dihydrogen trifluoride (48) have been suc-
cessfully employed in Halex reactions. Mode of potassium fluoride preparation (spray-, calcine- or freeze-dried)
can affect exchange fluorination activity (49, 50). Enhanced fluorination rates are associated with decreasing
particle size and increasing surface area.

Halex rates can also be increased by phase-transfer catalysts (PTC) with widely varying structures:
quaternary ammonium salts (51-53); 18-crown-6-ether (54); pyridinium salts (55); quaternary phosphonium
salts (56); and poly(ethylene glycol)s (57). Catalytic quantities of cesium fluoride also enhance Halex reactions
(58).

The inertness of chlorine in the meta position in Halex reactions is of commercial value. For example,
3,4-dichloronitrobenzene [99-54-7] forms 3-chloro-4-fluoronitrobenzene [350-30-1], which is then reduced to
3-chloro-4-fluoroaniline [367-21-5] for incorporation in the herbicide flamprop—isopropyl or the fluoroquinolone
antibacterials, norfloxacin and pefloxacin.

Activating groups other than nitro or cyano have extended the versatility of exchange-fluorination reac-
tions: —CHO (59, 60); —COC1 (60); —CO2R (61); —tCONRCO+— (62); —S0,Cl (63); and —CF; (56, 64).
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Explosions have been reported during preparation of fluoronitroaromatics by the Halex reaction on a
laboratory or industrial scale: o-fluoronitrobenzene (65); 2,4-dinitrofluorobenzene (66); 2,4-difluoronitrobenzene
(67); and 1,5-difluoro-2,4-dinitrobenzene (68).

Fluorodenitration of nitroaromatics represents an exchange fluorination technique with commercial po-
tential. For example, m-fluoronitrobenzene [402-67-5] from m-dinitrobenzene [99-65-0] and KF in the pres-
ence of various promoters can be realized (69-72). This is not feasible under Halex conditions with m-
chloronitrobenzene [121-73-3].

1.1.4. Saturation—-Rearomatization

The first commercial route to perfluorinated aromatics such as hexafluorobenzene, octafluorotoluene [434-64-
0] and fused-ring polycyclics was based on a multistage saturation-rearomatization process (73). In the first
stage, benzene is fluorinated by a high valency oxidative metal fluoride (cobalt trifluoride) to give a mixture
of polyfluorocyclohexanes. The latter is subjected to a combination of dehydrofluorination (with alkali) and/or
defluorination (with heated iron, iron oxide, or nickel packing) to give hexa-, penta-, and tetrafluorobenzenes.
Modifications of the first stage include the use of complex metal fluorides, eg, potassium tetrafluorocobal-
tate(III), that have been found to be milder and more selective fluorinating agents than cobalt trifluoride (74).
A related process features successive treatment of hexachlorobenzene with chlorine trifluoride (75) or fluorine
(76), followed by dehalogenation with iron powder at 300°C. More emphasis is now given to Halex processes
for perfluoroaromatics manufacture rather than saturation-rearomatization routes.

1.1.5. Fluoroaliphatic Thermolytic Routes

The reaction of difluorocarbene (generated from CHCIF¢ at 600°C) with cyclopentadiene to give fluorobenzene
(70% yield) has been scaled up in a pilot-plant/semiworks facility (capacity = several dozen t/yr) (77, 78). The
same process can now be effected under liquid-phase conditions in the presence of phase-transfer catalysts (79,
80).

1.1.6. Miscellaneous Methods

Exhaustive evaluation of the decarbonylation of benzoyl fluorides, ArCOF, by Wilkinson’s catalyst [14694-95-2],
Rh[(CgH5)3P13Cl, to give aryl fluorides has established (81) that previous claims (82) cannot be reproduced.

One approach to aryl fluorides (83) based on phenolic derivatives features more moderate thermal decar-
boxylation of phenyl fluoroformates employing alumina-impregnated platinum group catalysts (84). Treatment
of phenyl chloroformates with hydrogen fluoride using Lewis acid catalysts to give aryl fluorides may have po-
tential industrial importance (85, 86).

Fluorodesulfonylation represents a complementary extrusion technique to aryl fluorides (87) which has
attracted interest (88, 89). For example, 2-fluorobenzonitrile [394-47-8] was obtained in 84% yield from 2-
cyanobenzenesulfonyl fluoride and potassium fluoride in sulfolane (88).

The electrochemical route to fluoroaromatics (90) based on controlled potential electrolysis in the absence
of hydrogen fluoride (platinum anode, ;9 4 V; acetonitrile solvent; tetraalkylammonium fluoride electrolyte)
has not been commercialized. However, considerable industrial interest in the electrochemical approach still
exists (91-93).

The single-step p-fluoroaniline [31-40-4] process based on fluorodeoxygenation of nitrobenzene (via in situ
generation of N-phenylhydroxylamine) in anhydrous hydrogen fluoride (94-96) has not been commercialized
primarily due to concurrent formation of aniline, as well as limited catalyst life. The potential attractiveness of
this approach is evidenced by numerous patents (97-101). Concurrent interest has been shown in the two-step
process based on N-phenylhydroxylamine (HF-Bamberger reaction) (102—104).
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1.2. Side-Chain Fluorinated Aromatics and Heterocyclics

Benzotrifluorides generally are prepared from trichloromethylaromatics with metal fluorides or hydrogen flu-
oride. Industrial processes feature reaction with hydrogen fluoride under high pressure, atmospheric pressure,
or vapor-phase conditions. A potential simplification is the single-step conversion of toluene to benzotrifluoride
employing chlorine-hydrogen fluoride (CCly diluent, 460°C) (105).

1.3. Sulfur Tetrafluoride and Aromatic Carboxylic Acids

Benzotrifluorides also are prepared from aromatic carboxylic acids and their derivatives with sulfur tetrafluo-
ride (SF4) (106, 107). Hydrogen fluoride is frequently used as a catalyst. Two equivalents of sulfur tetrafluoride
are required:

ArCOOH + SF, &' ArCOF + HF + SOF,

ArCOF + SF4 — ArCF3 + SOF,

The high cost of SF4 and the incomplete use of fluorine justify its use only for inaccessible benzotrifluorides.
The related liquid S—F reagent, (diethylamino)sulfur trifluoride (DAST), (CoH;5)oNSF3, also effects similar
transformations with aromatic carboxylic acids (108).

1.4. Perfluoroalkylation

A significant technical advance features perfluoroalkylation of aromatics (devoid of electron-withdrawing
groups) with carbon tetrachloride-hydrogen fluoride to give high selectivity of benzotrifluorides (109, 110).
Hydrogen fluoride performs a threefold role: solvent, Friedel-Crafts alkylation catalyst, and fluorinating agent.

R

CCly
HF
CCl; CF

Aromatic perfluoroalkylation can be effected by fluorinated aliphatics via different techniques. One cat-
egory features copper-assisted coupling of aryl halides with perfluoroalkyl iodides (eg, CF3I) (111, 112) or
difluoromethane derivatives such as CFyBry (Burton’s reagent) (113, 114), as well as electrochemical triflu-
oromethylation using CF3Br with a sacrificial copper anode (115). Extrusion of spacer groups attached to
the fluoroalkyl moiety, eg, CF3COONa and higher perfluorocarboxylated salts (116, 117), CF3SOsNa (118),
and esters such as CFoCICOOCHj3 (119) or FSO,CF,COOCHj3 (120), represents a novel trifluoromethylation
concept.

Ar] + CF3COONa SulNMP Ay CFy

Aromatic perfluoroalkylation can also be performed in the absence of copper employing (CF3COO), (121)
or ReI(C¢H5)OSO2CF3 (FITS reagents) (122). Aluminum chloride-catalyzed alkylation of fluorobenzene with
hexafluoroacetone, CF3sCOCF3, gave 66% yield of p-fluoro-a,a-bis(trifluoromethyl)benzyl alcohol [2402-74-6]
(123).
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1.4.1. Oxidative Fluorination of Aromatic Hydrocarbons

The economically attractive oxidative fluorination of side chains in aromatic hydrocarbons with lead dioxide or
nickel dioxide in liquid HF stops at the benzal fluoride stage (67% yield) (124).

p — CH3C§H4N02 PbO,/HF P — CHF2C6H4N02

1.4.2. Cyclization

Construction of benzotrifluorides from aliphatic feedstocks represents a new technique with economic potential.
For example, 1,1,1-trichloro-2,2,2-trifluoroethane [354-58-5] and dimethyl itaconate [617-52-7] form 4-methoxy-
6-trifluoromethyl-2H-pyran-2-one [101640-70-4], which is converted to methyl 3-(trifluoromethyl)benzoate
[2557-13-3] with acetylene or norbornadiene (125).

2. Ring-Fluorinated Benzenes

2.1. Fluorobenzene
2.2. Properties

Fluorobenzene [462-06-6] (monofluorobenzene), CsH;sF, has a molecular weight 0of 96.1, and is a colorless mobile
liquid with a pleasant aromatic odor (Table 1). Its thermal stability is of a high order; fluorobenzene undergoes
no detectable decomposition when kept at 350°C for 24 h at pressures of up to 40.5 MPa (400 atm). Toxicity:
oral (rat), LDsg > 4 g/kg; inhalation (mouse), LD5¢ 45 g/m?® (2 h) (127).

2.3. Reactions

2.3.1. Electrophilic Substitution

Fluorobenzene electrophilic substitution reactions are more para directing than are the same chlorobenzene
reactions (128). Nitration of fluorobenzene with concentrated nitric and sulfuric acid gives a 92:8 mixture of p-
and o-fluoronitrobenzene [1493-27-2] which can be separated by distillation. The other commercial route to o-
and p-fluoronitrobenzene [350-46-9] is based on exchange fluorination (KF) in a polar solvent; phase-transfer
catalysts are frequently employed.

The Friedel-Crafts ketone synthesis is of commercial importance in upgrading fluorobenzene for drug,
polymer, and electronic applications (Table 2).

2.3.2. Nucleophilic Displacement Reactions

The presence of activating groups, eg, o, p nitro groups, makes aromatic fluorine reactive in nucleophilic dis-
placement reactions. This has been demonstrated by determination of the relative fluorine—chlorine displace-
ment ratios from the reaction of halonitrobenzenes with sodium methoxide in methanol (137); F is displaced
200-300 times more readily than Cl.

Numerous applications have been developed based on the lability of fluoronitroaromatics; 4-fluoro-3-
nitroaniline [364-76-1] and 4-fluoro-3-nitro-N,N-bis(hydroxyethyl)aniline [29705-38-2], commercial hair dye
intermediates (138-140); 2,4-dinitrofluorobenzene [70-34-8] (Sanger’s reagent), for amino acid characteriza-
tion (141); 4-fluoro-3-nitrophenyltrimethylammonium iodide [39508-27-5], a protein solubilizing reagent (142);
and 4-fluoro-3-nitrophenylazide [28166-06-5], an antibody tagging reagent (143) also used for industrial immo-
bilization of enzymes (144). Other examples of biochemical applications (amino acid or peptide characteriza-
tion, protein cross-linking reagent) include 2,4-dinitro-5-fluoroaniline [361-81-7] (Bergmann’s reagent) (145); 4-
fluoro-3-nitrobenzoates (146, 147); 4-fluoro-3-nitrobenzenesulfonic acid [349-05-3] (148); 4-fluoro-3-nitrophenyl



Table 1. Physical Properties of Fluorobenzene
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Property Value
melting point, °C —42.22
boiling point, °C 84.73
density, 25°C, g/mL 1.0183
coefficient of expansion 0.00116
refractive index, nZ’ 1.4629
viscosity, mPa-s( = cP)

9.3°C 0.653

19.9°C 0.585

80.9°C 0.325
surface tension, mN/m( =dyn/cm)

9.3°C 28.49

20.0°C 27.71

34.5°C 25.15
latent heat of fusion, J/mol® 11,305.2
latent heat of vaporization, 25°C, J/mol* 34,576.6
specific heat, 25°C, J/mol® 146.3
critical temperature, °C 286.94
critical pressure, kPa® 4550.9
critical density, g/mL 0.269
dielectric constant, 30°C 5.42
dipole moment, C.m°© 4.90 x 10730
heat of combustion, J/g® —32,273.3
heat of formation, kJ/mol®

vapor —110.5

liquid —145.2
solubility in water, 30°C, g/100 g 0.154
solubility of water in fluorobenzene, 25°C, g/100 g 0.031
boiling point of binary azeotrope, °C

with 31 wt % tert-butyl alcohol 76.0

with 32 wt % methanol 59.7

with 30 wt % isopropyl alcohol 74.5
flash point (Tag open cup), °C¢ -13

vapor pressure, in °C and kPa®

Antoine equation®

2To convert J to cal, divide by 4.184.

bTo convert kPa to mm Hg, multiply by 7.5; logkPa = logmm Hg — 0.895.

¢To convert (.yn to debye (D), divide by 3.336 x 10-39.

dRef. 126.

1248.083

Log1oP = 6.07687 — ——0 202
e 0810 (t+221.827).

sulfone [51451-34-4] (149); 1,5-difluoro-2,4-dinitrobenzene [327-92-4] (150); 3,5-dinitro-2-fluoroaniline [18646-
02-1] (151); 4-fluoro-7-nitrobenzofurazan [29270-56-2] (NBD-F) (152); and 1-fluoro-2,4-dinitrophenyl-5-L-
alanine amide [95713-52-3] (Marfey’s reagent) (153). Labile fluorine in 4-fluoronitrobenzene can be used to
form piperidinylimino-linked polar chromophores for nonlinear optical (NLO) materials (154).

Examples of commercial reactive fluoroaromatics are not restricted to fluoronitrobenzenes. The fluorine-
free diuretic, furosemide [54-31-9], is prepared in 85% yield from 2-fluoro-4-chloro-5-sulfamoylbenzoic acid and
furfurylamine at 95°C for 2 h (155).
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Table 2. Friedel-Crafts Ketone Synthesis with Fluorobenzene?

CAS Registry
Acylating agent Reference Product Number End use
4-chlorobutyryl chloride 129 4-chloro-4'-fluorobutyr- [3874-54-2] haloperidol® (tranquilizer)
ophenone
acetyl chloride or acetic 130 4-fluoroacetophenone [403-42-9] flazalone®
anhydride (anti-inflammatory)
4-fluorobenzoyl chloride 131 4,4'-difluorobenzo-phenone [345-92-6] polyetheretherketone
(PEEK), a high
performance
ther-moplastic
isophthaloyl chloride 132, 133 1,3-bis(4-fluorobenz- [108464-88-6] poly(arylene ethers)
oyDbenzene (PAE); polyimides
oxalyl chloride 134 4-fluorobenzoyl chloride [403-43-0] liquid crystal
inter-mediate
chloroacetyl chloride 135 2-chloro-4’-fluoroaceto- [456-04-2] flutriafol® (fungicide)
phenone
3-(4-fluorobenzoyl)-2-
2,3-naphthalenedicar-boxylic naphthalenecarbox-ylic organo-selenium metallic
anhydride 136 acid [91786-16-2] conductors
@AlClg catalyst.
bSee Table 4.
¢See Table 3.
COOH COOH
F
furfurylamine NHCHzU
H,NSO, HoNSO;
Cl Cl

Cyclothiazide [2259-96-3] is another example of a fluorine-free pharmaceutical (diuretic, antihyperten-
sive) based on m-chlorofluorobenzene [625-98-9] where fluorine activation is subsequently provided by two
sulfonamide groups (156).

Another commercial application of nucleophilic reactions of nitro-free fluoroaromatics is the manufacture
of polyetheretherketone (PEEK) high performance polymers from 4,4’-difluorobenzophenone [345-92-6], and
hydroquinone [121-31-9] (131) (see Polyethers, aromatic).

OO+ 10O — O OO

O

o=

Polyether sulfones (PES) prepared from 4,4’-difluorodiphenyl sulfone and bisphenol A (potassium salt,
DMSO) react faster than the corresponding reaction with 4,4’-dichlorodiphenyl sulfone (157) (see Polymers
containing sulfur, polysulfones). Poly(ether sulfone)s prepared from sodium 4-fluorobenzenethiolate, a,w-
diiodoperfluoroalkanes, and bisphenol A exhibit good permeability and selectivity for O3—N, gas separations
(158, 159). Fluorine-free membranes based on 2,6-difluorobenzonitrile and bisphenol A can also be used to
separate gas mixtures (160, 161).

Less activated substrates such as fluorohalobenzenes also undergo nucleophilic displacement and
thereby permit entry to other useful compounds. Bromine is preferentially displaced in p-bromofluorobenzene
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[460-00-4] by hydroxyl ion under the following conditions: calcium hydroxide, water, cuprous oxide catalyst,
250°C, 3.46 MPa (500 psi), to give p-fluorophenol [371-41-5] in 79% yield (162, 163). This product is a key
precursor to sorbinil, an enzyme inhibitor (aldose reductase).

2.3.3. Fluoroaryl Organometallics

Fluorobenzene does not form a Grignard reagent with magnesium (164). 4-Bromofluorobenzene [460-00-4] can
be selectively converted to 4-fluorophenylmagnesium bromide [352-13-6] for subsequent incorporation into the
silicon-containing fungicide, flusilazole [85509-19-9] (165).

CHjy

| T
(r‘AQ}Si—CﬂgN\ |
2 N=

This represents the first large-scale application of a fluoroaryl organometallic. Other silicon-containing
aryl fluorides such as pentafluorophenyldimethyl silanes, C4F5Si(CH3)2X (X = Cl; NHy; N(C2Hs)2), are offered
commercially as Flophemsyl reagents for derivatization of sterols in chromatographic analysis (166).

Phenyllithium cannot be formed from fluorobenzene. Instead, the electronegativity of fluorine makes the
ortho hydrogen sufficiently acidic to permit reaction with n-butyllithium in tetrahydrofuran at —50°C to give
2-fluorophenyllithium [348-53-8]. An isomer, 4-fluorophenyllithium [1493-23-8], was reported to be explosive
in the solid state (167).

The chelate, cobalt bis(3-fluorosalicylaldehyde)ethyleneimine [6220-65-5] (fluomine) had been under ac-
tive evaluation for an oxygen-regenerative system in aircraft (168). Boron-containing fluoroaromatics are
commercially offered as laboratory reagents: tetrakis(4-fluorophenyl)boron sodium-2H,0, a titration agent for
nonionic surfactants (169); and 4-fluorobenzeneboronic acid [1765-93-1], a glc reagent for derivatization of
diols.

2.3.4. Biotransformation Reactions

Enzymatic oxygenation of aryl fluorides without ring opening provides a new production tool to fluoroaro-
matic fine chemicals. Microbial oxidation of fluorobenzene forms 3-fluoro-cis-1,2-dihydrocatechol, followed by
chemical rearomatization to give 3-fluorocatechol [363-52-0] (170-172). This technique represents a significant
improvement over the standard four-step chemical route based on 3-fluoroanisole [456-49-5]. Dehydration (acid
pH) of the fluorodihydrocatechol also provides a new route to 2-fluorophenol [367-12-4]. Biological oxidation of
fluoroaromatics has been demonstrated at the tonnage scale in up to 20-m? reactors (171).

F F F
OH OH
Oz —Hp
nzZyme catalyst
OH OH
HY| —Hy
F

OH
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Table 3. Monofluoroaromatic Crop Protection Chemicals

CAS Registry
Common name Number Structure Application
e
F NCHCOOCHI{CH3)s
r 50 C=0 post-emergent
flamprop-isopropyl [62756-22-6] & herbicide

Cl
fluoronitrofen [13738-63-1] CIAQf 0 4©7N02 ﬁzﬁi—;?(lleergent
F
O
Cl
fluoroimide [41205-21-4] F N | fungicide
Cl
F 0

CHj
“Nc—=cn 00—CH
=C CO0—C
a”” \ /
~ L\
cyfluthrin [68359-37-5] CHs CH3 insecticide
Q
F

OH

|
N—N—CHZ—C@F
flutriafol [76674-21-0] t A fungicide

N F
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2.4. Manufacture

Fluorobenzene is produced by diazotization of aniline in anhydrous hydrogen fluoride at 0°C, followed by in situ
decomposition of benzene-diazonium fluoride at 20°C (21). According to German experience during World War
II, the yield for 750-kg batches was 75-77%. Aryldiazonium fluoride-hydrogen fluoride solutions can also be
decomposed by continuous feed through a heated reaction zone (173, 174) or under super atmospheric pressure
conditions (175).

The spent hydrogen fluoride layer, which contains water and sodium bifluoride, from this process is treated
with sulfur trioxide or 65% oleum, and hydrogen fluoride is distilled for recycle to the next batch (176, 177)

Nitrosyl chloride (178), nitrosyl chloride-hydrogen fluoride (NOF-3HF, NOF.6HF) (179), nitrous acid—
hydrogen fluoride solutions (180, 181), or nitrogen trioxide (prepared in situ from nitric oxide and oxygen) (27)
can be used in place of sodium nitrite in the diazotization step.

Firms producing fluorobenzene and other ring-fluorinated aromatics by the diazotization of anilines in
hydrogen fluoride include Rhéne-Poulenc, ICI, Du Pont, Mallinckrodt, MitEni, and Riedel de Haén/Hoechst
(182). With announcements of plant expansions and entry of new manufacturers, surplus capacity in basic
fluoroaromatics exists. Prices (1991) are quoted at $15-18/kg delivered in the United States for basic inter-
mediates such as fluorobenzene and the fluorotoluenes (182). Emphasis has now been placed on higher value
downstream derivatives development programs.

Table 4. Monofluorinated Aromatic Drugs

CAS Registry
Common name Number Structure Application

8]
haloperidol [52-86-8] |,14©7( {CHa)y— }@7{ ol tranquilizer
l
0

vilfH-,gCHzN{CgH_r.];g

N

) j:O
flurazepam O . .
hydro-chloride [1172-39-5] Cl N « 2HC1 hypnotic, sedative

F

F 0 0 CHjy
floxacillin [5250-39-5] Il antibacterial
- Ko
v
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Table 4. Continued

CAS Registry

Common name Number Structure Application
F
flazalone [21221-18-1] H anti-inflammatory
H
O
N 0
|
CHgy
N
fluspirilene [1841-19-6] F-@CH—{CH;;};,—N §| tranquilizer
NH
O
F
CHjy
F CH(CHa)s N NCH:CNH
lidoflazine [3416-26-0] p— E) vasodilator (coronary)
O
F
sorbinil (68367-52-2] enzyme inhibitor (aldose

reductase)
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2.5. Applications

2.5.1. Crop Protection Chemicals

The fluorinated analogue of DDT (GIX, DFDT), 1,1-bis(4-fluorophenyl)-2,2,2-trichloroethane [475-26-3], was
produced from chloral and fluorobenzene as an insecticide in Germany during World War II. Other agricul-
tural applications did not subsequently materialize since lower manufacturing costs of chlorinated aromatic
crop-protection chemicals represented an advantage over ring-fluorinated analogues. However, chloroaromat-
ics pose ecological problems such as pesticide persistency, toxicity, etc. Because fluoroaromatics offer agronomic
advantages, eg, dosage, selectivity, and crop safety, significant commercialization of these compounds as crop
protection chemicals (herbicides, fungicides, and insecticides) has occurred. Table 3 lists representative exam-
ples.

2.5.2. Drugs

Ring-fluorinated aromatics have found broad pharmaceutical applications, eg, in tranquilizers, hypnotics,
sedatives, antibacterial agents (qv), etc. Representative monofluorinated drugs are listed in Table 4. Arprinocid
[6579-18-15] is a fluoroaromatic-based veterinary drug that has found wide acceptance as a coccidiostat for
chicken feed.

2.5.3. Other Medical Applications

Positron emission tomography, a noninvasive technique for monitoring biochemical functions in humans, rep-
resents a significant advance in medical diagnosis. Synthetic methods have been developed for incorporation of
the 18F isotope (1,2, 109.27 + 0.06 min) into numerous biologically active radiopharmaceuticals (1). One exam-
ple is the stereospecific and regiospecific synthesis of 6-[1¥F]fluoroDOPA (6-fluoro-3,4-dihydroxyphenylalanine)
by fluorodemetallation of a trimethylsilyl precursor using ®F, for Parkinson’s disease research.

ArCH—N\ LCO0C:Hsg HZN\ A00H
{|3H (lll-l

CH30 CH, 1%r; _ HO CH;
CH;30 Si(CHg)s 2.HBr  HO 18

Labeling aromatics with fluorine using '°F-nmr as a probe for product identification has been a useful
analytical tool (183) which has been extended to medical diagnosis. Magnetic resonance imaging (mri) is a non-
invasive technique complementary to x-ray contrast agents, ultrasound devices, and computerized tomography,
without the need of radioisotopes (184). For example, the mri technique has been applied to the interaction of
fluoroquine, a fluorine analogue of the antimalarial drug, chloroquine, with DNA and #-RNA (185).

2.6. Liquid Crystals

Based on worldwide patent activity, numerous compounds containing fluoroaromatic moieties have been syn-
thesized for incorporation into liquid crystals. For example, fluoroaromatics are incorporated in ZLI-4792 and
Z1I-4801-000/-100 for active matrix displays (AMD) containing super fluorinated materials (SFM) (186, 187).
Representative structures are as follows.

F
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2.6.1. Photoconductive Imaging

Considerable attention has been placed on the xerographic properties of fluorosquaraines based on N,N-
dimethyl-3-fluoroaniline and other 3-fluoroaniline derivatives for imaging applications (188-191). A typical
structure of a fluorosquaraine is as follows:

0
CH; CH;
OO,
CH3 CHJ
F o~

2.6.2. Dyes

In contrast to benzotrifluorides and fluoropyrimidines, limited commercialization has developed for dyes con-
taining a fluoroaromatic group. Fluorophenylhydrazines have been converted to (fluorophenyl)pyrazolones,
which are disperse dyes for cellulose acetate and nylon (192).

2.7. Difluorobenzenes

Interest in the commercialization of difluoroaromatics in crop protection chemicals and drugs (Table 5) contin-
ues to be strong. Numerous liquid crystals containing the 1,2-difluorobenzene moiety have been synthesized.
Table 6 lists physical properties of commercially significant intermediates such as o-, m-, and p-difluorobenzene,
2,4-difluoroaniline and 2,6-difluorobenzonitrile. The LD5¢ values for the three isomeric difluorobenzenes are
identical: 55 g/m? for 2 h (inhalation, mouse) (127).

Table 5. Difluoroaromatic Applications

Common name CAS Registry Number Structure

Crop protection chemicals®

diflubenzuron [35367-38-5] PNHCNHOF]
ol
0 0O

F
i
CNH: F
diflufenican® (83164-33-4] @I
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Table 5. Continued

Common name CAS Registry Number Structure

F F Cl
flufenoxuron [101463-69-8] QCNHCYH@ OQCFH
o
0o 0
F
F F Cl
teflubenzuron [83121-18-0] CNHCNH F
ol
o 0
F 1l

Drugs

COOH

diflunisal® [22494-42-4] . O O .
F

N=\ (I)H N=

g

fluconazole? [86386-73-4] —N F N
F

“Insecticide unless otherwise noted.
bHerbicide.

¢Analgesic; antiinflammatory.

d Antifungal.

2.8. 1,2-Difluorobenzene

Tetrazotization-fluorination of o-phenylenediamine [95-54-5] in hydrogen fluoride or by the Balz-Schiemann
reaction is not a practical route to 1,2-difluorobenzene but this product can be prepared from 2-fluoroaniline
[348-54-9] by the Balz-Schiemann reaction (193); heating the diazonium fluoroborate in organic solvents
increases the yield to 78% (194). Electrophilic substitution reactions are site-specific: nitration gives
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Table 6. Properties of Fluorinated Aromatic Compounds?

Surface
tension, Flash
CAS Registry Refractive  Specific 20°C mN/m (  point,°
Component Number Molwt Mp, °C  Bp, °C? index, nf, gravity, =dyn/cm) °C
Difluorobenzenes
CgH4F2
1,2-diflucrobenzene [367-11-3] 114.09 -34 91-92 1.445220 1.1496% 7.24
1,3-difluorobenzene [372-18-9] 114.09 593 82-83 1.441020 1.157220 25.93 -11.14
1,4-difluorobenzene [540-36-3] 114.09 -13 88-89 1.442120 1.17162%0 27.05 —11.7¢
Trifluorobenzenes
CgH3F3
1,2,3-trifluorobenzene [1489-53-8] 132.08 94-95 1.423020 1.28020 -3
1,2,4-trifluorobenzene [367-23-7] 132.08 88 1.423020 1.26420 26.2 -5
1,3,5-trifluorobenzene [372-38-3] 132.08 55 75.5 1.414020 1.277%0 27.16 -7
Tetrafluorobenzenes
CGH2F4
1,2,3,4-tetrafluorobenzene  [551-62-2] 150.08 42 95 1.406920 1.422%5 20
1,2,3,5-tetrafluorobenzene  [2367-82-0] 150.08  —48 83 1.40112%5 1.39320 23.99 4
1,2,4,5-tetrafluorobenzene [327-54-8] 150.08 4 90 1.404520 1.42425 24.9 16
Pentafluorobenzene
CgHF5 [363-72-4] 168.07 —48 85 1.388125 1.53120 13
2-fluorotoluene® [95-52-3] 110.13 113-114 1.4704%5 1.00120 12
3-fluorotoluene [352-70-5] 110.13 115 1.469120 0.99120 9
4-fluorotoluene [352-32-9] 110.13 116 1.4690%°  1.000%° 17
2-chloro-6-fluorotoluene [443-83-4] 144.58 155 1.502620 1.12920 48
Fluoroanilines
CsH4F(NHy)
2-fluoroaniline/ [348-54-9] 11112 —29 175 1.5406%° 1.15225 60
3-fluoroanilines? [372-19-0] 111.12 186 1.5445%5 1.152% 77
4-fluoroaniline®: /" [371-40-4] 11112 -1.9 187 1.5375% 1.158% 73
CgH3Fy(NHs) [367-25-9] 129.11  -75 169.5 1.504325 1.26820 62
2,4-difluoroaniline
CgH3(C)(F)(NHy) [367-21-5] 145.57  44-47  227-228 1.42%0 (solid) 110
3-chloro-4-fluoroaniline 1.350 (liquid)
Fluorobenzonitriles
2,6-difluorobenzonitrile [1897-52-5] 139.11 30-32 99/ 1.4875% 1.23640 80

%Colorless unless otherwise noted.
YAt 101.1 kPa = 1 atm unless otherwise noted.
¢Closed cup (ASTM Procedure D3278) unless otherwise noted.

4Qpen cup.

¢LD5o = 100 mg/kg (oral, wild bird) (127).

fPale yellow.
& Amber.

hLDso = 56 mg/kg (oral, wild bird) (127).
‘LDso = 50 mg/kg (oral, rat) (127).
JAt 2.67 kPa = 20 mm Hg.

3,4-difluoronitrobenzene [369-34-6], and bromination forms 3,4-difluorobromobenzene [348-61-8], a precursor
to dicyclohexylethylene liquid crystals (195). Vicinal metallation (n-butyllithium, —78°C ) of 1,2-difluorobenzene
is also employed to prepare trans-4-alkyl cyclohexyl-substituted 2,3-difluorobiphenyls for liquid crystal appli-

cations (196).
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2.9. 1,3-Difluorobenzene

This isomer has been prepared in 78% yield by tetrazotization-fluorination of m-phenylenediamine [108-45-2]
in pyridine-hydrogen-fluoride at 100°C (23, 197). Balz-Schiemann yields for the corresponding reaction vary
from 31 to 49% (198, 199). Diazotization of m-fluoroaniline [372-19-0] in the presence of ammonium bifluoride,
tertiary amines, or dimethyl sulfoxide gave 46—73% yields of 1,3-difluorobenzene (25, 26). The latter can also be
made by reductive-dediazoniation of 2,4-difluoroaniline [367-25-9] in 77% yield from sodium nitrite, hydrochlo-
ric acid, and hypophosphorus acid (200). A 95% yield was realized by treatment of 2,4-difluorobenzenediazonium
fluoroborate with copper powder in the presence of 18-crown-6 ether in dichloromethane (201).

Nitration of 1,3-difluorobenzene at 0°C forms 2,4-difluoronitrobenzene [446-35-5] in 92% yield. The latter
can also be prepared from 2,4-dichloronitrobenzene and potassium fluoride in polar solvents (46, 202); phase-
transfer catalysts, eg, quaternary ammonium salts, serve to both lower reaction temperature and enhance
fluorination rates (203). Reduction gives 2,4-difluoroaniline, a precursor to the analgesic/antiinflammatory
diflunisal, and the herbicide diflufenican.

2.10. 1,4-Difluorobenzene

This compound has been prepared in 65% yield by tetrazotization-fluorination of p-phenylenediamine [106-
50-3] in pyridine-hydrogen fluoride at 120°C (23, 197); 27-40% yields are obtained by the Balz-Schiemann
reaction with p-phenylenediamine or p-fluoroaniline [371-40-4] (198).

2.11. Trifluorobenzenes

Table 6 lists physical properties of representative trifluorobenzenes.

2.12. 1,2,3-Trifluorobenzene

This compound is formed in low yield (13-24%) from 1,2,3-trichlorobenzene or 2,3-difluorochlorobenzene
and KF/CsF in dimethyl sulfone (204). Likewise, low yields are realized when the Balz-Schiemann
reaction is applied to 2,3-difluoroaniline or 2,6-difluoroaniline (205). Pyrolysis (520°C, iron gauze) of
1H, 2H, 3H-pentafluorocyclohexa-1,3-diene forms 1,2,3-trifluorobenzene (206). Derivatives such as 2,3,4-
trifluoronitrobenzene [393-79-3] and 2,3,4-trifluoroaniline [3862-73-5] have been used to prepare fluoro-
quinolone antibacterials such as ofloxacin (207) and lomefloxacin (208), respectively.

2.13. 1,2,4-Trifluorobenzene

This isomer can be prepared in good yield from 2,4-difluoroaniline by the standard Balz-Schiemann route (209)
or modifications using nitrite esters—boron trifluoride (210). Its ionization potential is 9.37 V. Electrophilic
substitution reactions of 1,2,4-trifluorobenzene provide useful routes to 2,4,5-trifluorobenzoic acid [446-17-3], a
key precursor to fluoroquinolone antibacterials: bromination forms 1-bromo-2,4,5-trifluorobenzene [327-52-6]
(211), followed by exchange cyanation—hydrolysis (212); acetylation gives 2,4,5-trifluoroacetophenone [129322-
83-4], followed by oxidation with commercial bleach (213). New routes to 2,4,5-trifluorobenzoic acid are also
based on exchange-fluorination of chloroaromatic feedstocks such as 3,4,6-trichlorophthalic acid (62) and tetra-
chloroisophthalonitrile (214). Other 1,2,4-trifluorobenzene derivatives such as 3-chloro-2,4,5-trifluorobenzoic
acid have also been converted to fluoroquinolone antibacterials (215).
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2.14. 1,3,5-Trifluorobenzene

This isomer, s-trifluorobenzene, has been prepared in 63% yield by the Balz-Schiemann reaction with 3,5-
difluoroaniline [372-39-4] (216). By modification of exchange fluorination conditions, tetrachloroisophthaloni-
trile [1897-45-6] was converted to 1,3,5-trifluorobenzene by a four-step process (217).

2.15. Tetrafluorobenzenes

Interest in tetrafluoroaromatics includes crop protection and as intermediates to fluoroquinolone antibacte-
rials. Physical properties of tetrafluorobenzenes are listed in Table 6. A useful compilation of recipes for 35
tetrafluorinated aromatics has been published (199).

2.16. 1,2,3,4-Tetrafluorobenzene

This compound has been prepared by fluorination of benzene with cobalt trifluoride and subsequent combi-
nation of the dehydrofluorination and defluorination steps. Its ionization potential is 9.01 V. Nitration gives
2,3,4,5-tetrafluoronitrobenzene [5580-79-0] in 75% yield, an intermediate to fluoroquinolone antibacterials
(218).

Halex technology has also been employed to prepare 1,2,3,4-tetrafluorobenzene derivatives, eg, tetra-
chlorophthalic anhydride [117-08-8] was converted to 2,3,4,5-tetrafluorobenzoic acid [1201-31-6] for use in
fluoroquinolone antibacterials (219, 220).

2.17. 1,2,3,5-Tetrafluorobenzene

This isomer has been prepared from 2,3,5-trifluoroaniline [363-80-4] in 43% yield by the Balz-Schiemann
reaction.

2.18. 1,2,4,5-Tetrafluorobenzene

This compound has been prepared from 2,4,5-trifluoroaniline [57491-45-9] by the Balz-Schiemann reaction in
38-46% yield or from pentafluorophenylhydrazine [828-39-9] with aqueous sodium hydroxide in 90-95% yield
(221). Its ionization potential is 9.39 V.

Derivatives of 1,2,4,5-tetrafluorobenzene such as 2,3,5,6-tetrafluorobenzoic acid have been converted into
fluoroquinolone antibacterials (222—224). The synthetic pyrethroid, tefluthrin [795-38-2], is prepared from
2,3,5,6-tetrafluoro-4-methylbenzyl alcohol.

CFy
C=CH COOCH; CHjy
ol SE

Isomeric dichlorotetrafluorobenzenes have been studied for Rankine-cycle external combustion engines
(225).
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2.19. Pentafluorobenzene and Pentafluorophenyl Compounds

2.20. Pentafluorobenzene

Pentafluorobenzene has been prepared by several routes: multistage saturation—rearomatization process based
on fluorination of benzene with cobalt trifluoride; reductive dechlorination of chloropentafluorobenzene with
10% palladium-on-carbon in 82% yield (226, 227); and oxidation of pentafluorophenylhydrazine in aqueous
copper sulfate at 80°C in 77% yield (228). Its ionization potential is 9.37 V. One measure of toxicity is
LDso = 710 mg/kg (oral, mouse) (127).

Nucleophiles react with pentafluorobenzene to give para-substituted (relative to the hydrogen atom)
tetrafluorophenyl products, p-XCgF4H (X = H, NHy, NHNH,, SH, OCH3, SCsHs, OH). Nitration of pentafluo-
robenzene with concentrated nitric acid and boron trifluoride in sulfolane gave pentafluoronitrobenzene [880-
78-4] in 82% yield (229).

2.21. Pentafluoroaniline

Pentafluoroaniline [771-60-8] has been prepared from amination of hexafluorobenzene with sodium amide in
liquid ammonia or with ammonium hydroxide in ethanol (or water) at 167-180°C for 12-18 h. It is weakly
basic (pK, = 0.28) and dissolves only in concentrated acids. Liquid crystals have been prepared from Schiff
bases derived from pentafluoroaniline (230).

2.22. Pentafluorophenol

This compound has been prepared from the reaction of hexafluorobenzene with potassium hydroxide in ¢-
butyl alcohol. Pentafluorophenyl esters prepared from pentafluorophenol [771-61-9] illustrate the key features
of a rapid stepwise peptide synthesis technique (231). Commercial high performance elastomers based on
copolymerization of tetrafluoroethylene, perfluoro(methyl vinyl ether), and a third monomer incorporating a
pentafluorophenoxy group as a cure site, give vulcanizates with good chemical and fluid resistance and high
temperature oxidative resistance (232, 233).

2.23. Pentafluorotoluene

Pentafluorotoluene [771-56-2] has been prepared from the reaction of methyllithium with hexafluoroben-
zene or from pentafluorophenyl-magnesium bromide with dimethyl sulfate. Derivatives such as 2,3,4,5,6-
pentafluorobenzyl bromide [1765-40-8] are used to derivatize organic acids as esters for determination by
electron-capture gas chromatography (234). The synthetic pyrethroid, fenfluthrin [75867-00-4], is an insecti-
cide containing a pentafluorobenzyl group.

2.24. Bromopentafluorobenzene

Aluminum bromide-catalyzed bromination of pentafluorobenzene in 20% oleum gives bromopentafluoroben-
zene [1765-40-8]. It is readily converted to pentafluorophenylmagnesium bromide [879-05-0]; the latter un-
dergoes conventional Grignard reactions (qv). Pentafluorophenyllithium [1076-44-4] can be synthesized from
bromopentafluorobenzene and n-butyllithium or lithium amalgam in ether at 0°C. The preferred route is met-
allation of pentafluorobenzene with n-butyllithium at —g5°C (235). A serious explosion has been reported
during hydrolysis (D30) of pentafluorophenyllithium (236).

Pentafluorophenylmagnesium bromide or lithium can be converted to other pentaflu-
orophenyl organometallics by reaction with the corresponding metal chloride (237).
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Bis(pentafluorophenyl)phenylphosphine [5074-71-5] (Ultramark 443), (CgF5)2CsH5sP, is offered commer-
cially as a marker for mass spectral standardization (238).

2.25. Pentafluorobenzoic Acid

Standard routes to pentafluorobenzoic acid [602-94-8] include chloropentafluorobenzene (n-butyllithium or
magnesium, carbonation, hydrolysis); pentafluorobenzene (phosgene, hydrolysis); octafluorotoluene (hydroly-
sis). Of potential economic significance is a new route based on benzonitrile: chlorination to pentachloroben-
zonitrile, exchange fluorination, and hydrolysis (239). Pentafluorobenzoyl chloride [2251-50-8] has been used
to derivatize anticonvulsants such as ethosuximide, carbamazepine, and primidone in electron-capture gas
chromatography (240, 241).

2.26. Pentafluorobenzaldehyde

Pentafluorobenzaldehyde [653-37-2] can be prepared by reaction of N-methylformanilide with pentafluo-
rophenylmagnesium bromide or pentafluorophenyllithium. One process is based on the catalytic hydrogena-
tion of pentafluorobenzonitrile (239). Pentafluorobenzaldehyde is used as a reagent for gas chromatographic
assay of biological amines such as catecholamines by conversion to the pentafluorobenzylimine—trimethylsilyl
derivatives (242). Catalytic hydrogenation gives pentafluorobenzyl alcohol [440-60-8]. Derivatives of the latter
are employed in gas chromatography (electron capture): 0-(2,3,4,5,6-pentafluorobenzyl)hydroxylamine hy-
drochloride [57981-02-9] (Florox reagent) CaF5sCH2ONHy-HCI, for assay of ketosteroids (243, 244); 2,3,4,5,6-
pentafluorobenzyl chloroformate [53526-74-2], for assay of physiologically active tertiary amines (245).

Numerous examples for the incorporation of the pentafluorophenyl group in chromatographic derivatiza-
tion of biologically active compounds have been compiled in a monograph (246). A review on the effects of the
pentafluorophenyl group on the reactivity of organic compounds has been published (247).

2.27. Hexafluorobenzene

The development of commercial routes to hexafluorobenzene [392-56-3] included an intensive study of its
derivatives. Particularly noteworthy was the development of high temperature lubricants, heat-transfer fluids,
and radiation-resistant polymers (248).

2.28. Hexafluorobenzene

Hexafluorobenzene [392-56-3] C¢Fg, is a colorless liquid with a sweet odor. Hexafluorobenzene (perfluoroben-
zene) has a good thermal stability; slight decomposition occurs at 500°C in Nimonic 75 (alloy containing 85%
nickel and 20% chromium) after three weeks. Toxicity: inhalation (mouse), LD50-95 g/m? (2 h) (127). Physical
properties of hexafluorobenzene are given in Table 7.

2.29. Manufacture

One commercial process features a three-stage saturation—rearomatization technique using benzene and flu-
orine gas as raw materials (73). Principal problems with this method are the complex nature of the process,
its dependence on fluorine gas which is costly to produce, and the poor overall utilization of fluorine, because
nearly one-half of the input fluorine is removed during the process.

An alternative hexafluorobenzene process features exchange fluorination (KF) of hexachlorobenzene in
the presence of polar solvents (226, 249) or under solvent-free conditions (450-540°C, autoclave) (250). Inter-
mediates such as chloropentafluorobenzene can be further fluorinated to hexafluorobenzene (42—-51% yield) by
cesium fluoride in sulfolane (226, 249).
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Property Value
mol wt 186.06
melting point, °C 5.10
boiling point, °C 80.261
density, 25°C, g/mL 1.60682
refractive index, n2® 1.3761
latent heat of fusion, kdJ/mol® 11.59
latent heat of vaporization

at 25°C, kJ/mol® 35.69 + 0.084

at bp, kd/mol® 32.69
specific heat, 23°C, kJ/mol-°C)* 0.221
critical temperature, °C 243.57 £0.03
critical pressure, MPa? 3.304 £ 0.005
coefficient of cubical expansion at 25°C 0.001412
heat of combustion, kJ/mol® —24440+1.2
heat of formation at 25°C, kJ/mol*

liquid —958.30

gas —922.15
vapor pressure in °C and kPa® Antoine equation?

%To convert dJ to cal, divide by 4.184.

5To convert MPa to atm, divide by 0.101.

¢To convert kPa to mm Hg, multiply by 7.5; longa = logmm Hg —0.875.
1219.410

LogioP = 6.1422 — =220
40810 (t+214.525).

Pyrolytic routes to hexafluorobenzene have also attracted attention but have not been commercialized.
Pyrolysis of tribromofluoromethane [353-54-8], CBr3F, at 630-640°C in a platinum tube gives hexafluoroben-
zene in 55% yield (251-253). The principal disadvantage of this process is the low weight yield of product;
90% of the costly CBrsF that is charged is lost as bromine. Of economic potential is the related copyrolysis of
dichlorofluoromethane [754-34-0] and chlorofluoromethane [593-70-4] (254, 255).

2.30. Reactions

Hexafluorobenzene is susceptible to attack by nucleophilic agents to give pentafluorophenyl compounds of
the general formula CgF5X, where X is OCHs, NHy, OH, SH, NHNH,, NHCH3, N(CH3),, H, C¢Hs, CHg,
CH3CH:CH, n-C4H9, C6H5S, etc (256)

2.31. Fluorobiphenyls

Fluorobiphenyls are incorporated into the analgesic and antiinflammatory drugs diflunisal [22494-42-4] and
flurbiprofen [5104-49-4]. The first is a difluoro compound and the other monofluoro.

COOH
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Fluorinated biphenyls have been incorporated into numerous liquid crystal structures as attested by
patents and publications from the following organizations: E. Merck GmbH (257, 258); Sharp (258); Hoffmann-
LaRoche (259); Kanto Chemical (260); U.K. Defence Secretariat (261); Dainippon (262); Chisso (263); Sanyo
Chemical (264); and the University of Hull (265). Seiko Epson has also patented fluorinated terphenyls for
liquid crystal applications (266).

Fluorinated biphenyls can be synthesized by diazotization—fluorination, Gomberg-Bachmann arylation,
or Ullmann coupling reactions. Mono- and difluorophenyls can be prepared by the Balz-Schiemann reaction
(or modification in HF), eg, 4,4’-difluorobiphenyl was formed in 80% yield from 4,4'-diaminobiphenyl by the
Balz-Schiemann reaction (267). 2,4-Difluorobiphenyl [2285-28-1], a key precursor to diflunisal, is formed by
successive diazotization of 2,4-difluoroaniline and coupling with benzene (268). Similar diazotization-coupling
of 4-bromo-2-fluoroaniline [367-24-8] with benzene gives 4-bromo-2-fluorobiphenyl [41604-19-7], a key inter-
mediate to flurbiprofen (269).

Decafluorobiphenyl [434-90-2], C¢F5CeF5 (mol wt, 334.1; mp, 68°C; bp, 206°C), can be prepared by Ull-
mann coupling of bromo- [344-04-7], chloro- [344-07-0], or iodopentafluorobenzene [827-15-6] with copper. This
product shows good thermal stability; decafluorobiphenyl was recovered unchanged after 1 h below 575°C (270).
Decafluorobiphenyl-based derivatives exhibit greater oxidative stability than similar hydrocarbon compounds
(271). Thermally stable poly(fluorinated aryl ether) oligomers prepared from decafluorobiphenyl and bisphenols
show low dielectric constant and moisture absorption which are attractive for electronic applications (272).

3. Fluoronaphthalenes and Other Fused-Ring Fluoroaromatics

Few applications for fluoronaphthalenes and related polycyclic structures have materialized. The fused-ring
bicyclic, sulindac [38194-50-2], a monofluorinated indene-3-acetic acid, is used as an antiinflammatory agent.

1-Fluoronaphthalene [321-38-0] is prepared from 1-naphthylamine by the Balz-Schiemann reaction in
52% yield or by diazotization in anhydrous hydrogen fluoride in 82% yield. Electrophilic substitution occurs at
the 4-position, eg, nitration with fuming nitric acid in acetic acid gave 88% yield of 1-fluoro-4-nitro-naphthalene
[341-92-4].

2-Fluoronaphthalene [323-09-1] is prepared in 54-67% yield from 2-naphthylamine by the Balz-
Schiemann reaction or in 51% yield by pyrolysis of indene and chlorofluoromethane at 600°C (77).

1,4-Difluoronaphthalene [315-52-6] is prepared from 4-fluoro-1-naphthylamine by the Balz-Schiemann
reaction. 1,4-Difluoronaphthalene is used in chemical carcinogenesis studies as a synthon for highly condensed
difluoro—polycyclic aromatic hydrocarbons (273).

Octafluoronaphthalene [313-72-4] is prepared in 53% yield by defluorination of perfluorodecahydronaph-
thalene [306-94-5] over iron or nickel at 500°C. Exchange fluorination of octachloronaphthalene with KF in
sulfolane (235°C) gave 60% yield of octafluoronaphthalene. This product exhibits good stability to ionizing
radiation (274).

Fused-ring polycyclic fluoroaromatics can be made from the corresponding amino fused-ring polycyclic or
from preformed fluoroaromatics, eg, 4-fluorophenyl-acetonitrile [459-22-3] (275). Direct fluorination techniques
have been successfully applied to polycyclic ring systems such as naphthalene, anthracene, benzanthracenes,
phenanthrene, pyrene, fluorene, and quinolines with a variety of fluorinating agents: xenon fluorides (10),
acetyl hypofluorite (276), cesium fluoroxysulfate (277), and electrochemical fluorination (278, 279).
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4. Side-Chain Fluorinated Aromatics

Trifluoromethyl aromatics are used widely in the production of drugs, crop-protection chemicals, germicides,
dyes, etc.

4.1. General Properties

The trifluoromethyl group is stable under different reaction conditions, eg, the multistep classical transforma-
tion of benzotrifluoride to trifluoroacetic acid features successive nitration, reduction, and oxidation.

4.1.1. Thermal Stability

Benzotrifluoride is stable at 350°C in the presence of iron or copper. Working fluids for external combus-
tion engines (Rankine cycle) must exhibit thermal stability with engine materials at high temperatures.
Some of the promising working fluids include 1,3-bis(trifluoromethyl)benzene [402-31-3] (280) or a mixture of
perfluorotoluene [434-64-0], CF3C4F5, and hexafluorobenzene [392-56-3] (281). The stability of the isomeric
CF3-substituted anilines has been established by differential thermal analysis (dta) (282): m-CF3C¢H4NHs;
[98-15-7], 223°C > 0-CF3C¢H4NH; [88-17-5], 187°C > p-CF3C¢H4NH; [455-14-1], 155°C.

4.1.2. Hydrolytic Stability

The trifluoromethyl group is sensitive to hydrolysis in acidic media. Benzotrifluoride is hydrolyzed to ben-
zoic acid by heating with hydrobromic, hydrofluoric, or >80% sulfuric acid. Reaction conditions and struc-
tural features for this reaction have been summarized (283). Benzotrifluorides are generally stable to base.
Benzotrifluoride was recovered unchanged after heating (120-130°C) with sodium hydroxide. Although m-
hydroxybenzotrifluoride [98-17-9] is stable to refluxing 50% sodium hydroxide, cold dilute alkali polymerizes
the para isomer [402-45-9] (284). Similar polymers are formed from 2,3,5,6-tetra-fluoro-4-trifluoromethylphenol
[2787-79-3] (285). Photohydrolysis of hydroxy- and aminobenzotrifluorides in dilute acid and alkali, respectively,
gives the corresponding hydroxy- and aminobenzoic acid in high yield (286). Benzotrifluoride is inert under
these photohydrolytic conditions.

4.1.3. Oxidative Stability

Benzotrifluoride resists ring oxidation. In contrast, chromic acid readily oxidizes 3-aminobenzotrifluoride to
trifluoroacetic acid in 95% yield (287).

4.1.4. Stability to Reducing Agents

The trifluoromethyl group is inert to numerous reducing agents. Catalytic hydrogenation (platinum black) of
benzotrifluoride gives trifluoromethylcyclohexane [401-75-2] (288). Benzotrifluoride was not reduced by lithium
aluminum hydride (289). However, o-trifluoromethylbenzoic acid [433-97-6] and m-trifluoromethylbenzoic acid
[454-92-2] are catalytically reduced (Raney nickel or cobalt alloys) to o- and m-toluic acid, respectively (290).

4.1.5. Instability of Trifluoromethylphenyl Organometallics

Care must be exercised in handling trifluoromethylphenyl organometallics. o-Trifluoromethylphenyllithium
[49571-35-5] has exploded during reflux in diethyl ether under nitrogen (291). Both m- [368-49-0] and p-
trifluoromethylphenyllithium [2786-01-8] are explosive in the solid state (292). Explosions have been reported
in the preparation of o- [395-47-1], m- [402-26-6], and p-trifluoromethylphenylmagnesium bromide [402-51-7]
(292, 293). A violent explosion accompanied by loss of life and destruction of a chemical plant during preparation
of p-trifluoromethylphenylmagnesium chloride [2923-41-3] has been reported (294). A compilation of reactive
chemical hazards of trifluoromethylphenyl organometallics was published in 1990 (68).
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4.2. Reactions

Benzotrifluoride undergoes electrophilic substitution reactions, eg, halogenation, nitration, typical of an aro-
matic containing a strong electron-withdrawing group. The trifluoromethyl group (sometimes referred to as a
pseudohalogen) is meta directing.

4.2.1. Halogenation

Liquid-phase monochlorination of benzotrifluoride gives pronounced meta orientation (295); in contrast,
vapor-phase halogenation favors para substitution (296). Sealed tube, photochemical, or dark chlorination
(radical initiator) forms hexachloro(trifluoromethyl)cyclohexane; thermal dehydrochlorination (550°C)
gives 2,4,6-trichlorobenzotrifluoride [567-59-9] (297). Liquid-phase bromination (Brs) provides 3-
bromobenzotrifluoride [401-78-5] in 60% yield. Catalyst performance decreases in the order FeCl; > Fe >
SbCl; > I (298). Silica gel (299) and calcium chloride (300) serve as hydrogen fluoride scavengers to suppress
corrosion of glass reactors during halogenation. Bromination of benzotrifluoride can also be accomplished with
bromine chloride in the presence of a halogen carrier, eg, antimony pentachloride; this technique permits
complete utilization of bromine (301).

Hydrogen peroxide—hydrochloric acid reagent converts 2-aminobenzotrifluoride to 2-amino-5-
chlorobenzotrifluoride [121-50-6], a dye intermediate (CI Azoic Diazo Component 17), without contamination
by the 3-chloro isomer such as is observed with molecular chlorine (Cly) (302).

4.2.2. Nitration

Nitration of benzotrifluorides is an important industrial reaction. Mononitration of benzotrifluoride gives
pronounced meta-orientation: 91% meta [98-46-4]; 6% ortho [384-22-5]; and 3% para [402-54-0] (296). Further
nitration to 3,5-dinitrobenzotrifluoride [401-99-0] can be affected under forcing conditions at 100°C.

4.2.3. Alkylation

Benzotrifluoride can also be alkylated, eg, chloromethyl methyl ether—chlorosulfonic acid forms 3-
(trifluoromethyl)benzyl chloride [705-29-3] (303, 304), which can also be made from m-xylene by a chlorination—
fluorination sequence (305). Exchange cyanation of this product in the presence of phase-transfer catalysts gives
3-(trifluoromethylphenyl)acetonitrile [2338-76-3] (304, 305), a key intermediate to the herbicides flurtamone
[96525-23-4] (306) and fluridone [59756-60-4].

flurtamone
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CHas

fluridone

4.2.4. Nucleophilic Displacement Reactions

The strong electron-withdrawing effect of a trifluoromethyl group activates ortho and para halogen toward
nucleophilic attack. Such chlorine lability is utilized in the manufacture of crop control chemicals containing
trifluoromethyl and nitro groups.

4.2.5. Reactions Involving the Trifluoromethyl Group

Aluminum chloride effects chlorinolysis of benzotrifluoride to give benzotrichloride (307). High yields of volatile
acid fluorides are formed from benzotrifluoride and perfluorocarboxylic acids (308).

Lewis acid
HCF5CFoCOsH + CgHzCFy — = HCFQCFQIlTiF + CsHﬁii'iF + HF
0

4 4'-Difluorobenzophenone, the key precursor to PEEK high performance resins, can be prepared
by sequential (1) Friedel-Crafts coupling of 3,4-dichlorobenzotrifluoride, (2) exchange fluorination using
KF/CH3SO2CH3, and (3) reductive dechlorination with HCOONa/Pd-C (309).

Cl  steps (1)—(®)
+ —_— F
Cl

Electroreductive coupling of benzotrifluorides with sacrificial aluminum or magnesium anodes in the
presence of acetone, carbon dioxide, or N,N-dimethylformamide provides a novel route to ArCFq-derivatives
(310).

O

o=0

Al anode

CHH{,CF;.] + CH;(ﬁCH; CﬁH-’,ch'C{CH‘]Jon

(BO%:)

4.2.6. Biotransformation

Enzymatic oxidation of benzotrifluoride forms 3-trifluoromethyl-cis-1,2-dihydrocatechol; dehydration (acid pH)
provides a novel route to 3-hydroxybenzotrifluoride [98-17-9] (171).
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Table 8. Physical Properties of Benzotrifluoride?

Property Value
mol wt 146.11
color colorless
melting point, °C —29.02
boiling point, °C 102.05
density, 25°C, g/mL 1.1814
coefficient of expansion (30—40°C) 0.00121
refractive index, n?° 1.4114
viscosity, mPa-s( = cP)

38°C 0.488

99°C 0.282
surface tension, mN/m( =dyn/cm)

20°C 23.39
latent heat of fusion, J/mol® 13,782.1
latent heat of vaporization, 102.05°C

J/mol® 32.635.2
specific conductivity at 25°C, S/cm 1x 1077
dielectric constant, 30°C 9.18
dipole moment, C.;m © 8.54 x 10730
heat of combustion, J/gb 23,064.3
heat of formation, kJ/mol?

vapor —580.7

liquid —6184
boiling point of binary azeotrope, °C with 96.7 mol % bromine 58.1
solubility in water, g/100 g at room temperature 0.045
flash point (Cleveland open cup), °C? 15.6
fire point (Cleveland open cup), °C% 15.6
vapor pressure, in °C and kPa® Antoine equation’

2QOther properties of this compound and its derivatives have been reviewed (311).
bTo convert J to cal, divide by 4.184.

°To convert ('.y to debye (D), divide by 3.336 x 10~3.

IRef. 312.

¢To convert kPa to mm Hg, multiply by 7.5; logkPa = logmm Hg — 0.875.

1305.509

LogioP = 6.0939 — ——>-02"Y
r 0810 (t + 217.280).

4.3. Benzotrifluoride

Benzotrifluoride [98-08-8] («,u,a-trifluorotoluene), CsH;CF3 (mol wt, 146.11), is a colorless liquid (Table 8).
Toxicity: oral (rat), LDsg, 1500 mg/kg; oral (mouse), LDro, 10,000 mg/kg; subcutaneous (frog), LDy, 870
mg/kg; intraperitoneal (mouse), LDy, 100 mg/kg (127).

Benzotrifluoride was first synthesized in 1898 via the reaction of benzotrichloride and antimony trifluoride
(313). Benzotrifluoride can be produced by the high pressure reaction of benzotrichloride with anhydrous
hydrogen fluoride (AHF). Typical conditions include a 4:1 AHF-benzotrichloride mole ratio at 80-110°C and
1.52-1.55 MPa (220-225 psi) for 2-3 h to give 70-75% yields of benzotrifluoride (314, 315). The pressure
fluorination can be performed continuously in a series of autoclaves (316) or through a nickel reaction tube
at 90-130°C at 3—-5 MPa (435-725 psi) (317). Batch liquid-phase catalyzed processes at atmospheric pressure
(318, 319) and continuous processes have been developed (320). High temperature vapor-phase fluorination
processes have also been described (321).
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Table 9. Properties of Benzotrifluoride Derivatives

Specific Flash

CAS Registry Refractive gravity, point,? Toxicity,
Component Number Molwt Mp,°C  Bp, °Cgpa® index nf, dj °C LDs5g
Aminobenzotrifluoride
HyNCgH4CF3
2-aminobenzotrifluoride [88-17-5] 116.13 34 174— 1.48002% 1.29025 55
175100.4
3-aminobenzotrifluoride [98-16-3] 116.13 5-6 187-188 1.478820 1.305% 85 440¢
86267 690%¢
2207
Monochlorobenzotrifluorides
CF3CgH,4C1
2-chlorobenzotrifluoride [88-16-4] 180.56 152.5 1.455020 1.36720 98
4-chlorobenzotrifluoride [98-15-7] 180.56 —36 139 1.4444% 1.33825 110 >6.8%
29.51 33 ~2.7"
Dichlorobenzotrifluorides
CF3CgH3Cl,
2,4-dichlorobenzotrifluoride  [320-60-5] 215.00 -26 177.5 1.4793% 1501155 72
3,4-dichlorobenzotrifluoride ~ [328-84-7] 215.00 -12.4 173.5 1.4736% 1.478%% 65 2900¢
>27

%To convert kPa to mm Hg, multiply by 7.5.
bClosed cup (ASTM procedure D3278).
¢Inhalation (rat), LCso mg/m3 for 4 h (127).
dInhalation (mouse), g/m? for 2 h (127).
¢LCso.

fOral (mouse), mg/kg (127).

&Acute oral (rat), g/kg (323).

hAcute dermal (rabbit), g/kg (323).

i Acute oral (rat), mg/kg (324).

J Acute dermal (rabbit), g/kg (324).

4.4. Benzotrifluoride Derivatives

Laboratory recipes for 45 benzotrifluorides have been published (322). Physical properties and toxicity of
commercially significant benzotrifluoride derivatives are listed in Table 9; the amino compounds are colorless
to yellow and other derivatives are colorless.

4.4.1. 2-Chlorobenzotrifluoride

This compound is produced from 2-chlorobenzotrichloride and anhydrous hydrogen fluoride under atmospheric
or high pressure conditions. Nitration forms 2-chloro-5-nitrobenzotrifluoride [777-37-7], a dye and germicide
precursor.

4.4.2. 4-Chlorobenzotrifluoride

This isomer is produced from 4-chlorobenzotrichloride and anhydrous hydrogen fluoride. Nitration pro-
vides either 4-chloro-3-nitrobenzotrifluoride [121-17-5] (one-step) or 4-chloro-3,5-dinitrobenzotrifluoride
[393-75-9] (two-step) for use in crop protection applications. Dinitration can also be accomplished in one
step (85% yield) with 90% nitric acid/20% oleum (325). Single-step dehalogenation-reduction of 4-chloro-3,5-
dinitrobenzotrifluoride provides a 96% yield of 3,5-diaminobenzotrifluoride [368-53-6] (326), an intermediate
to specialty polymers.
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4.4.3. 2,4-Dichlorobenzotrifluoride

This dichloro compound is produced from 2,4-dichlorobenzotrichloride and hydrogen fluoride. One commercial
application is the manufacture of the pre-emergent herbicide, dinitramine [29091-05-2].

4.4.4. 3,4-Dichlorobenzotrifluoride

This compound is produced by chlorination of 4-chlorobenzotrifluoride and exhibits sufficient activation to
undergo nucleophilic displacement with phenols to form diaryl ether herbicides, eg, acifluorofen sodium [62476-
59-9].

COONa Cl

4.4.5. 3-Aminobenzotrifluoride

The standard manufacturing route to 3-aminobenzotrifluoride involves nitration of benzotrifluoride to 3-
nitrobenzotrifluoride [98-46-4], followed by hydrogenation. A comprehensive study on materials of construction
to minimize corrosion during catalytic hydrogenation led to the recommendation of Cr-Ni—-Mo steel (with >3%
Mo) (327). Gas chromatographic details for monitoring this two-step process have been described (328), as well
as analytical methods for assay of the 2- and 4-isomer impurities in 3-aminobenzotrifluoride (329). Environ-
mental aspects of the manufacture of this product in Germany have been published (330). A novel process based
on the one-step in situ fluorination-reduction of 3-nitrobenzotrichloride with ammonium bifluoride-hydrogen
fluoride has been described (331, 332).

The amine group of 3-aminobenzotrifluoride can be replaced by Cl, Br, I, F, CN, or OH groups by standard
diazotization reactions. Phosgenation gives 3-trifluoromethylphenylisocyanate [329-01-1], which can then be
converted to the selective herbicide fluometuron [2164-17-2], a substituted urea.

4.5. Application

4.5.1. Crop Protection Chemicals

Benzotrifluoride derivatives have gained wide acceptance as herbicides, insecticides, and fungicides (Table
10).

Table 10. Benzotrifluoride Crop-Protection Chemicals

CAS Registry
Common name Number Structure Application
CFy
trifturalin [1582-09-8] pre-emergent
OyN NOy

N(C3H7)g
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Table 10. Continued

CAS Registry
Common name Number Structure Application

Cl
lactofen [77501-63-4] OgN § _-> 0 @ CFs herbicide

CgHE(}OC—{llH{}DC

CH;,
CFy
norflurazon [27314-13-2] ,N_ selec.t iye
N NHCH; herbicide
LU
\?N
LCO0OCH O
fluvalinate [69409-94-5] o insecticide
C P‘a‘@f [i: i‘I
CH(CHgly
E Il
hydramethylnon [67485-29-4] CH:*>C >=N—N= C::CH insecticide
CHy N CH
H [
CH CFy
CF, Cl

H
N
fentrifanil [62441-54-7] acaricide
OzN NC'E
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Table 10. Continued
CAS Registry

Common name Number Structure Application
CFy
iflumizol 68694-11-1 N fungicid
triflumizole [ -11-1] I\%'/N““C P N cl ungicide
|
CH,0C;H,
4.5.2. Drugs

Trifluoromethyl-based pharmaceuticals had been limited to phenothiazine tranquilizers and benzothiadiazine
1,1-dioxide diuretics (qv). However, new drugs have been developed (Table 11). One of the key properties of the
CF3 group is its high lipophilicity; it increases the lipid solubility of the pharmaceutical and thus accelerates
absorption and transport within the host organism.

4.5.3. Germicides

Benzotrifluoride derivatives have also found wide use as antimicrobial agents in soaps, eg, the brominated and
chlorinated materials, fluorosalan [4776-06-1] and cloflucarbon [369-77-7].

CFy Br
@WCO Br
OH
CFy NHCNH
m@ }l, @—cl
4.5.4. Other Biological Applications

4-Nitro-3-(trifluoromethyl)phenol [88-30-2] (TFM) is still employed by the Canadian Bureau of Fisheries and
the U.S. Fish and Wildlife Service as a lampricide for the control of parasitic sea lamprey in the Great Lakes
(see Aquaculture).

4.5.5. Dyes

Several reviews on fluorine-containing dyes have been published (333—335). The relative accessibility of ben-
zotrifluorides has reflected the wide incorporation of the trifluoromethylphenyl group into azo, anthraquinone,
and triphenylmethane dyes(qv). The trifluoromethyl group is claimed to improve the brightness, tinctorial
values, and lightfastness of dyes. The electron-withdrawing effects of this group also tend to modify the
absorption of light by a dye in the visible and uv region. In azo dyes (qv), aminobenzotrifluorides (Fast
Base) are diazotized for subsequent coupling: 2-aminobenzotrifluoride CI Pigment Yellow 154 [88-17-5];
3,5-bis(trifluoromethyl)aniline [328-74-5], CI Azoic Diazo Component 16; 2-amino-5-chlorobenzotrifluoride
[445-03-4], CI Azoic Diazo Component 17; 3-amino-4-ethylsulfonylbenzotrifluoride [382-85-4], CI Azoic
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CAS Registry
Common name Number Structure Application
[ill'ng}aN(CH;;}g
triflupromazine [146-54-3] @[ T:©7(:F 3 tranquilizer
bt
N
flumethiazid [148-56-1] s N diureti
umethiazide -56- H,NSO, N iuretic
504
CF3
fenfluramine [404-82-0] CH; anorexigen
CHy;CHNHC:H*HCI
CF;
flufenamic acid [53-78-9] @N analgesic
|
H " coon
CF;
trifluperidol [749-13-3] tranquilizer
N(CH-;);;lﬁ F
HO 0
0.
CFy
flumetramide [7125-73-7] 0 muscle relaxant
N
H
CFa@DCHCHECHzNﬁﬂﬁg
fluoxetine [54910-89-3] antidepressant
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Diazo Component 19; and 3-amino-4-chlorobenzotrifluoride, CI Azoic Diazo Component 49 [121-50-6]. 3-
Trifluoromethylbenzoyl halides are used to make anthraquinone vat dyes, eg, Indanthrene blue CLB [6942-78-
0] (see Dyes, anthraquinone).

4.5.6. Miscellaneous Applications

Benzotrifluoride derivatives have been incorporated into polymers for different applications. 2,4-
Dichlorobenzotrifluoride or 2,3,5,6-tetrafluorobenzotrifluoride [651-80-9] have been condensed with bisphe-
nol A [80-05-7] to give benzotrifluoride aryl ether semipermeable gas membranes (336, 337). 3,5-
Diaminobenzotrifluoride [368-53-6] and aromatic dianhydrides form polyimide resins for high temperature
composites(qv) and adhesives (qv), as well as in the electronics industry (338, 339).

Photoresist applications in the microelectronics industry have also been disclosed (340). Thermally stable
benzyl sulfonate esters based on 2-methyl-3-nitrobenzotrifluoride [6656-49-1] can serve as nonionic photoacid
generators to promote a cascade of reactions during irradiation of the resist.

Liquid crystal applications include esters based on m- or p-hydroxybenzotrifluoride (341, 342), hydrox-
ytrifluoromethylbiphenyls (343) or hydroxytrifluoromethylphenyl Schiff bases (344).

Inorganic analytical applications for  benzotrifluoride derivatives include sodium
tetrakis[3,5-bis(trifluoromethyl)phenyl]borate  (Kobayashi’s reagent) (345), and 4-(2,6-dinitro-4-
trifluoromethylphenyl)aminobenzo-15-crown-5 (modified Takagi reagent (346).

Benzotrifluoride has been recommended as a fuel additive for internal combustion engines (347).

5. Arylfluoroalkyl Ethers

o,a,a-Trifluoromethoxybenzene [456-55-3], C¢H5OCF3, and other arylfluoroalkyl ethers and thioethers
(HCF30—, HCF2oCF30—, CF3CH30—, and CF35—), are assuming greater importance as crop-protection chemi-
cals and pharmaceuticals.

5.1. Properties

The trifluoromethoxy (CF30—) group in ArOCF3 exhibits unusual stability to strong acids and bases (including
organometallic reagents), as well as to strong oxidizing and reducing conditions (348). The thermal stability is
exceptional; extensive degradation in the gas phase was not observed (mass spectroscopy) in a sealed nickel
tube until 600°C (348). Nuclear chlorinated trifluoromethoxy and bis(trifluoromethoxy)benzenes have exhibited
moderate thermal stability for use in transformers and Rankine cycle engines (349).

5.1.1. Reactions

The CF30— group exerts predominant para orientation in electrophilic substitution reactions such as nitration,
halogenation, acylation, and alkylation (350).

5.2. Trifluoromethoxybenzenes (ArOCF;)

Trifluoromethoxybenzene («,a,a-trifluoroanisole, phenyl trifluoromethyl ether [456-55-3]), CcHsOCF3 (mol wt
162.11), is a colorless liquid, bp 102°C, mp — 50°C, n2°p 1.4060, d?®4 1.226, flash point (closed cup), 12°C.

Depending on the ring substituent, trifluoromethoxybenzenes can be made by the sequential chlorination—
fluorination of anisole(s) (351-354). A one-step process with commercial potential is the BF3 (or SbF3)-catalyzed
reaction of phenol with carbon tetrachloride/hydrogen fluoride (355). Aryl trifluoromethyl ethers, which may not
be accessible by the above routes,may be made by fluorination of aryl fluoroformates or aryl chlorothioformates
with sulfur tetrafluoride (348) or molybdenum hexafluoride (356).
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5.3. Trifluoromethylthioaromatics (ArSCF3)

Trifluoromethylthioaromatics (aryl trifluoromethyl sulfides) can be made by sequential chlorination—
fluorination (SbF3 or HF) of the corresponding thioanisole (351, 357). In the case of 4-
trifluoromethylmercaptophenol [825-83-2], 4-CF3CcH4SH, used for the production of the coccidiostat toltrazuril
[69004-03-1] (Table 12), protection of the phenolic group as the carbonate ester is required prior to chlorina-
tion (358). Coupling of aryl halides with trifluoromethylthiocopper, CF3SCu, provides an alternative entry to
trifluoromethylthioaromatics (359, 360).

5.4. Difluoromethoxyaromatics (ArOCHF;) and Sulfur Analogues (ArSCHF;)

Difluoromethyltion of phenol (or thiophenols) with chlorodifluoromethane, CHCIF;, and aqueous caustic in
dioxane gives good yields of aryldifluoromethyl ethers (361). A modification features the use of phase-transfer
catalysts such as tris(3,6-dioxaheptyl)amine (TDA-1) (362).

Table 12. Aryl Fluoroalkyl Ether Applications

CAS Registry
Common name Number Structure

Insecticides

triflumuron [64628-44-0] CF;0 @N H(”:N Hﬁ@
0o 0
Cl

O

Il
C—NH

toltrazuril® [69004-03-1] CF,‘S‘<<:D>—[)4<©>7NlJr \C =0
! "\ /

>—N
| H
)

o=0

(|',N

flucythrinate [70124-77-5] /CDGCH 0
HCF-;D@—(E-—H O

CHI(CHg)»
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Table 12. Continued

CAS Registry

Common name Number Structure
Cl F
hexaflumuron [86479-06-3] HCF;CF.0 NIICNHC
i
Cl
Herbicides
OCHF.
COOCH;4
primsulfuronmethyl [86209-51-0] S(};;NHC N H%@
OCHF.
HCFCF:0 NHCICHj)a
tetrafluron [27954-37-6] \©/ I
0
Other
OH

|
flurprimidol? [56425-91-3] CF 304©j;CH(CH 5)a
(@

H
flecainide acetate® [54143-56-5] CF CH O CONH_CH
o ‘ “CHsCOOH
OCHgyCFy

%Coccidiostat.
bPlant growth regulator.
¢Cardiac depressant.
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5.5. Tetrafluoroethoxyaromatics (ArOCF,CF,H)

Tetrafluoroethoxyaromatics are produced by base-catalyzed addition of tetrafluoroethylene to phenols (348,
363).

5.6. Aryltrifluoroethyl Ethers (ArOCH,CF3)

2,2,2-Trifluoroethoxybenzenes are obtained from the reaction of activated haloaromatics with sodium 2,2,2-
trifluoroethoxide in polar solvents (364); phase-transfer catalysts are also employed (365). Nitro groups
can also be displaced by the fluoroalkylation technique, eg, 4-nitrobenzonitrile was converted to 4-(2,2,2-
trifluoroethoxy)benzonitrile (366). Trifluoroethoxybenzene pharmaceutical intermediates can be prepared by
the base-catalyzed reaction of 2,2,2-trifluoroethyl trifluoromethanesulfonate (a trifluorethyl-transfer agent),
CF3S03CH,CF3, with phenols (367).

5.7. Applications

Table 12 lists crop-protection chemicals and pharmaceuticals containing the aryl fluoroalkyl ether group.
Trifluoromethoxybenzene (ArOCF'3) derivatives (186, 187) and related arylfluoroalkyl ethers, ArO(CHs),Ry
(n=1-6) (368, 369) are of use in liquid crystal applications.

6. Fluorinated Nitrogen Heterocyclics

Ring- or side-chain fluorinated nitrogen heterocyclics have been incorporated into crop-protection chemicals,
drugs, and reactive dyestuffs. Key intermediates include fluorinated pyridines, quinolines, pyrimidines, and
triazines. Physical properties of some fluorinated nitrogen heterocyclics are listed in Table 13.

6.1. Ring-Fluorinated Pyridines

Exchange fluorination of chloropyridines is the principal tool for production of ring-fluorinated pyridines.
Diazotization of aminopyridines in pyridine-hydrogen fluoride (Olah’s reagent) (370) or ammonium fluoride—
hydrogen fluoride (371) has also been used. An emerging synthesis tool is the use of fluorinated aliphatic
building blocks to make fluoropyridines. Early studies on the substitutive fluorination (Fy) of pyridine gave
2-fluoropyridine in low yields and posed severe reaction hazards (372, 373). Modifications featuring low
temperature fluorination of substituted pyridines (alkyl, halogen, ester, or ketone functions) in 1,1,2-trichloro-
1,2,2-trifluoroethane, CFyCICFCl,, solvent give good yields of the corresponding 2-fluoropyridine (374, 375).
Tamed fluorine reagents such as xenon difluoride (376) and cesium fluoroxysulfate (377) can also fluori-
nate pyridine. A promising substitutive fluorination technique is the base-catalyzed decomposition of N-
fluoropyridinium salts, BF~4, PF ¢, or SbF ¢, to give high yields of the substituted 2-fluoropyridine (378).
The salt is made in 80% yield; the decomposition yields 72-91% of product.

't{).ng 3-{J.|Hg f"l,-’dl:_:[EI'

O == ﬁj e}
TeHeN H,CN
N

NaBF,
BF
F 4
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Table 13. Properties of Miscellaneous Fluorinated Heterocyclic Compounds

Specific Flash

CAS Registry Mol Refractive gravity, point,
Component Number wt Mp, °C Bp, °C/kPa“ index, nf, A °C
Fluoropyridines

CsH4FN

2-fluoropyridine [372-48-5] 97.09 126100 4 1.467820 1.128120  924b

3-fluoropyridine [372-47-4] 97.09 105— 1.470020 1.125% 13b

1071003

4-fluoropyridine [694-52-0] 97.09 100° 1081000 1.473020
CsH3FoN

2,4-difluoropyridine [3491-90-7] 115.08  134-135° 104-105

2,6-difluoropyridine [1513-65-1] 115.08 124.599 1 1.4349% 1.26525 326
CsHoF3sN

2,4,6-trifluoropyridine [3512-17-2] 133.07 94-95
CsHFyN

2,3,5,6-tetrafluoropyridine [2875-18-5] 151.06 102
CsH5N?

pentafluoropyridine [70-16-3] 169.05 —415 83.3 1.385620

Perfluoroalkylpyridines
2-trifluoromethylpyridine [368-48-9] 147.10 14399 4 1.414425
3-trifluoromethylpyridine [3796-23-4] 147.10 113-115 1.4150%
4-trifluoromethylpyridine [3796-24-5] 147.10 108-110 1.414425
2-chloro-5-trifluoromethylpyridine [52334-81-3] 18155 32-34 152100 1.41720 110¢
Fluoropyrimidines
2,4,6-trifluoropyrimidine [696-82-2] 134.06 98;6094 1.40152%5
2,4,5,6-tetrafluoropyrimidine [767-79-3] 152.06 89 1.3875%5
5-chloro-2,4,6-trifluoropyrimidine [697-83-6] 168.51 114.5 1.439020
Fluorotriazines

2,4,6-trifluoro-1,3,5-triazine [675-14-9] 135.05 38 72.4101.67 1.38442%4 1.602°
2,4,6-tris-(trifluoromethyl)-1,3,5-triazine [368-66-1] 285.07 —24.8 95-96 1.3161% 1.593%5
%To convert kPa to mm Hg, multiply by 7.5.
bTag closed cup.
¢Mp of HCI salt.

dTrouton’s constant, 24.9; latent heat of vaporization, 36, 338 J/mol.
¢Closed cup (ASTM procedure D3278).

6.2. Monofluoropyridines

6.2.1. 2-Fluoropyridine

Diazotization of 2-aminopyridine in anhydrous hydrogen fluoride forms 2-fluoropyridine in high yield (178, 370).
Modifications include fluorodediazonization of substituted 2-aminopyridines in ammonium fluoride-hydrogen
fluoride (371) or pyridine-hydrogen fluoride (370) media. Exchange-fluorination of 2-chloropyridine with potas-
sium fluoride in polar solvents is sluggish (210°C for 21 d; 50-58% yield) (379). The solvent-free exchange-
fluorination employing potassium bifluoride (KHF2) and 2-chloropyridine (315°C/4 h) gave 2-fluoropyridine in
74% yield (380). A new development features exchange fluorination of 2-chloropyridine with hydrogen fluoride—
y-collidine at 150—-200°C to give 94% yield of product (381).

Fluorine at the 2 position (pK, = —0.44) significantly reduces pyridine (pK, = 5.17) basicity more than at
the 3 position (pK, = 2.97) (382). 2-Fluoropyridine is readily hydrolyzed to 2-pyridone in 60% yield by reflux
in 6 N hydrochloric acid (383). It is quite reactive with nucleophiles. For example, the halogen mobility ratio
from the comparative methoxydehalogenation of 2-fluoropyridine and 2-chloropyridine was 85.5/1 at 99.5°C
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(384). This lability of fluorine has been utilized to prepare fluorine-free O-2-pyridyl oximes of 3-oxo steroids
from 2-fluoropyridine for possible use as antifertility agents (385).

2-Fluoropyridine is a useful reagent for synthetic applications. It reacts with methyl p-toluenesulfonate
to give 1-methyl-2-fluoropyridinium p-toluenesulfonate [58086-67-2] (Mukaiyama’s reagent). Such onium salts
are used in the oxidation of alcohols, cross-coupling of Grignard reagents, Beckmann rearrangements of ke-
toximes, nonenzymatic biogenetic-like synthesis of terpenes (386), and preparation of new synthetic penicillins
(387).

Metallation of 2-fluoropyridine with lithium diisopropylamide (LDA) gives 2-fluoro-3-lithiopyridine,
thereby providing entry to 3-substituted pyridines (388). This technique has been used to make fluorine
analogues of the antitumor ellipticines (389).

(l LDA C[Li 1. R,COR; @CH(OH}RLRQ
Q F -70°C Q F 2, Hal) N F

Diazotization of 3-aminopyridine(s) in hydrogen fluoride (390), pyridine-hydrogen fluoride (370), or ammonium
fluoride-hydrogen fluoride (371) can be effected in good yield. 3-Fluoropyridine can also be made by the
Balz-Schiemann technique in 50% yield. Earlier warnings concerning the instability of 3-pyridyldiazonium
fluoroborate (391) were confirmed by later reports on detonations involving this salt (392). Related compounds
such as 2-chloro-3-pyridyldiazonium fluoroborate also decomposed with explosive violence (393).
3-Fluoropyridine derivatives can be constructed from fluoroaliphatic feedstocks. 5-Fluoro-2,6-
dihydroxynicotinamide [655-13-0], a precursor to the anti-bacterial, enoxacin [74011-58-8], was prepared in
63% yield from ethyl fluoroacetate [459-72-3], ethyl formate [109-94-4], and malonamide [108-13-4] (394).

6.2.2. 3-Fluoropyridine

F.,,\U _COOC;H;
HCOOCH CHy(CONH,) F CONH,
FCH;COOC;H; —————= I St s ] ]: 2
NaOCyHy PNy HO N OH
H ONa

A complementary cyclization technique based on dichlorofluoroacetonitrile [83620-05-7], FCCl,CN, was
employed to form 2-chloro-3-fluoro-5-methylpyridine [34552-15-3] (395).

Derivatives such as 3-fluoro-4-nitropyridine [13505-01-6] (396) or the 1-oxide [769-54-0] (397) have been
used to characterize amino acids and peptides. 5-Fluoro-3-pyridinemethanol [22620-32-2] has been patented
as an antilipolytic agent (398). A promising antidepressant, 1-(3-fluoro-2-pyridyl)piperazine hydrochloride
[85386-84-1] is based on 2-chloro-3-fluoropyridine [17282-04-1] (399).

6.2.3. 4-Fluoropyridine

This isomer can be prepared in 54-81% yield by diazotization of 4-aminopyridine in anhydrous hydrogen
fluoride (370, 371, 400). Free 4-fluoropyridine readily undergoes self-quaternization to give pyridyl pyridinium
salts (401); stabilization can be effected as the hydrochloride salt (371, 400). Numerous 4-fluoropyridinium
salts, eg, 4-fluoro-1-methylpyridinium iodide, have been converted to novel penicillins (387, 402).

6.3. Difluoropyridines

2,4-Difluoropyridine can be prepared (26% yield) from 2,4-dichloropyridine and potassium fluoride in sulfolane
and ethylene glycol initiator (403). The 4-fluorine is preferentially replaced by oxygen nucleophiles to give
2-fluoro-4-hydroxypyridine derivatives for herbicidal applications (404).
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Fluorination of 2,6-diaminopyridine in anhydrous hydrogen fluoride gave a 62% yield of 2,6-
difluoropyridine (26, 371, 405). 2,6-Difluoropyridine is also prepared in 52% yield (200°C, 100 h) from 2,6-
dichloropyridine and potassium fluoride in dimethyl sulfone or sulfolane (406). The reaction can be performed
in dimethyl sulfoxide with shorter reaction times (9 h, 186°C) (407); addition of tetramethylammonium chlo-
ride (TMAC) catalyst lowers reaction temperature to 150°C, thereby minimizing solvent degradation (408).
Solvent-free exchange-fluorination (KF) at 400°C (16 h) gave 80% yield of 2,6-difluoropyridine which attests to
its high thermal stability (409).

Displacement reactions with oxygen nucleophiles are of potential commercial interest. Alkaline hydrolysis
provides 2-fluoro-6-hydroxypyridine [55758-32-2], a precursor to 6-fluoropyridyl phosphorus ester insecticides
(410-412). Other oxygen nucleophiles such as bisphenol A and hydroquinone have been used to form aryl—
pyridine copolymers (413).

O OO0 — ¢y-0-+-0)

Nitration with mixed nitric and sulfuric acids provides 79% yield of 3-nitro-2,6-difluoropyridine [5860-02-
1], bp 218-220°C (414).

3-Bromo or chloro-2,6-difluoropyridines can be prepared in 50% yield by diazotization of the corre-
sponding 3-halo-2,6-diaminopyridine in ammonium fluoride-hydrogen fluoride solvent (371). 5-Chloro-2,3-
difluoropyridine [89402-43-7], a precursor to the herbicide pyroxofop [105512-06-9], was synthesized by a
multistep sequence based on allyl chlorodifluoroacetate [118337-48-7], CICF;CO2-CH,CH=CH; (415).

6.4. Tri-, Tetra-, and Pentafluoropyridines

2,4,6-Trifluoropyridine can be prepared in 75% yield by catalytic hydrogenolysis (palladium-on-carbon, 280°C)
of 3,5-dichloro-2,4,6-trifluoropyridine [1737-93-5] (416). The latter is synthesized by exchange fluorination
of pentachloropyridine with potassium fluoride in polar solvents such as N-methylpyrrolidinone (417, 418).
3,5-Dichloro-2,4,6-trifluoropyridine is used to prepare the herbicides haloxydine [2693-61-0] and fluroxypyr-(1-
methylheptyl) [81406-37-3].

2,3,5,6-Tetrafluoropyridine can be prepared in 75% yield from the hydrogenation of pentafluoropyridine
under free-radical (catalytic) or nucleophilic (lithium aluminum hydride) conditions (416, 419). No practical
uses for 2,3,5,6-tetrafluoropyridine are known.

Pentafluoropyridine was first synthesized in 1960 in 27% yield by the defluorination of undecafluoropiperi-
dine (prepared in low yield by the electrochemical fluorination of pyridine) over a nickel or iron surface at 560—
610°C (420, 421). The preferred route is the solvent-free exchange-fluorination (KF) of pentachloropyridine at
480-500°C to give 69—83% yields of pentafluoropyridine (418, 422). Pentafluoropyridine is a weak base, does not
form a hydrochloride salt, and is more volatile (bp 83.3°C) than pyridine (bp 115°C). Pentafluoropyridine readily
undergoes reaction with nucleophilic agents to give 4-substituted-2,3,5,6-tetrafluoropyridines. More than 30 ex-
amples of these 4-substitution reactions have been compiled (423). Derivatives of 4-hydroxytetrafluoropyridine
[2693-66-5] and related compounds exhibit herbicidal properties (424, 425).

The nucleophilic equivalent of the Friedel-Crafts reaction of pentafluoropyridine with hexafluoropropene—
potassium fluoride in sulfolane gave perfluoro-(4-isopropyl)pyridine in 94% yield (426).

Pentafluoropyridine-hexafluorobenzene working fluids show the requisite stability at 382°C for automo-
tive Rankine-cycle power units (427). Hydroxyl and related functions in steroids can be selectively protected
as tetrafluoro-4-pyridyl ethers by pentafluoropyridine (428).
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6.5. Applications

Until recently, haloxydine, a herbicide, was one of the few early examples of crop-protection chemicals contain-
ing ring-fluorinated pyridines. Fluroxypyr-(1-methylheptyl) and pyroxofop are new herbicides that are being
commercialized (Table 14).

Several 3-fluoropyridine derivatives are employed to produce enoxacin, tosufloxacin, and other naph-
thyridine antibacterials (Table 14). Examples of such intermediates include 2,6-dichloro-5-fluoronicotinonitrile
(429), ethyl 2,6-dichloro-5-fluoronicotinate (430), 2-chloro-3-fluoropyridine (393), 6-acetyl-2-(4-acetyl-1-
piperazinyl)-3-fluoropyridine (431), and 5-fluoro-2,6-dihydroxynicotinamide (394).

6.6. Perfluoroalkylpyridines

New developments in trifluoromethylpyridine technology are associated with the commercialization of numer-
ous crop-protection chemicals as herbicides, fungicides, and insecticides (Table 15). Physical properties for
representative trifluoromethylpyridines are listed in Table 13.

The standard synthesis method features side-chain chlorination of a methylpyridine (picoline), followed by
exchange-fluorination with hydrogen fluoride or antimony fluorides (432, 433). The fluorination of pyridinecar-
boxylic acids by sulfur tetrafluoride (434) or molybdenum hexafluoride (435) is of limited value for high volume
production operations due to high cost of fluorinating agent.

A significant development in trifluoromethylpyridine synthesis strategy is the use of fluorinated
aliphatic feedstocks for the ring-construction sequence. Examples include the manufacture of the herbicide
dithiopyr, utilizing ethyl 4,4,4-trifluoroacetoacetate [372-31-6], CFsCOCH;COOCeH;5 (436, 437). 2,3-Dichloro-
5-trifluoromethylpyridine [69045-84-7], a precursor to several crop-protection chemicals (see Table 15), can
be prepared by conversion of 1,1,1-trichloro-2,2,2-trifluoroethane [354-58-5], CF3CClgs, to 2,2-dichloro-3,3,3-
trifluoropropionaldehyde [82107-24-2], CF3CCIlsCHO, followed by cyclization with acrylonitrile [107-13-1]
(415).

2-Trifluoromethylpyridine can be prepared in 54% yield from picolinic acid and sulfur tetrafluoride—
hydrogen fluoride (434). 2-Trifluoromethylpyridine is a weak base; no hydrochloride salt is formed. However,
2-trifluoromethylpyridine 1-oxide [22253-71-0] (bp 132-133°C/2.7 kPa (20 mm Hg)) is prepared in 81% yield
using 30% hydrogen peroxide—acetic acid (438).

3-Trifluoromethylpyridine can be prepared in 25-65% yield from nicotinic acid and sulfur tetrafluoride
(434, 439). An alternative method is the passage of chlorine into a mixture of 8-picoline and hydrogen fluoride
in an autoclave (190°C, 3 MPa) (440). 4-Trifluoromethylpyridine is prepared in 57% yield from isonicotinic acid
and sulfur tetrafluoride.

2-Chloro-5-trifluoromethylpyridine, an intermediate to the herbicide fluazilop—butyl, can be made from
B-picoline by two processes. S-Picoline is chlorinated to 2-chloro-5-trichloromethylpyridine [69405-78-9], fol-
lowed by fluorination with hydrogen fluoride under pressure (200°C, 10 h) (441) or vapor-phase (350°C, CCly
diluent) conditions (442). An alternative process features the single-step vapor-phase reaction of B-picoline
with chlorine-hydrogen fluoride (400°C, Ny or CCly diluent) (443).

6.7. Fluoroquinolines

The standard routes to monofluoroquinolines have been the Balz-Schiemann reaction from the corresponding
aminoquinoline or the Skraup reaction from glycerol and a fluoroaniline. Exchange-fluorination also has been
used. 2-Chloroquinoline and potassium fluoride in dimethyl sulfone gave 60% yield of 2-fluoroquinoline [580-
21-2], CoH5FN; bp 133°C at 4 kPa (30 mm Hg); 75°C at 0.3 kPa (2 mm Hg); n?5p 1.5827 (406). Likewise,
heptachloroquinoline and potassium fluoride at 470°C for 17 h gave a 71% yield of heptafluoroquinoline [13180-
38-6], CoF7N; mp 95-95.5°C, bp 205°C (444).
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Table 14. Applications of Ring-Fluorinated Pyridines

CAS Registry
Common name Number Structure
Herbicides
OH
haloxydine [2693-61-0] Cl Cl
F Q F
L
fluroxypyr-(1-methylheptyl) [81406-37-3] cl Cl T—Ha
F Q OCH;COOCHCgH 15
I
CHjy
0._|
pyroxofop [105512-06-9] C]ﬁF D/ f|3H
0 COOCHyC==CH
Antibacterials
(4]
F. COOH
. N N N
enoxacin [74011-58-8] H2N—<-\/‘ .
F
O
F. COOH
tosufloxacin [108138-46-1]

(\
HN\) (I32H5
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Table 15. Trifluoromethylpyridine-Based Crop-Protection Chemicals?

41

Common name CAS Registry Number Structure
/CH(CHg?g
(0] 0
9.
dithiopyr [97886-45-8]
CH,8” S8CH,
CFy N CFzH
CFq
: CHg
fluazilop—butyl [69806-50-4] |
) 0@0—01{—(:00& Hy
CFy Cl
CHg
haloxyfop—methyl [69806-40-2] |
OQU—CH—UWC Hy
CFy
flazasulfuron [104040-78-0] S0,—NH— {": _NH_{D
O—CHg
CFy cl -
\f\J: I 0 0
chlorfluazuron® [71422-67-8] 0@—1@ H_(I!; —N H—!!}
Cl .
fluazinam® [79622-59-6]

CFy Cl NOg Cl
\Q\J/—V—T: :;_ CFy
: H
NGO,

%Herbicide unless otherwise noted.

bInsecticide.
¢Fungicide.
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The main preparative techniques used to make all seven trifluoromethyl-quinoline isomers include copper-
assisted coupling of the haloquinoline with trifluoromethyl iodide (112); quinolinecarboxylic acid with sulfur
tetrafluoride—hydrogen fluoride (434, 445); and aminobenzotrifluoride and glycerol (Skraup reaction) (446,
447).

Commercial trifluoromethylquinoline-based products are mefloquine [53230-10-7], an antimalarial, and
floctafenine [23779-99-9], an analgesic. The cyclization step to construct the 2,8-bis(trifluoromethyl)quinoline
nucleus in mefloquine employs 2-aminobenzotrifluoride [88-17-5] and ethyl 4,4,4-trifluoroacetoacetate [372-31-
6] (448).

HC—NH
HC—OH

Q CF\;]

CF3

mefloquine

COOCH2CH(OH)CHzOH

HN

®

CF3

floctafenine

6.8. Fluoroquinolones

A primary development has been the rapid commercialization of fluoroquinolone antibacterials (427).
The single-fluorinated quinolones (second generation) constitute 10% of the worldwide prescriptions for
antibiotics: norfloxacin [70458-96-7], enoxacin [74011-58-8], perfloxacin [70458-92-3], ciprofloxacin [85721-33-
1], and ofloxacin [82419-36-1] (449) (see Antibacterial agents, quinolones). Annual sales (1992) were estimated
at $800 million. As new agents are introduced, fluoroquinolones are expected to maintain an average growth
rate of 30% during the 1991-1997 time period (450). New synthesis strategy includes multiple-fluorinated
quinolones (third generation) such as lomefloxacin [98079-51-7], fleroxacin [79660-72-3], temafloxacin hy-
drochloride [105784-61-0], and tosufloxacin [108138-46-1].

The discovery of new broad spectrum antibiotics has been accompanied by the development of processes
for fluorinated feedstocks: ring-fluorinated aromatics for those quinolones containing a fluorobenzopyridone
group, and fluorinated pyridine precursors for those antibiotics containing a naphthyridine nucleus (enoxacin,
tosufloxacin) (see Table 14).
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6.9. Fluoropyrimidines

Fluoropyrimidines find diverse use in cancer chemotherapy and other drug applications, as well as in fiber-
reactive dyes. Table 13 lists physical properties of representative fluoropyrimidines.

5-Fluoropyrimidine derivatives are of tremendous importance in cancer chemotherapy, eg, 5-fluorouracil
[51-21-8] (5-FU). The original 5-fluorouracil process featured a multistep low yield route based on ethyl flu-
oroacetate (451). Direct fluorination (fluorine) of uracil [66-22-8] gives high yields of 5-FU (452-455). This
process has now been commercialized.

0O 0 OH
HN NH HN NH
byl i
L S 02
F F

Other monofluoropyrimidines of biological interest are 5-fluorocytosine [2022-85-7], an antifungal agent;
2'-deoxy-5-fluorouridine [50-91-9] (5-FUDR), an antiviral and antineoplastic agent; 5-fluoroorotic acid [703-95-
71 (5-FOA), used in yeast molecular genetics (456); and tegafur [17902-23-7] (Ftorafur), an antineoplastic agent
which releases 5-FU in vivo (see Chemotherapeutics, anticancer).

NH;
s
NHs
N
o H

S-fluorocytosine
O
HN J\/lI:F
04\.\1 COOH

H

H-FOA



44 FLUORINATED AROMATIC COMPOUNDS

tegafur

Exchange fluorination is the main synthetic tool to prepare polyfluoropyrimidines. It was established
that choice of fluorinating agent permits selectivity during exchange fluorination of nuclear- and side-chain
chlorinated pyrimidines: NaF and KF fluorinate only in the heterocyclic nucleus; HF in the nucleus and in the
chlorinated methyl group; and SbF3 only in the chlorinated methyl group (457).

2,4,6-Trifluoropyrimidine can be prepared in 85% yield from 2,4,6-trichloropyrimidine [3764-01-0] and
potassium fluoride in sulfolane or solvent-free conditions (458, 459). Derivatives such as 1,1,1-trichloro-3-[5-
(2,4,6-trifluoropyrimidyl)]-3,4-epoxybutane [121058-68-2] have been prepared as potential herbicides (460).

2,4,5,6-Tetrafluoropyrimidine has been prepared by direct fluorination of 2,4,6-trifluoropyrimidine with
silver difluoride in perfluorobutylamine solvent (461, 462). A more direct route (85% yield) is the reaction of
tetrachloropyrimidine and potassium fluoride in an autoclave at 480°C for 42 h (463).

Tetrafluoropyrimidine was converted to the antineoplastic 5-fluorouracil (5-FU) by a novel process based
on the sequence: partial exchange chlorination (61% yield), selective hydrogenolysis in triethylamine (71%
yield) and hydrolysis (85-93% yield) (464).

F F

F F
HO.
F lON F  HCl@ Cl Q Cl [H] Cl l@ hydrolysis DON
F F

\I/ 130°0 Pd-C

F OH

5-Chloro-2,4,6-trifluoropyrimidine [697-83-6] has gained commercial importance for the production of
fiber-reactive dyes (465, 466). It can be manufactured by partial fluorination of 2,3,5,6-tetrachloropyrimidine
[1780-40-1] with anhydrous hydrogen fluoride (autoclave or vapor phase) (467) or sodium fluoride (autoclave,
300°C) (468). 5-Chloro-2,4,6-trifluoropyrimidine is condensed with amine chromophores to provide the 5-chloro-
2,4-difluoropyrimidyl group; the fluorine atom of the latter then reacts with a nucleophilic site in the fabric.
Commercial reactive dyes for cottons and cellulosics include Levafix EA and PA Dyestuffs and Drimarene K and
R Dyestuffs. For wool, the following 5-chloro-2,4-difluoropyrimidyl reactive dyes are offered: Verofix Dyestuffs
and Drimalene Dyestuffs (see Dyes, reactive).

6.10. Fluorotriazines

Ring-fluorinated triazines are used in fiber-reactive dyes. Perfluoroalkyl triazines are offered commercially as
mass spectral markers and have been intensively evaluated for elastomer and hydraulic fluid applications.
Physical properties of representative fluorotriazines are listed in Table 13. Toxicity data are available. For
cyanuric fluoride, LD5y = 3.1 ppm for 4 h (inhalation, rat) and 160 mg/kg (skin, rabbit) (127).
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6.11. 2,4,6-Trifluoro-1,3,5-Triazine

Cyanuric fluoride [675-14-9] can be produced from 2,4,6-trichloro-s-1,3,5-triazine [108-77-0] (cyanuric chloride)
with hydrogen fluoride under autoclave (469, 470) or vapor-phase (471) conditions. Sodium fluoride (in sulfolane
solvent) can also be used to manufacture cyanuric fluoride (472, 473).

Cyanuric fluoride is readily hydrolyzed to 2,4,6-trihydroxy-1,3,5-triazine [108-80-5] (cyanuric acid). Cya-
nuric fluoride reacts faster with nucleophilic agents such as ammonia and amines than cyanuric chloride.

Fiber-reactive dyes containing the fluorotriazinyl group are based on the condensation of chromophores
containing amino groups with 6-substituted-2,4-difluorotriazines. The latter can be prepared from cyanuric
fluoride or from the reaction of alkali metal fluorides with 6-substituted-2,4-dichlorotriazines. Comparative
advantages of monofluorotriazinyl dyes over commercial monochlorotriazinyl analogues have been reviewed
(466).

Cyanuric fluoride has been employed as a specific reagent for tyrosine residues in enzymes (474). Cya-
nuric fluoride can also serve as a fluorinating agent in fluorodehydroxylation reactions, eg, the conversion
of 2-hydroxypyridine [142-08-5] to 2-fluoropyridine (475). This technique was subsequently extended to the
preparation of acid fluorides from the corresponding carboxylic acid (476). It has found application in peptide
synthesis from amino acids through the corresponding acid fluoride (477).

6.12. 2,4,6-tris-(Trifluoromethyl)-1,3,5-Triazine

This compound can be prepared by trimerization of trifluoroacetonitrile (478) or fluorination of 2,4,6-
tris-(trichloromethyl)-1,3,5-triazine with hydrogen fluoride—antimony pentachloride or antimony trifluoride—
antimony pentafluoride (479). LCsg = 1400 ppm for 4 h (inhalation, rat) (127).

tris-(Trifluoromethyl)-s-triazine [368-66-1], as well as the ¢ris-perfluoroethyl [858-46-8], propyl [915-22-9],
heptyl [21674-38-4], and nonyl [57104-59-4] s-triazines are commercially offered as mass spectrometry internal
reference standards for a wide mass range, 285-1485. The perfluoroalkylene (perfluoroalkyl)-s-triazines and
perfluoroalkylene(perfluoroalkyloxy)-s-triazines were found to be suitable nonflammable hydraulic fluids in
the —25 to +300°C temperature range. Numerous laboratories have investigated the synthesis and properties
of perfluoroalkylene elastomers containing the s-triazine functionality (480, 481).

6.13. Miscellaneous Fluorinated Nitrogen Heterocyclics

Two reviews (1981, 1990) include nitrogen heterocyclics not covered in the present survey (482, 483). The
1990 review dealing with four-, five-, and six-membered ring heterocyclic compounds emphasizes biological
properties (482).
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