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A new general methodology has been developed for the synthesis of diverse fluoroaromatic compounds based upon the utilization
of fluorohalocarbenes and fluorinated polyhaloolefins as fluoro-containing building blocks, on the one hand, and unsaturated or
polyunsaturated cyclic or acyclic compounds (cyclopentadiene and its derivatives, indenes, allylbenzenes, styrenes and acyclic
1,3-dienes), on the other hand. In most cases, the process can occur as one or two step reaction involving sequential cycloaddition,
isomerisation with ring expansion, and aromatisation accompanied by dehydrohalogenation. Examples of the use of the resulting
fluoroaromatic compounds for the preparation of important biologically active compounds are presented.

Owing to the unique effect of fluorine on physicochemical and
biological properties, fluorinated organic compounds are widely
used as efficient medicines, agrochemicals and engineering
materials.1,2 Practically useful fluorine-containing medicines and
agrochemicals contain a fluorinated aromatic residue as a part
of their structure. The list of well-known compounds of this type
includes fluoroquinolone-based antibacterial drugs (Pefloxacin,
Ciprofloxacin and their analogues), tranquilizers and antidepressants
belonging to fluorinated benzo-1,4-diazepines (Fludiazepam and
Flunitroazepam), neuroleptics of the butyrofluorophenone series
(Haloperidol, Droperidol and their analogues), the antifungal agent
Fluconazole, non-steroidal antiinflammatory drugs (Flufenisal,
Diflunisal and Flubiprofen).1,2 Among agrochemicals, one should
mention inhibitors of chitin biosynthesis belonging to fluori-
nated benzoylphenylureas (Diflubenzuron and Chlorofluazaron),
efficient fluorophenyltriazole fungicides and bactericides (Flutriafol
and Flusilazol), and fluorobenzamide herbicides (Barnon, Metaven
and Flamprop-isopropyl).2

These unique properties of fluoroaromatic compounds stimu-
late the search and development of new methods for their
preparation. Traditional methods for the synthesis of fluoro-
aromatic compounds are based on the direct substitution of
hydrogen or functional groups attached to the aromatic ring with
fluorine by treatment with various fluorinating reagents.2,3 An
alternative synthetic strategy suggests a controlled assembling
of fluorinated arene structures with the use of fluorine-con-

taining synthons capable of acting both as structural building
blocks and carriers of fluorine attached to the carbon atom.

A typical example of such an approach shown in Scheme 1
includes [2 + 1]-cycloaddition of fluorohalocarbenes to cyclo-
pentadienes to give dihalobicyclo[3.1.0]hexenes followed by
the selective rearrangement via dehydrohalogenation and ring
expansion.

At present, the synthetic potential of this reaction, which
seems to be of limited applicability initially, has been developed
into a general method for the carbene-based synthesis of fluoro-
aromatic compounds from various types of diene substrates using
various methods to generate fluorohalocarbenes.

The above strategy could also be implemented with the use
of a different pathway for the construction of fluorobenzoid
structures, namely, the thermal cycloaddition of fluoroolefins to
1,3-dienes followed by aromatisation of the resulting fluorinated
carbocyclic adducts. In this case, the formation of the required
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fluorinated C6-cyclic carbon skeleton may occur either directly
as [4 + 2]-cycloaddition of fluoroalkenes to dienes or via initial
[2 + 2]-cycloaddition with the subsequent rearrangement with
ring expansion typical of vinylcyclobutanes (Scheme 2).

Carbene synthesis of fluoroaromatic compounds. The prac-
tical significance of the carbene method for the preparation of
fluoroaromatic compounds is primarily due to the facile genera-
tion of fluorine-containing dihalocarbenes from accessible pre-
cursors, e.g., fluorohalomethanes. The pyrolysis of chlorodifluoro-
methane, which proceeds as a selective molecular -dehydro-
chlorination over a broad temperature range, is a well-known
reaction of this type.4 In the absence of difluorocarbene acceptors,
the reaction ends up with the carbene recombination to give
tetrafluoroethylene. However, if the pyrolysis of CHClF2 is carried
out in the presence of cyclopentadiene 1a, the difluorocarbene
thus formed is almost completely trapped by the diene to give
fluorobenzene 3a as a final thermally stable product.5–12

On a preparative scale, this synthesis is carried out in one-pot
transformation by passing a vapour-gas mixture of cyclopenta-
diene 1a (or its dimer) and chlorodifluoromethane through a
tube reactor at 620–700 °C (contact time of 0.5–1.5 s). These
conditions ensure the efficiency of the initial step of CHClF2

fragmentation into difluorocarbene and rearrangement of inter-
mediate difluorobicyclo[3.1.0]hexene 2a with HF elimination
(Scheme 3).5–12

A number of modifications of co-pyrolysis of cyclopenta-
diene 1a with CHClF2 in the presence of water vapour or
water–ammonia mixtures7,10–12 or on solid alkaline packing12,13

have been elaborated in order to decrease tar formation and
increase the selectivity of the reaction. 

Aside from CHClF2, this process can be carried out with
other industrial freons of the methane series (CHF3, CFCl3,
CF2Br2 and CF2Cl2), as well as tetrafluoroethylene, hexafluoro-
propylene and polyfluorocarboxylic acids, which are capable of
undergoing fragmentation under conditions of gas-phase pyrolysis
with formation of difluoro- or chlorofluorocarbene.6–9,12

The reactions considered above are of general nature; they
can be successfully used for one-step syntheses of fluorotoluenes
3b,6–9,12 difluorobenzenes 4,6,7,12,14–16 and binuclear aromatic
fluorides 5 or 65–9,12,17,18 by copyrolysis of chlorodifluoro-
methane with methylcyclopentadiene 1b, 1,3-dienes 7, indenes 8
and alkenylarenes 9 or 10 (Scheme 4).

For example, the copyrolysis of CHClF2 with methylcyclo-
pentadiene 1b (or with its dimer) at 600 °C (contact time of 2–3 s)
gives a mixture of isomeric fluorotoluenes 3b (ortho:meta:para =
= 2:1:1) in a total yield of about 60%.5–7,12 The copyrolysis of
CHClF2 with indene 8a at 600–670 °C (contact time of 1–3 s)
selectively gives 2-fluoronaphthalene 5a (yields 68–80%)6–9,12

(Scheme 4). In the latter case, allylbenzenes 10a–d, which are
capable of thermal cyclisation into indenes, can be used instead
of an indene.19

Similarly, trifluoromethyl-substituted arenes 11 or 12 can be
obtained12 by the copyrolysis of cyclopentadiene or its analogues
with fluorotrifluoromethylcarbene precursors (Scheme 5).

The synthetic potential of the carbene method for the pre-
paration of fluoroaromatic compounds, which was originally
carried out as a pyrolytic gas-phase processes, was substantially
expanded later due to the elaboration of phase-transfer catalysis
conditions20–27 with dichlorofluoromethane as a chlorofluoro-
carbene precursor. Substituted cyclopentadienes, their dimers,
indenes, dihalocyclopentenes, spiro-fused cyclopentadienes and
fulvenes can be used in these syntheses  as starting substrates to
give corresponding aromatic fluorine compounds (Schemes 6–9).

The specific stereochemical feature of these reactions was
established. It was found that the reaction of dichlorofluoro-
methane with indene 8a in the two-phase system CH2Cl2–KOHaq–
TEBA at –5 to +5 °C results in a mixture of two isomeric
cyclopropane adducts, (Z)-13 and (E)-13 (Scheme 6).22,24–26

Adduct (Z)-13 with the endo-chlorine configuration is thermally
unstable, and it is converted in a nearly quantitative yield to
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2-fluoronaphthalene 5a with HCl elimination in the temperature
range 40–75 °C. Adduct (E)-13 with the endo-fluorine con-
figuration is more thermally stable (up to 120 °C); however,
it is also converted to compound 5a in 80–85% yield with
elimination of HCl, though one could expected preferential
HF elimination for (E)-13.28 This peculiarity enables the pre-
parative synthesis of 2-fluoronaphthalene 5a in one step by
stirring the reagents for 2–3 h followed by distillation of the
reaction mixture at 100–150 °C without isolation of intermediate
chlorofluorocyclopropane adducts and with complete utilization
of organically bound fluorine.

Corresponding alkylfluorobenzenes 3b (ortho :meta:para =
= 90:9:1), 3c (ortho :meta:para = 81:15:4) or 3d (ortho :
meta:para = 58:32:10) were obtained in a similar way in 45–63%
yields by reactions of dichlorofluoromethane with alkylcyclo-
pentadienes 1b–d (Scheme 7).20–25 The isomeric composition
of the resulting alkylfluorobenzenes observed for these conver-
sions is determined by the relative rates of the competitive
addition of chlorofluorocarbene to alkylated and non-substituted
double bonds of starting alkylcyclopentadienes.

Like in the pyrolytic processes considered above, fluoroarenes
can also be obtained by reactions of dichlorofluoromethane with
cyclopentadiene dimers instead of cyclopentadienes. Thus, dicyclo-
pentadienes 14a,b can be efficiently chlorofluorocyclopropanated
with dichlorofluoromethane under conditions of phase-transfer
catalysis.23–25 The heating of resulting adducts 15a,b (220–230 °C)
furnishes corresponding fluorobenzenes 3a,b via an opening of
the cyclopropane ring, dehydrochlorination and retro Diels–Alder

reaction (Scheme 7). In case of methylcyclopentadiene dimers
14b, the cycloaddition of chlorofluorocarbene occurs exclusively
at the methyl-substituted double bonds of the cyclopentene frag-
ment, thus leading ultimately to the regioselective preparation
of 2-fluorotoluene (ortho-3b) in the striking contrast to the
reaction with monomeric methylcyclopentadiene 1b.

Another method for the regioselective carbene synthesis of
substituted fluoroarenes27 involves the use of dihalocyclopentenes
16, which can be easily obtained by the thermal isomerisation
of 1-vinyl-2,2-dichlorocyclopropanes 17. In particular, this method
can be employed for the regioselective syntheses of fluorinated
chlorotoluenes and chloroxylenes 18a–c via cycloaddition of
chlorofluorocarbene, (generated from CHCl2F under conditions
of phase-transfer catalysis), to 4,4-dichlorocyclopentenes 16a–c
followed by the selective thermal rearrangement of resulting
bicyclo[3.1.0]hexane adducts 19a–c with ring expansion and
double dehydrochlorination27 (Scheme 8).

The mild conditions of the chlorofluorocarbene generation
from CHCl2F in the presence of a phase-transfer catalyst allow
us to use as the substrates comparatively labile diene compounds,
which cannot be used in pyrolytic processes. This approach is
applicable to the preparation of 6-fluorotetralin 21 from spiro-
[4.4]nona-1,3-diene 20 in 62% yield and (chloroethyl)fluoro-
benzene 23 from spiro[2.4]hepta-4,6-diene 22 in 59% yield20,21,25

(Scheme 9).
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Fulvenes can also be employed as starting compounds in
similar syntheses23–25 (Scheme 9). For example, the reaction
of 6,6-dimethylfulvene 24 with CHCl2F in the presence of
aqueous KOH and TEBA results in a mixture of 3-fluoro-

-methylstyrene 25 (yield 22%) and its chlorofluorocarbene
cycloadduct 26 (yield 25%). Similar reactions of penta- and
tetramethylenefulvenes 27 and 28 give23–25 corresponding cyclo-
alkenylfluorobenzenes 29 or 30 and products 31 or 32 of their
subsequent chlorofluorocyclopropanation. Chlorofluorocyclo-
propane 32 formed in the latter case can be subjected to a
thermal rearrangement with ring expansion and dehydrohalo-
genation to give 3-fluorobiphenyl 33 (Scheme 9).

The above carbene method is convenient for the preparation of
difluoroaromatic compounds. One of the most interesting and
practically important examples is the one-step synthesis of di-
fluorobenzenes 34–36 in a total yield of 65–72% by copyrolysis
of a mixture of chlorodifluoromethane and buta-1,3-diene in a
flow reactor at 620–700 °C (Scheme 10).6,7,12,14–16,25

This process involves6,12,25 a complex sequence of reactions,
namely, addition of difluorocarbene, which is generated from
CHClF2, to buta-1,3-diene; thermal isomerisation of resulting
vinyldifluorocyclopropane 37 to difluorocyclopentenes 38 and
39; the subsequent dehydrofluorination of the latter to fluoro-
cyclopentadienes 40 and 41, which are further converted into
difluorobenzenes via formation and thermal rearrangement of
trifluorobicyclo[3.1.0]hexenes 42 (Scheme 10).

Based on this process, we have elaborated a new semi-indus-
trial technology for the preparation of difluorobenzenes, involving
a one-step synthesis of mixtures of isomeric difluorobenzenes
followed by their separation by fractional and extractive distil-
lation29 giving individual isomers with 98–99% purity.

1,2-Difluorobenzene 34 obtained by this procedure was used
for the commercial production of 3,4-difluoroaniline30 and for
the development of a technology for the preparation of highly
efficient antibacterial agent Pefloxacin 43 (Scheme 11).31–33

Another example refers to the development of a process34,35 for
the preparation of an inhibitor of chitin biosynthesis, viz., diflu-
benzuron (Dimilin) 44 from 1,3-difluorobenzene 35 (Scheme 12).

One more example of the targets directed utilization of 1,3-di-
fluorobenzene is the synthesis of highly efficient antifungal
compound Fluconazole 45 (Scheme 13).

Using a carbene-based method, namely, the copyrolysis of
chlorofluoromethane with styrenes 9a–e, we succeeded in pre-
paration of 2,3-difluoronaphthalene 6a and its derivatives 6b–e,
a hitherto unknown class of fluoroaromatic compounds6,12,18,25

(Schemes 4, 14).
The mechanism of the process experimentally proven6 for

the synthesis of compound 6a involves the consecutive cyclo-
addition of difluorocarbene to original styrene 9a and to inter-
mediate fluoroindene 48 (Scheme 14).

Resulting 2,3-difluoronaphthalene 6a can be selectively con-
verted into various functional derivatives 49–56 by electrophilic
substitution reactions proceeding at the 5-position or by metal-
lation with BuLi that occurs selectively at the 1- or 4-positions
(Scheme 15).36
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Difluoronaphthalenes 49–56, which are practically inacces-
sible by other synthetic methods, are of considerable interest
for the syntheses of new compounds with potentially high bio-
logical activity. For example, according to our in vitro studies,
2,3-difluoro-5-nitronaphthalene 49 has a high mycostatic activity
against a number of pathogenic agents of surface and deep
mycoses, such as Candida albicans, Trichophyton gypseum and
Microsporon lanosum.

Synthesis of fluoroaromatic compounds by thermal cyclo-
addition of polyfluoroolefins to 1,3-dienes. A general approach
to the synthesis of aromatic fluorine compounds is based on the
ability of fluoroolefins to undergo thermally induced addition to
1,3-dienes by [2 + 4]- and [2 + 2]-cycloaddition types.37 In this
case, terminal polyfluoroolefins typically undergo preferential or
exclusive [2 + 2]-cycloaddition. The resulting vinylcyclobutane
adducts can be converted to fluoroaromatic compounds via the
step of vinylcyclobutane–cyclohexene rearrangement.25,38–52

For example, 1-vinyl-2,2,3,3-tetrafluorocyclobutane 57a
obtained by thermal addition of tetrafluoroethylene to buta-1,3-
diene is converted to 1,2-difluorobenzene 34 in a flow reactor
packed with pieces of quartz or other solid materials (activated
carbon, Al2O3, Cu, MgO, etc.) at 400–800 °C (Scheme 16).38,39

The pyrolysis of methyl-substituted tetrafluoro(vinyl)cyclo-
butanes 57b–d obtained by thermal cycloaddition of tetrafluoro-

ethylene to isoprene or penta-1,3-diene under similar condi-
tions results38,39 in 3,4-difluorotoluene 58 or its mixtures with
2,3-difluorotoluene 59 (Scheme 16).

Similar results were obtained by Weigert,50,51 who reported a
synthesis of 1,2-difluorobenzene 34 (yield 20–67%) from 57a,
as well as mixtures of 2,3- and 3,4-difluorotoluenes 58 and 59
(overall yield 7–27%) from compounds 57b–d at 400–600 °C
in a flow reactor packed with various solid materials (SiC, NaF,
Al2O3, 0.5% Pd/Al2O3, etc.).

The observed conversions of compounds 57a–d to difluoro-
arenes 34, 58 or 59 are explained by the established39–43 ability
of tetrafluoro(vinyl)cyclobutanes 57a–d to undergo a thermal
rearrangement with ring expansion due to competitive opening
of the cyclobutane ring at the C(1)–C(4) (pathway A) or
C(1)–C(2) bond (pathway B) to give tetrafluorocyclohexenes
62a–d or 63a–d, respectively, as a result of the 1,6-cyclisation
of corresponding intermediate biradicals 60a–d or 61a–d (see
Scheme 17).†

Note that all tetrafluoro(vinyl)cyclobutanes 57a–d undergo
preferential isomerisation via cleavage of the C(1)–C(4) bond
(pathway A) to give corresponding cyclohexenes 62a–d as major
isomerisation products (see Table 1).39,40

The comparatively low yields of tetrafluorocyclohexenes
62a–d and 63a–d (total yields 50–60%) are due to the fact that
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Table 1 Yields of products of thermally induced isomerisation of tetra-
fluoro(vinyl)cyclobutanes 57a–d under conditions of gas-phase pyrolysis
at 490–500 °C (contact time, 8–10 s).39,40

Original tetrafluoro(vinyl)cyclobutane Yielda (%)

aWith respect to compound 57 that has been consumed in the reaction.

Compound R R1 R2 Conversion of 
57a–d (%) 62 63

57a H H H 78 45 8
57b H Me H 85 40 17
57c Me H H 83 38 18
57d H H Me 63 36 7
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pyrolysis of tetrafluoro(vinyl)cyclobutanes 57a–d is accompanied
by a competing fragmentation reaction to give 1,1-difluoro-
ethylene 64 and corresponding 1,1-difluorobuta-1,3-dienes 65a–d
(total yields 30–35%), as well as small amounts (3–5%) of the
initial reactants, tetrafluoroethylene and dienes.39–42

The reactions considered above are also typical of the vinyl-
cyclobutane adducts of 1,3-dienes with chlorotrifluoroethylene
(Scheme 18).

Thus, 1-vinyl-2-chloro-2,3,3-trifluorocyclobutane 66 is con-
verted40,42 into a mixture of 4-chloro-4,5,5-trifluorocyclohexene
67 (yield 49–56%) and 1,2-difluorobenzene 34 (yield 3–8%)
under conditions of gas-phase pyrolysis at 440–550 °C (contact
time of 0.2–10 s). The process is accompanied by the formation
of retrocyclisation products, i.e., chlorotrifluoroethylene and buta-
diene (total yield 32–35%). In addition, 1,1-difluoroethylene 64
and 1-chloro-1-fluorobuta-1,3-diene were identified as minor
products. The data obtained allow us to conclude that the ther-
molysis of compound 66, unlike that of tetrafluorocyclobutanes
57a–d, preferentially occurs by opening of the cyclobutane ring
at the C(1)–C(2) bond and intermediate formation of biradical
71 (pathway B). Judging from the composition of the products,
the relative contribution of alternative processes with ring opening
at the C(1)–C(4) bond (pathway A) does not exceed 10–15%.
Note that chlorotrifluorocyclohexene 68, whose formation might
be expected if the isomerisation of compound 66 occurred by
pathway A, was not found among the reaction products. How-
ever, the formation of 1,2-difluorobenzene 34 in amounts
correlating with the yields of difluoroethylene 64 and 1-chloro-
1-fluorobuta-1,3-diene, detected even at small conversions of
compound 66, allows us to assume that compound 68 is pos-
sibly formed and completely converted to 34 under the condi-
tions used.

The main product of thermolysis of 66, viz., chlorotrifluoro-
cyclohexene 67, can be easily converted to 1,2-difluorobenzene
34 by pyrolysis at 620 °C (yield 63%) or by alkaline dehydro-
halogenation under conditions of phase-transfer catalysis (yield
83%).25,48,49

The above specific features of reactions of compound 66 are
also characteristic of methyl-substituted chlorotrifluoro(vinyl)-
cyclobutanes 72–74, which were obtained by cycloaddition of
chlorotrifluoroethylene to penta-1,3-diene or isoprene at 390–
410 °C. They undergo rearrangement40 to corresponding chloro-
trifluorocyclohexenes 75, 76 or 77 at 425–490 °C due to ring
opening at the C(1)–C(2) bond (Scheme 18). The aromatisation

of cyclohexenes 76 and 77, isolated by fractional distillation from
mixtures of pyrolysis products of compounds 73 and 74, under
conditions of alkaline dehydrohalogenation results in 3,4-difluoro-
toluene 58 in 81% yield.25,48,49 Under the same conditions,25,48,49

cyclohexene 75 obtained by pyrolysis of compound 72 gives
2,3-difluorotoluene 59 in 80% yield. Thus, the thermal cyclisa-
tion of chlorotrifluoroethylene with isoprene or penta-1,3-diene
can be used for the preparation of 3,4-difluorotoluene 58 or
2,3-difluorotoluene 59, respectively. In this case, it is pos-
sible25,48,49 to use a simplified two-step version of such syn-
theses. This version involves the copyrolysis of chlorotrifluoro-
ethylene with isoprene or penta-1,3-diene at 435–500 °C (contact
time of 5–15 s) followed by isolation and alkaline dehydro-
halogenation of chlorotrifluorocyclohexenes 75 or 76 and 77
formed as major products. Note that the direct aromatisation of
cyclobutanes 72–74 at 600–650 °C under conditions of combined
formation and thermally induced dehydrohalogenation of chloro-
trifluorocyclohexenes 75–77 without preliminary isolation of the
latter results50,52 in practically inseparable mixtures of isomeric
difluorotoluenes 58 and 59, presumably due to side processes
of isomerisation of compounds 72–74 by alternative pathway A.

We have applied the above synthesis of 3,4-difluorotoluene
58 from isoprene and chlorotrifluoroethylene48,49 to the pre-
paration of 2-chloro-4,5-difluorobenzoic acid 78, a key starting
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Scheme 18 Reagents and conditions: i, flow reactor, 390–410 °C, contact
time, 7–8 s; ii, flow reactor, 420–550 °C, contact time, 0.2–8 s; iii, KOHaq
(50%), TEBA (cat.), 85–95 °C, 2–4 h; iv, flow reactor, 435–500 °C, contact
time, 5–15 s; v, flow reactor, 600–650 °C, contact time, 5–15 s.

Scheme 19 Reagents and conditions: i, Cl2, FeCl3, 10–35 °C; ii, Cl2, hv,
80–140 °C; iii, 85% H2SO4 (H2O), 50–80 °C.
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compound for the production of main fluoroquinolone anti-
bacterial compounds (Norfloxacin, Pefloxacin, Ciprofloxacin
and their analogues) (Scheme 19).

Within the framework of the general methodology for syn-
thesising fluoroarenes by thermally induced cyclisation of poly-
fluoroolefins, we have developed an original three-step method
for the synthesis of 2,4,5-trifluorotoluene 79 from isobutene 80,
dichlorofluoromethane and chlorotrifluoroethylene (Scheme 20).25

The process involves a thermally induced reaction of chloro-
trifluoroethylene with 2-chloro-2-fluoro-1,1-dimethylcyclopropane
81 at 460–480 °C to give a mixture of isomeric chlorotetra-
fluorocyclohexanes 82 and 83, which are readily converted to
trifluorotoluene 79 in 88% yield by alkaline dehydrohalogena-
tion under conditions of phase-transfer catalysis. The synthesis
is based on the ability of chlorofluorocyclopropane 81, which is
easily prepared from isobutene 80 and dichlorofluoromethane
under conditions of phase-transfer catalysis, to undergo selective
rearrangement with ring opening and dehydrochlorination to give
3-fluoro-2-methylbuta-1,3-diene 84 at elevated temperatures.25,53

Perfluoroalkylated benzenes can be obtained if polyfluoro-
olefins with longer carbon chains are used instead of tetrafluoro-
ethylene and chlorotrifluoroethylene in the reactions with 1,3-buta-
diene. For example, copyrolysis of compound 85 with buta-
1,3-diene in a flow reactor at 650–700 °C (contact time of
10–15 s) results39,46,47 in 2-fluoro-1-(trifluoromethyl)benzene 91
in 18–21% yield (Scheme 21). The yield of compound 91 can
be increased to 35–40% if the process is carried out in two
stages39 via an intermediate preparation of cycloadducts 86–89
by copyrolysis of buta-1,3-diene and compound 85 at 450–550 °C
followed by thermal aromatisation of compounds 86–89 by
pyrolysis at 670–700 °C.

Thermal reactions of buta-1,3-diene with perfluorohex-1-ene
92 under conditions of gas-phase pyrolysis at 475 °C (contact
time of 25 s) furnish39,46 a mixture of [2 + 2]- and [2 + 4]-cross-

cycloaddition products of 93 and 94, which give39 1-fluoro-
2-nonafluorobutylbenzene 95 in 23% yield at 700°C. Alkaline
dehydrofluorination of compound 94 results39 in compound 95
in 53% yield (Scheme 22).

The copyrolysis of trans-perfluorohex-2-ene 96 with buta-
1,3-diene at 520–540 °C results in [2 + 4]-cycloadduct 97 but
no noticeable amounts of [2+2]-cycloaddition products are
detected.39,46 Resulting cyclohexene 97 was converted into
1-(trifluoromethyl)-2-(heptafluoropropyl)benzene 98 by alkaline
dehydrobluorination in 41% yield39 (Scheme 22).

In the considered preparation of fluoro- and perfluoroalkyl-
substituted arenes, fluorine and other substituents (alkyl and
perfluoroalkyl groups) are introduced in the final benzoid struc-
ture directly with the starting olefin or diene fragment. However,
a modified variant is also possible, which involves a combina-
tion of synthetic construction of a fluorinated six-membered
carbocycle from fluoroalkene and diene blocks with the intro-
duction of an additional functional substituent in intermediate
cyclohexene structures. We have shown the principal possibility
of such a modification of the method44,45 for the regioselective
synthesis of 2,3-difluorohalobenzenes 99 and 100 starting from
tetrafluoroethylene and butadiene and involving intermediate
steps of halogenation of tetrafluorocyclohexene 62a followed
by triple dehydrohalogenation of the resulting tetrafluorodihalo-
cyclohexenes 101 or 102  (Scheme 23).

This modification of the method should be of a general
character, and it may be a promising method for the synthesis
of fluoroarenes with various functional substituents that are
introduced into intermediate fluorocyclohexene structures by
addition to the double bond.

To summarise, the above strategy of the synthesis of aromatic
fluorine compounds using fluorohalocarbenes and fluoroolefins
as building blocks offers new convenient routes to diverse mono-,
di- and polyfluorinated arenes. Simple diene substrates and com-
mercially available fluorohalomethanes and polyfluoroolefins
can be used as starting materials in this synthesis. In some
cases, the methods developed have real prospects of practical
applications not only for preparative purposes but also for the
commercial production of practically useful fluoroarenes.

Scheme 20 Reagents and conditions: i, KOHaq (50%), TEBA (cat.), –10 to
+5 °C, 4–6 h; ii, flow reactor, 460–480 °C, contact time, 7–8 s; iii, KOHaq
(50%), TEBA (cat.), 85–95 °C, 3–4 h.
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Scheme 21 Reagents and conditions: i, flow reactor, 650–700 °C; contact
time, 10–18 s; ii, flow reactor, 460 °C, contact time, 8–10 s, the conversion
of compound 85 is about 20%; iii, flow reactor, 700 °C, contact time, 10–15 s.
The yields of compounds 86–90 are given with respect to the amount of
compound 85 that underwent the reaction.

Scheme 22 Reagents and conditions: i, flow reactor, 475 °C, contact time,
25 s, the conversion of compound 92 is about 23%; ii, flow reactor, 700 °C,
contact time, 8–10 s; iii, flow reactor, 540 °C, contact time, 25 s, the con-
version of compound 96 is about 15%; iv, ButOK, ButOH, 80–85 °C. The
yields of compounds 93, 94 and 97 are given with respect to the amount of
compound 92 or 96 that has undergone the reaction.
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