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The gas-phase copyrolysis of tetrafl uoroethylene and buta-1,3-diene in a fl ow tube reactor 
at 490—510  °С gives 3,3,4,4-tetrafl uorocyclohex-1-ene, which is selectively converted to 
1-bromo- or 1-chloro-2,3-difl uorobenzene via intermediate steps of halogenation and de-
hydrohalogenation. 
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Fluorinated aromatic compounds are widely used in 
the synthesis of pharmaceuticals, agrochemicals, compo-
nents of liquid crystals, and new technical materials 
stimulating the search and development of new effi  cient 
methods for fl uoroarene synthesis.1—14 Traditional ap-
proaches to the synthesis of these compounds accom-
plished in industry (technologies of dediazofl uorination 
and fl uorodechlorination) and the most part of described 
new laboratory methods are based on the reaction of 
nucleo philic or electrophilic substitution by the fl uorine 
atom of hydrogen or appropriate functional groups that 
were preliminarily introduced into the aromatic ring using 
various fl uorinating agents.14—19 An alternative of these 
methods is the presently developed methodology of syn-
thesis of fl uoroarenes based on the synthetic assembling 
of fl uorobenzoid structures from reactive fl uorine-con-
taining synthones (fl uorinated carbenes, olefi ns, dienes, 
and acetylenes), which can simultaneously act as structure-
forming blocks and carriers of fl uorine bound to the 
C atom.20—35 One of the effi  cient variants for the accom-
plishment of this synthetic methodology includes the 
formation of fl uoroarene structures via thermal reactions 
of cycloaddition of polyfl uoroolefi ns to buta-1,3-dienes 
and subsequent aromatization of the formed fl uorinated 
carbocyclic adducts.21—31 In this case, the necessary 
fl uorinated C6-cyclic carbon skeleton is formed as a result 
of either [4+2] cycloaddition of fl uoroalkenes to dienes, 
or via [2+2] cycloaddition and thermal rearrangement 
with ring expansion characteristic of vinylcyclobutanes. 
In particular, this method can effi  ciently be used for the 
synthesis of 1,2-difl uorobenzene, difl uoro- and trifl uoro-

toluenes, and mixtures of isomeric dichlorofl uorobenzenes 
via the cyclization of industrial fl uoromonomers (tetra-
fl uoro- or trichlorofl uoroethylene) with buta-1,3-diene or 
its derivatives (isoprene, piperilene, fl uoroisoprene, and 
chlorobuta-1,3-dienes).24—31 

We developed a new variant of this method, the essence 
of which is that the processes of synthetic building of 
fl uoroarene structures from fl uoroalkene and 1,3-diene 
fragments are supplemented by the introduction into in-
termediate polyfl uorocyclohexene structures of a func-
tional group that is retained in the fi nal fl uoroarene 
product after the aromatization step. In the present work, 
we report the possibility of effi  cient using this modifi cation 
of the method for the three-step regioselective synthesis 
of 1-bromo- and 1-chloro-2,3-difl uorobenzenes from 
tetrafl uoroethylene and buta-1,3-diene. 

It is known36—38 that tetrafl uoroethylene, unlike ethyl-
ene, does not enter the Diels—Alder reaction but reacts 
with buta-1,3-diene under the thermolysis conditions ac-
cording to the [2+2] cycloaddition type to selectively form 
3-vinyl-1,1,2,2-tetrafl uorocyclobutane (1). However, 
under the gas-phase pyrolysis conditions in a fl ow reac-
tor at 470—710 °С, polyfl uorocyclobutane 1 undergoes 
thermal rearrangement with ring expansion23—25,39—41 
and formation of 3,3,4,4-tetrafluorocyclohexene (2) 
and 4,4,5,5-tetrafl uorocyclohexene (3) or aromatiza-
tion23—25,28—30 with the formation of 1,2-difl uorobenzene 
(4). Thermal reactions of formation of cyclobutane 1 and 
its isomerization can be combined within one cycle of 
gas-phase pyrolysis to generate a mixture of tetrafl uoro-
cyclohexenes 2 and 3 in one step25,42 (Scheme 1). The 
results of copyrolysis of tetrafl uoroethylene and buta-1,3-
diene at 425—535 °С presented in Table 1 show specifi c 
features of these processes. 



Volchkov et al.926 Russ. Chem. Bull., Int. Ed., Vol. 70, No. 5, May, 2021

The copyrolysis at 425—445 °С occurs with the selec-
tive formation of tetrafl uorocyclobutane 1 and a low 
amount of tetrafl uorocyclohexenes 2 and 3. The content 
of cyclobutane 1 in the pyrolyzate decreases because of an 
increase in the isomerization rate and the amount of 
formed tetrafl uorocyclohexenes 2 and 3 increases with 
increasing temperature of the process. Under the optimum 
conditions at 490—510 °С, tetrafl uorocyclohexene 2 can 
be obtained with a preparative yield of 34—37%. The yield 
of tetrafl uorocyclohexene 3 is 5%. The further increase in 
the copyrolysis temperature leads to a decrease in the yield 
of tetrafl uorocyclohexenes 2 and 3 because of an increase 
in the contribution of secondary fragmentation of tetra-
fl uorocyclobutane 1, aromatization of cyclohexenes, and 
resin formation processes. An alternative method for 
synthesis of tetrafl uorocyclohexenes 2 and 3 from tetra-
fl uoroethylene and buta-1,3-diene includes two steps: 
preliminary pyrolytic synthesis of tetrafl uorocyclobutane 
1 at 425—445 °С in 59—67% yield and its subsequent 
isomerization by pyrolysis at 505—510 °С, which occurs 

with a yield of tetrafl uorocyclohexene 2 of 43%, whereas 
the yield of compound 3 is 6%. 

It is found that tetrafl uorocyclohexenes 2 and 3 can 
easily be transformed into 1,2-difl uorobenzene (4) by 
water-alkaline dehydrohalogenation under the action of 
KOH in the presence of catalytic amounts of triethylbenz-
ylammonium chloride (TEBAC) (~85% yield). Formed 
1,2-difl uorobenzene 4 is readily brominated or chlorinated 
in chloroform in the presence of FeСl3 with the selective 
formation of 3,4-difl uorobromobenzene (5а) or 3,4-di-
fl uoro chlorobenzene (5b) (Scheme 2). 

The transformations of tetrafl uorocyclohexenes 2 and 
3 for the same combination of dehydrohalogenation and 
halogenation reactions but with a change in their order 
lead to fundamentally diff erent results. 

The bromination and chlorination of 3,3,4,4-tetra-
fl uorocyclohexene (2) result in the formation of dihalotetra-
fl uorocyclohexanes 6а,b in a yield of 78—83% (Scheme 3). 
Under the conditions of alkaline dehydrohalogenation by 
KOH or NaOH in the presence of TEBAC at 75—85 °C, 

Scheme 1

Conditions: i. 495—515 °С, fl ow tube reactor; ii. 425—445 °С, fl ow tube reactor. 

Table 1. Compositions and yields of the products of gas-phase copyrolysis of tetrafl uoroethylene and 
buta-1,3-diene under various temperature conditionsa

Т/°С Gb Composition of pyrolyzate (wt.%)  Yieldc (%)

  1 2 3 4 Other 1 2 3
      products

425—430 36.2 87 14 1 — 18 59 — —
440—445 43.9 81 19 2 — 18 67 15 —
475—480 41.8 46 35 7 1 11 32 21 3
495—500 37.9 19 56 11 2 12 19 34 5
505—510 36.8 14 60 12 2 12 17 37 5
510—515 35.7 12 57 11 5 15 15 31 2
530—535 31.3 19 48 8 12 23 — 24 —

а Conditions: fl ow tube reactor, fl ow rate of tetrafl uoroethylene and buta-1,3-diene 0.33 mol h–1. 
b G is the amount of the mixture of the products (g h–1) obtained after the distillation of the crude 
pyrolyzate with water vapor and drying. 
c Preparative yield based on the starting reagents after product isolation from the mixture by frac-
tional distillation. 
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the latter undergo selective aromatization with the forma-
tion of 1-bromo- (7a) or 1-chloro-2,3-difl uorobenzene 
(7b) in a preparative yield of 87—88%. 

Scheme 3

X = Br (a), Cl (b)

Reagents and conditions: i. Br2 or Cl2, CHCl3, FeCl3 (cat.), 
20—50 °С; ii. KOH or NaOH, H2O, BnEt3NCl (cat.), 75—85 °С.

At the same time, the bromination of 4,4,5,5-tetra-
fl uorocyclohexene (3) aff ords dibromotetrafl uorocyclo-
hexane 8, which converts to 5,5,6,6-tetrafl uorocyclohexa-
1,3-diene 9 (53% yield) and difl uorobromobenzene 5а 
(12% yield) under the action of aqueous KOH (Scheme 4).

Scheme 4

Reagents and conditions: i. Br2, CHCl3, FeCl3 (cat.), 20—35 °С; 
ii. KOH, H2O, BnEt3NCl (cat.), 60—65 °С. 

The observed high selectivity of transformations of 
cyclohexanes 6а,b into difl uorohalobenzenes 7а,b is un-
expected, since the structure of dihalotetrafl uorocyclo-
hexanes 6а,b assumes several possible competitive routes 
of dehydrohalogenation, which can lead to diff erent 
products, including 4-halo-1,2-difl uorobenzenes (5а,b). 
However, the latter were not observed in noticeable 
amounts upon the alkaline aromatization of dihalotetra-
fl uorocyclohexanes 6а,b. In addition, taking into account 
the results of dehydrohalogenation of dibromotetra-

fl uorocyclohexane 8, one could expect transformations of 
compounds 6а,b to proceed with the elimination of both 
introduced bromine or chlorine atoms, since alkaline 
dehydrofl uorination is usually much more diffi  cult than 
dehydrochlorination or dehydrobromination. 

In order to elucidate the mechanism of the found 
synthesis of difl uorohalobenzenes 7a,b, we carried out 
special studies of dehydrohalogenation processes of tetra-
fl uorohalocyclohexanes 6а,b with monitoring of a change 
in the composition of the reaction mixtures depending on 
the reaction time, temperature, and amount of added 
alkali. 

It is found that the reaction of dihalotetrafl uorocyclo-
hexanes 6a,b with KOH or NaOH (1.10 equiv.) in the 
presence of catalytic amounts of TEBAC at 20—25 °C 
aff ords a nearly quantitative amount of 1-halo-5,5,6,6-
tetrafl uorocyclohexenes (10а,b) at the 45—55% conversion 
of polyfl uorocyclohexanes 6a,b within 20—40 min and 
95—99% conversion within 1.5—2 h. In this case, the 
content of difl uorohalobenzenes 7а,b in the reaction 
mixture did not exceed 0.5—2%. The addition of KOH or 
NaOH (3 equiv.) to the obtained reaction mixture results 
in the selective transformation of tetrafl uorocyclohexenes 
10а,b into difl uorohalobenzenes 7а,b. The aromatization 
of tetrafl uorocyclohexenes 10а,b at 35—45 °C occurs 
slowly (conversion within 2 h does not exceed 25—35%) 
bus is signifi cantly accelerated with increasing temperature 
to 75—85 °C (conversion 60—70% in 30 min and higher 
than 98% in 2 h) (Scheme 5). 

Scheme 5

Reagents and conditions: i. 1 equiv. KOH or NaOH, H2O, 
BnEt3NCl (cat.), 20—35 °С; ii. 3 equiv. KOH or NaOH, H2O, 
BnEt3NCl (cat.), 75—85 °С. 

Thus, it was found that the alkaline aromatization of 
dihalotetrafl uorocyclohexanes 6а,b to 2,3-difl uorohalo-
benzenes 7а,b proceeded as a stepwise process including 
the primary step of easy dehydrohalogenation with the 
selective formation of halotetrafl uorocyclohexenes 10a,b, 
which are further transformed into difl uorohalobenzenes 
7а,b due to double dehydrofl uorination. The observed 
easiness and regiospecifi city of transformation of cyclo-
hexanes 6a,b into cyclohexenes 10a,b in the absence of 
appreciable amounts of products of possible competitive 
routes for their dehydrohalogenation are consistent with 
this process proceeding via the carbanionic mechanism 
E2 or E1cВ. Evidently, the process can be explained by 

Scheme 2

X = Br (a), Cl (b)

Reagents and conditions: i. KOH, H2O, BnEt3NCl (cat.), 
75—85 °С; ii. Br2 or Cl2, CHCl3, FeCl3 (cat.), 20—50 °С.
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an increased acidity of the hydrogen atom bound to the 
carbon atom in position 3 of the starting 3,4-dihalo-
1,1,2,2-tetrafl uorocyclohexanes 6a,b and effi  cient stabi-
lization of the carbanionic intermediate formed upon 
deprotonation and caused by a signifi cant electron-accep-
tor eff ect of four fl uorine atoms in the β- and γ-positions 
of the carbon chain. 

The transformations of halotetrafl uorocyclohexenes 
10a,b into halodifl uorobenzenes 7а,b proceed probably 
via the primary dehydrofl uorination to form cyclohexa-
dienes, which are further converted into difl uorohalobenz-
enes 7а,b due to the subsequent elimination of HF 
through the simultaneous or preliminary rearrangement 
of multiple bonds via the allyl 1,3-shift of fl uorine (see 
Scheme 6).

Unlike very easily proceeding transformations of cyclo-
hexanes 6а,b into halotetrafl uorocyclohexenes 10а,b, the 
aromatization of the latter involving the cleavage of the 
very strong С—F bond is much more energy-consuming 
and requires using substantially higher temperatures. 

Thus, the simple three-step synthesis of 1-bromo- and 
1-chloro-2,3-difl uorobenzenes from commercially acces-
sible industrial tetrafl uoroethylene and butadiene mono-
mers was accomplished. The formed products are conve-
nient starting compounds for the introduction of 2,3-di-
fl uor ophenyl fragments into various organic structures via 
cross-coupling reactions and are used in the synthesis of 
polycyclic liquid crystals, fl uorinated heterocyclic struc-
tures, and new fl uorine-containing biologically active 
compounds. It should be mentioned that the synthesis 
method was easily scaled and applied by us for the produc-
tion of kilogram amount of difl uorohalobenzenes under 
laboratory conditions, and the obtained difl uorohalobenz-
enes were used for the synthesis of components of liquid 
crystals and development of new technologies for produc-
tion of fl uoroquinolone antibacterial drugs. 

It can be assumed that the found method for regiose-
lective synthesis of difl uorohalobenzenes is general and 
can probably be applied for the generation of other similar 
fl uoroarene structures with varied functional substituents, 
which are preliminarily introduced in polyfl uorocyclo-
hexene structures via diverse reactions of addition to the 
double bond and are retained in the fi nal arene structure 
after aromatization. 

Experimental

The following commercially accessible reagents were used as 
the starting compounds: tetrafl uoroethylene (99.9%) (Poli-Traid, 
Russia), buta-1,3-diene (99%) (Sintez-Kauchuk, Russia), and 
gaseous chlorine (99%) (Kaustik, Russia). The following reagents 
(all Sigma-Aldrich) were also used as received: bromine (99%), 
CHCl3 (98%), KOH (85%), NaOH (97%), Na2SO3 (98%), 
triethylbenzylammonium chloride (TEBAC) (98%), and FeCl3 
(97%). 

GC analysis was carried out on a Kristall 2000M chrom-
atograph (capillary column Macherey-Nagel OPTIMA-1, 
30 m×0.25 mm, helium as carrier gas, fl ame-ionization detector). 
1H NMR spectra were recorded on Bruker AС-200 or Bruker 
AM 300 spectrometers (working frequencies 200.1 and 300.1 MHz, 
respectively). 13C NMR spectra were recorded on Bruker AM 300, 
Bruker DRX-500, or Bruker AV-600 spectrometers (working 
frequencies 75.5, 125.8, and 150.9 MHz, respectively). 19F NMR 
spectra were recorded on Bruker AС-200 or Bruker AM 300 
spectrometers (working frequencies 183.3 and 282.4 MHz, re-
spectively). Samples for NMR spectroscopy were prepared in 
CDCl3. Chemical shifts for 1H and 13C are presented relative to 
Me4Si as the internal standard (0.05%), and those for 19F are 
presented relative to CFCl3 (external standard). Mass spectra 
were detected on a Trace GC Ultra instrument equipped with 
a Finnigan MAT DSQII mass detector in the electron impact 
mode (ionization energy 70 eV, temperature of the system 200 °C, 
ionic trap as an ion source) and a Thermo TR-5ms SQC capillary 
chromatographic column (15 m×0.25 mm). Elemental analysis 
was carried out on a Perkin—Elmer Series II 2400 CHN Analyzer 
instrument. 

Synthesis of tetrafl uorocyclohexenes 2 and 3. A. The gas fl ows 
of tetrafl uoroethylene and buta-1,3-diene with a constant fl ow 
rate of 0.33 mol h–1 for each reagent were passed through a quartz 
tube reactor (length 650 mm, internal diameter 22 mm) heated 
in a tubular furnace to 505—510 °С. The pyrolysis products 
coming from the reactor were condensed in a water refl ux con-
denser and a trap cooled with an ice—water mixture. After 30 h 
of the continuous process, the formed liquid pyrolyzate (1188.0 g) 
was distilled with water vapor and dried with CaCl2 to obtain 
a mixture (1104.3 g) of organic products containing, according 
to the GC data, tetrafl uorocyclohexene 1 (14%), tetrafl uoro-
cyclohexene 2 (60%), tetrafl uorocyclohexene 3 (12%), difl uoro-
benzene 4 (2%), buta-1,3-diene (4%), and 8% (totally) of non-
identifi ed products. The fractional distillation of the mixture gave 
106.6 g (7%) of tetrafl uorocyclobutane 1 (b.p. 83—84 °С), 76.4 g 
(5%) of tetrafl uorocyclohexene 3 (b.p. 53—54 °С, 90 Torr), and 
563.3 g (37%) of tetrafl uorocyclohexene 2 (b.p. 69—70 °С, 
90 Torr). 

Scheme 6
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B. Using procedure A (copyrolysis of tetrafl uoroethylene and 
buta-1,3-diene at 440—445 °С and fl ow rate of 0.33 mol h–1 for 
each reactant for 10 h), the liquid mixture (439.1 g) of the prod-
ucts was obtained and contained, according to the GC data, 
tetrafl uorocyclobutane 1 (81%), tetrafl uorocyclohexene 2 (9%), 
tetrafl uorocyclohexene 3 (2%), buta-1,3-diene (4%), and 4% 
(totally) of non-identifi ed products. Tetrafl uorocyclobutane 1 
(339.2 g, 67%) was obtained after fractional distillation. 

Tetrafl uorocyclobutane 1 (138.6 g, 0.90 mol) with a constant 
fl ow rate of 0.77 g min–1 in a nitrogen fl ow (fl ow rate 120 mL min–1) 
was passed through a tube reactor heated to 505—510 °С for 3 h. 
The pyrolysis products were condensed in a water refl ux con-
denser, washed with water, and dried over CaCl2. According to 
the GC data, the obtained mixture of products (100.3 g) contained 
tetrafl uorocyclobutane 1 (11%), tetrafl uorocyclohexene 2 (66%), 
and tetrafl uorocyclohexene 3 (14%). Tetrafl uorocyclohexene 3 
(8.3 g, 6%) and tetrafl uorocyclohexene 2 (59.2 g, 43%) were 
obtained after the fractional distillation of the mixture. 

1,1,2,2-Tetrafl uoro-3-vinylcyclobutane (1).30,36 B.p. 83—84 °С. 
1H NMR (CDCl3, 200.1 MHz), δ: 2.22—2.47 (m, 1 Н, СН2); 
2.57—2.84 (m, 1 Н, СН2); 3.17—3.41 (m, 1 Н, СН); 5.27 (d, 1 Н, 
=СН2, J = 17.5 Hz); 5.33 (d, 1 Н, =СН2, J = 10.5 Hz); 5.84 
(ddd, 1 Н, =СН, J = 17.5 Hz, J = 10.5 Hz, J = 7.5 Hz). 19F NMR 
(CDCl3, 188.3 MHz),  δ: –109.5 and –128.2 (AB system, 2 F, 
CF2, 2J = 196.0 Hz); –110.2 and –117.7 (AB system, 2 F, CF2, 
2J = 203.5 Hz). MS, m/z (Irel (%)): 154 [M]+ (17), 115 
[M – F – HF]+ (22), 100 [M – C4H6]+ (11), 90 [M – C2H2F2]+ 
(100), 64 [C2H2F2]+ (37), 54 [C4H6]+ (56), 39 (31).

3,3,4,4-Tetrafl uorocyclohex-1-ene (2).39,42 B.p. 69—70 °С 
(90 Torr). 1H NMR (CDCl3, 300.1 MHz), δ: 2.20—2.36 (m, 2 Н, 
СН2); 2.38—2.50 (m, 2 Н, СН2); 5.75—5.87 (m, 1 Н, =СН); 
6,24 (dt, 1 Н, =СН, J = 10.3 Hz, J = 3.5 Hz). 13C NMR (CDCl3, 
75.5 MHz), δ: 23.6 (tt, C(6), J = 5.2 Hz, J = 2.0 Hz); 28.4 (tt, 
C(5), J = 23.0 Hz, J = 1.0 Hz); 112.7 (tt, C(4), J = 273 Hz, 
J = 23.0 Hz); 117.0 (tt, C(3), J = 278 Hz, J = 25.0 Hz); 121.5 
(tt, C(1), J = 27.0 Hz, J = 0.7 Hz); 137.6 (tt, C(2), J = 10.5 Hz, 
J = 1.0 Hz). 19F NMR (CDCl3, 282.4 MHz), δ: –111.6 (m, 2 F, 
CF2); –121.4 (m, 2 F, CF2). MS, m/z (Irel (%)): 154 [M]+ (10), 
115 [M – F – HF]+ (11), 90 [M – C2H2F2]+ (100), 64 (27), 
54 (2), 51 (14), 39 (26).

4,4,5,5-Tetrafl uorocyclohex-1-ene (3).30,39 B.p. 53—54 °С 
(90 Torr). 1H NMR (CDCl3, 300.1 MHz), δ: 2.78 (ddd, 4 Н, 
2 СН2, J = 17.0 Hz, J = 9.7 Hz, J = 7.4 Hz); 5.59—5.64 (m, 2 Н, 
HC=CH). 19F NMR (CDCl3, 188.3 MHz), δ: –118.2 (m, 4 F, 
2CF2). MS, m/z (Irel (%)): 154 [M]+ (23), 115 [M – F – HF]+ 
(11), 90 [M – C2H2F2]+ (100), 64 (26), 54 (11), 51 (20), 39 (35).

Synthesis of 1,2-difl uorobenzene 4. A. A 50% aqueous KOH 
(365 g, 3.13 mol ) was added for 2 h to the stirred mixture of 
3,3,4,4-tetrafl uorocyclohexene (2) (154.1 g, 1 mol) and TEBAC 
(2.75 g, 12 mmol) maintaining temperature of the reaction at 
70—80  °C. The reaction mixture was additionally stirred at 
80—85 °С for 2 h, after which the organic product was distilled 
off  with water vapor and dried over CaCl2, and 1,2-difl uoro-
benzene (4) (96.8 g, 84%) with b.p. 91—92 °С was isolated by 
distillation.

B. A 50% aqueous solution of KOH (36 g, 321 mol) was 
added at 60—70 °С for 30 min with stirring to a mixture of 
4,4,5,5-tetrafl uorocyclohexene (3) (15.4 g, 100 mmol) and 
TEBAC (0.23 g, 1 mmol). Then the reaction mixture was addi-
tionally stirred at 80—85 °С for 2 h and diluted with water, and 
the product was extracted with dichloromethane. The organic 

product was dried over CaCl2 and distilled. 1,2-Difl uorobenzene 
(4) was obtained in a yield of 9.71 g (85%).

1,2-Difl uorobenzene (4).26 B.p. 91—92 °С. 1H NMR (CDCl3, 
300.1 MHz), δ: 7.05—7.25 (m, 4 H, Ar). 19F NMR (CDCl3, 
282.4 MHz), δ: –137.5 (m, 2 F). MS, m/z (Irel (%)): 114 [M]+ 
(100), 95 (7), 88 (30), 63 (35), 56 (17), 50 (14).

Bromination of 1,2-difl uorobenzene (4). A solution of Br2 
(110.2 g, 686 mmol) in СHCl3 (100 mL) was added at 30—35 °С 
for 2 h to a solution of 1,2-difl uorobenzene (4) (71.8 g, 630 mmol) 
in СHCl3 (100 mL) containing FeCl3 (2.0 g, 12 mmol), and the 
mixture was stirred at 35—45 °С for 4 h. The reaction mixture 
was washed with water and a 10% aqueous solution of Na2SO3. 
The organic product was dried over CaCl2 and distilled. 4-Bromo-
1,2-difl uorobenzene (5а) (b.p. 151—152 °С) was obtained in 
a yield of 95.8 g (79%).

4-Bromo-1,2-difl uorobenzene (5a).43 B.p. 151—152 °С. 
1H NMR (CDCl3, 300.1 MHz), δ: 7.02—7.15 (m, 1 Н, Ar); 
7.20—7.29 (m, 1 Н, Ar); 7.31—7.40 (m, 1 Н, Ar). 13C NMR 
(CDCl3, 75.5 MHz), δ: 116.00 (dd, C(4), J = 7.3 Hz, J = 4.0 Hz); 
118.60 (d, C(3), J = 18.3 Hz); 120.95 (d, C(6), J = 19.9 Hz); 
127.69 (dd, C(5), J = 5.6 Hz, J = 3.9 Hz); 149.82 (dd, C(1), 
J = 248.9 Hz, J = 12.5 Hz); 150.43 (dd, C(2), J = 253.0 Hz, 
J = 13.6 Hz). 19F NMR (CDCl3, 282.4 MHz), δ: –135.2 (m, 1 F), 
–139.9 (m, 1 F). MS, m/z (Irel (%)): 194, 192 [M]+ (100, 100), 
113 [M – Br]+ (88), 63 (35).

Chlorination of 1,2-difl uorobenzene (4). Gaseous chlorine 
(29.8 g, 420 mmol) was bubbled at 35–40 °С for 6 h through 
a solution of 1,2-difl uorobenzene (4) (45.6 g, 400 mmol) in 
CHCl3 (100 mL) containing FeCl3 (1.33 g, 8 mmol). Then the 
reaction mixture was stirred at 45—50 °С for 2 h. The resulting 
product was washed with water and a 10% aqueous solution of 
Na2SO3, dried over CaCl2, and distilled. 4-Chloro-1,2-di-
fl uorobenzene (5b) (b.p. 127—128 °С) was obtained in a yield of 
45.7 g (77%).

4-Chloro-1,2-difl uorobenzene (5b).44,45 B.p. 127–128 °С. 
1H NMR (CDCl3, 200.1 MHz), δ: 7.23—7.45 (m, 3 Н, Ar). 
19F NMR (CDCl3, 188.3 MHz), δ: –134.3 (d, 1 F, Ar, 
J =20.0 Hz); –139.5 (d, 1 F, Ar, J = 20.0 Hz). MS, m/z (Irel (%)): 
150, 148 [M]+ (32, 100), 113 [M – Cl]+ (23), 63 (13). 

Bromination of tetrafl uorocyclohexene 2. A solution of Br2 
(120.0 g, 750 mmol) in CHCl3 (200 mL) was added at 25—30 °С 
for 3 h to a solution of 3,3,4,4-tetrafl uorocyclohexene (2) (106.7 g, 
693 mmol) in CHCl3 (200 mL) containing FeCl3 (2.5 g, 
11 mmol). The reaction mixture was stirred at 30—35 °С for 2 h 
and then washed with a 10% aqueous solution of Na2SO3 and 
water. The organic product was dried over CaCl2, and then the 
solvent CHCl3 was distilled off  on a rotary evaporator. The ob-
tained residue was distilled under reduced pressure. 3,4-Dibromo-
1,1,2,2-tetrafl uorocyclohexane (6а) (b.p. 69—70 °С, 4 Torr) was 
obtained in a yield of 180.6 g (83%). 

3,4-Dibromo-1,1,2,2-tetrafluorocyclohexane (6а). B.p. 
69—70 °С (4 Torr). 1H NMR (CDCl3, 300.1 MHz), δ: 1.98—2.43 
(m, 3 Н, CH2—СHН); 2.44—2.70 (m, 1 Н, СHН); 3.99—4.15 
(m, 1 Н, СНBr); 4.16—4.35 (m, 1 Н, СНBr). 13C NMR (CDCl3, 
125.8 MHz), δ: 30.26 (t, C(6), J = 22.1 Hz); 31.21 (br.s, C(5)); 
47.53 (br.s, C(4)); 53.29 (t, C(3), J = 22.0 Hz); 112.53 (tt, C(1), 
J = 257.8 Hz, J = 27.6 Hz); 115.51 (tt, C(2), J = 254.8 Hz, 
J = 27.4 Hz). 19F NMR (CDCl3, 282.4 MHz), δ: –117.6 and 
–119.3 (AB system, 2 F, CF2, 2J = 256.0 Hz, 3J = 22.5 Hz); 
–119.9 and –121.1 (AB system, 2 F, CF2, 2J = 256.0 Hz). MS, 
m/z (Irel (%)): 316, 314, 312 [M]+ (5, 9, 4), 235, 233 [M – Br]+ 
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(25, 29), 153 [M – Br – HBr]+ (100), 133 [M – Br – HBr – HF]+ 
(90). Found (%): C, 22.91; H, 1.80. C6H6Br2F4. Calculated (%): 
C, 22.96; H, 1.93.

Chlorination of tetrafl uorocyclohexene 2. Gaseous Cl2 (79.5 g, 
1.12 mol) was bubbled at 25—35 °С for 6 h with vigorous 
stirring through a solution of tetrafl uorocyclohexene 2 (150.9 g, 
980 mmol) in CHCl3 (300 mL) containing FeCl3 (4.0 g, 
24 mmol). The reaction mixture was heated to 30—35 °С, kept 
for 2 h with stirring, and washed with a 10% aqueous solution of 
Na2SO3 and water. The organic product was washed over CaCl2, 
then CHCl3 was removed, and the residue was distilled on a rotary 
evaporator under reduced pressure. 3,4-Dichloro-1,1,2,2-tetra-
fl uorocyclohexane (6b) (b.p. 60—62 °С, 13 Torr) was obtained 
in a yield of 173.1 g (78%).

3,4-Dichloro-1,1,2,2-tetrafluorocyclohexane (6b). B.p. 
60—62 °С (13 Torr). 1H NMR (CDCl3, 300.1 MHz), δ: 
1.95—2.27 (m, 2 Н, СН2); 2.27—2.52 (m, 2 Н, СН2); 3.90—4.07 
(m, 1 Н, СНСl); 4.08—4.24 (m, 1 Н, СНСl). 13C NMR (CDCl3, 
75.5 MHz), δ: 29.03 (t, C(6), J = 22.2 Hz); 29.72 (d, C(5), 
J = 9.6 Hz); 57.71 (t, C(4), J = 2.4 Hz); 62.38 (td, C(3), 
J = 21.2 Hz, J = 2.2 Hz); 112.95 (tdd, C(1), J = 258.0 Hz, 
J = 32.5 Hz, J = 22.7 Hz); 116.23 (tt, C(2), J = 253.9 Hz, 
J = 26.6 Hz). 19F NMR (CDCl3, 282.4 MHz), δ: –117.7 and 
–120.3 (AB system, 2 F, CF2, 2J = 257.0 Hz, 3J = 29.5 Hz), 
–125.5 (m, 2 F, CF2). MS, m/z (Irel (%)): 228, 226, 224 [M]+ 
(5, 28, 46), 191, 189 [M – Cl]+ (43, 48), 190, 188 [M – HCl]+ 
(12, 27), 171, 169 [M – HCl – F]+ (2, 7), 153 [M – HCl – Cl]+ 
(32), 133 (37), 125 (42), 111 (31), 90 (31), 77 (92), 75 (100), 
64 (28), 51 (30), 39 (35). Found (%): C, 32.15; H, 2.46. C6H6Cl2F4. 
Calculated (%): C, 32.03; H, 2.69.

Bromination of tetrafl uorocyclohexene 3. A solution of Br2 
(24.0 g, 150 mmol) in CHCl3 (40 mL) was added by portions at 
20—25 °С for 2 h to a solution of tetrafl uorocyclohexene 3 (21.1 g, 
137 mmol) in CHCl3 (30 mL) containing FeCl3 (0.15 g, 1 mmol), 
and the mixture was stirred at 25—30 °С for 2 h. The reaction 
mixture was washed with a 10% aqueous solution of Na2SO3 and 
water, and the obtained organic product was dried over CaCl2 
and distilled under reduced pressure. 4,5-Dibromo-1,1,2,2-
tetrafl uorocyclohexane (8) (b.p. 70—72 °С, 12 Torr) was obtai-
ned in a yield of 39.1 g (91%).

4,5-Dibromo-1,1,2,2-tetrafl uorocyclohexane (8). B.p. 74—75 °С 
(12 Torr). 1H NMR (CDCl3, 300.1 MHz), δ: 2.45—2.75 (m, 2 Н, 
2CHH); 2.88—3.08 (m, 2 Н, 2CHH); 4.05—4.23 (m, 2 Н, 
2CHBr). 13C NMR (CDCl3, 125.8 MHz), δ: 40.36 (t, C(3) and 
C(6), J = 22.1 Hz); 46.48 (d, C(4) and C(5), J = 7.5 Hz); 114.32 
(tdd, C(1) and C(2), J = 255 Hz, J = 31.4 Hz, J = 21.7 Hz). 
19F NMR (CDCl3, 282.4 MHz), δ: –116.6 and –123.2 (AB 
system, 4 F, 2CF2, 2J = 256.0 Hz). MS, m/z (Irel (%)): 316, 314, 
312 [M]+ (6, 12, 6), 235, 233 [M – Br]+ (88, 88), 154 [M – 2Br]+ 
(6), 153 [M – Br – HBr]+ (72), 133 [M – Br – HBr – HF]+ 
(100), 89 (26). Found (%): C, 32.05; H, 2.66. C6H6Br2F4. 
Calculated (%): C, 32.03; H, 2.69.

Dehydrohalogenation of dibromotetrafl uorocyclohexane 8. 
A 50% aqueous solution of KOH (45.0 g, 401 mmol) was added 
at 20—25 °С for 30 min to a mixture of 4,5-dibromo-1,1,2,2-
tetrafl uorocyclohexane 8 (37.14 g, 118 mmol) and TEBAC (0.23 g, 
1 mmol), and the reaction mixture was stirred at 60—65 °С 
for 4 h. The obtained organic product was diluted with water, 
extracted with CH2Cl2, dried over CaCl2, and distilled. 
5,5,6,6-Tetrafl uorocyclohexa-1,3-diene (9) (b.p. 54—56 °С, 
150 Torr) was obtained in a yield of 9.57 g (53%), and the yield 
of 4-bromo-1,2-difl uorobenzene (5а) was 2.82 g (12%).

5,5,6,6-Tetrafl uorocyclohexa-1,3-diene (9).46 B.p. 54—56 °С 
(150 Torr). 1H NMR (CDCl3, 300.1 MHz) δ: 5.98—6.12 (m, 2 Н, 
СH=СН); 6.22—6.35 (m, 2 Н, CH=СН). 13C NMR (CDCl3, 
125.8 MHz), δ: 112.24 (tt, C(5) and С(6), J = 249 Hz, 
J = 26.3 Hz); 124.47 (t, C(1) and С(4), J = 27.7 Hz); 128.96 
(tt, C(2) and С(3), J = 12.9 Hz, J = 4.7 Hz). 19F NMR (CDCl3, 
282.4 MHz), δ: –122.8 (br.s, 4 F, 2 CF2). MS, m/z (Irel (%)): 
152 [M]+ (100), 132 [M – HF]+ (44), 112 [M – 2HF]+ (15), 
101(30), 83 (31). 

Synthesis of 1-bromo-2,3-difl uorobenzene 7a by dehydro-
halogenation of dibromotetrafl uorocyclohexane 6а. A 50% aque-
ous solution of KOH (140.0 g, 1.25 mol) was added for 1.5 h to 
a mixture of 3,4-dibromo-1,1,2,2-tetrafl uorocyclohexane (6а) 
(100.0 g, 318 mmol) and TEBAC (0.94 g, 4 mmol) maintaining 
temperature in a range of 20—30 °С. Then the reaction mixture 
was stirred at 80—85 °С for 2 h, after which the organic product 
was distilled off  with water vapor, dried over CaCl2, and distilled. 
2,3-Difl uorobromobenzene (7a) (b.p. 157—158 °С) was obtained 
in a yield of 54.1 g (88%).

1-Bromo-2,3-difl uorobenzene (7а).8 B.p. 157—158 °С. 1H NMR 
(CDCl3, 300.1 MHz), δ: 7.00—7.16 (m, 1 Н, Ar); 7.17—7.29 
(m, 1 Н, Ar); 7.34—7.47 (m, 1 Н, Ar). 13C NMR (CDCl3, 75.5 
MHz), δ: 110.40 (d, C(1), J = 17.5 Hz); 116.40 (d, C(4), 
J = 17.7 Hz); 124.70 (dd, C(5), J = 7.1 Hz, J = 5.0 Hz); 128.23 
(d, C(6), J = 3.6 Hz); 148.10 (dd, C(2), J = 248.8 Hz, 
J = 14.3 Hz); 150.92 (dd, C(3), J = 251.9 Hz, J = 13.3 Hz). 
19F NMR (CDCl3, 282.4 MHz), δ: –130.9 (m, 1 F, Ar), –134.8 
(m, 1 F, Ar). MS, m/z (Irel (%)): 194, 192 [M]+ (100, 99), 113 
[M – Br]+ (88), 63 (60). Found (%): C, 37.54; H, 1.50. 
C6H3BrF2. Calculated (%): C, 37.34; H, 1.52.

Synthesis of 1-chloro-2,3-difl uorobenzene 7b by dehydro-
halogenation of dichlorotetrafl uorocyclohexane 6b. A 50% aqueous 
solution of KOH (285.0 g, 2.54 mol) was added at 20—30 °С for 
2 h to a mixture of 3,4-dichloro-1,1,2.2-tetrafl uorocyclohexane 
(6b) (142.9 g, 635 mmol) and TEBAC (1.85 g, 8 mmol). The 
reaction mixture was stirred at 80—85 °С for 3 h. The obtained 
organic product was distilled with water vapor, dried over CaCl2, 
and distilled. 2,3-Difl uorochlorobenzene (7b) (b.p. 136—137 °С) 
was obtained in a yield of 82.1 g (87%). 

1-Chloro-2,3-difl uorobenzene (7b).30 B.p. 136—137 °С. 
1H NMR (CDCl3, 300.1 MHz), δ: 7.00—7.25 (m, 3 Н, Ar). 
13C NMR (CDCl3, 125.8 MHz), δ: 115.71 (d, C(4), J = 17.5 Hz); 
122.70 (d, C(1), J = 14.3 Hz); 124.02 (dd, C(5), J = 7.5 Hz, 
J = 5.1 Hz); 125.47 (d, C(6), J = 3.4 Hz); 147.21 (dd, C(2), 
J = 250.5 Hz, J = 14.4 Hz); 151.15 (dd, C(3), J = 251.0 Hz, 
J = 12.3 Hz). 19F NMR (CDCl3, 282.4 MHz), δ: –134.7 (m, 1 F, 
Ar); –138.5 (d, 1 F, Ar, J = 19.5 Hz). MS, m/z (Irel (%)): 150, 
148 [M]+ (34, 100), 113 [M – Cl]+ (36), 63 (13). Found (%): 
C, 48.36; H, 2.08. C6H3ClF2. Calculated (%): C, 48.52; H, 2.04.

Synthesis of halosubstituted tetrafl uorocyclohexenes 10a,b. 
A 50% aqueous solution of KOH (11.80 g, 105 mmol) was 
added for 30 min with stirring to a mixture of dibromotetrafl uoro-
cyclohexane 6a (30.2 g, 96 mmol) and TEBAC (0.23 g, 1 mmol) 
maintaining temperature of the reaction mixture at 15—20 °С, 
and then the mixture was kept at 25—30 °С with stirring for 2 h 
and diluted with water. The organic phase was washed with 
water, dried over CaCl2, and distilled. 1-Bromo-5,5,6,6-tetra-
fl uorocyclohex-1-ene (10а) (b.p. 80—81 °С, 52 Torr) was ob-
tained in a yield of 20.56 g (92%).

1-Chloro-5,5,6,6-tetrafluorocyclohex-1-ene (10b) (b.p. 
93—94 °С, 80 Torr) was synthesized in a yield of 17.1 g (91%) 
using a similar procedure by the dehydrochlorination of dichloro-
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tetrafl uorocyclohexane 6b (22.5 g, 100 mmol) with a 50% aque-
ous solution of KOH (12.4 g, 110 mmol) in the presence of 
TEBAC (0.23 g, 1 mmol).

1-Bromo-5,5,6,6-tetrafluorocyclohex-1-ene (10a). B.p. 
80—81 °С (52 Torr). 1H NMR (CDCl3, 300.1 MHz), δ: 
2.23—2.51 (m, 4 Н, 2 СН2); 6.58 (t, 1 H, =CH, J = 3.9 Hz). 
13C NMR (CDCl3, 150.9 MHz), δ: 24.82 (t, C(3), J = 5.0 Hz); 
28.35 (t, C(4), J = 22.5 Hz); 110.46 (tt, C(5), J = 249 Hz, 
J = 27.0 Hz); 113.77 (t, C(1), J = 27.8 Hz); 116.28 (tt, C(6), 
J = 253 Hz, J = 25.1 Hz); 139.08 (t, C(2), J = 6.5 Hz). 19F NMR 
(CDCl3, 282.4 MHz), δ: –113.7 (m, 2 F, CF2), –119.8 (m, 2 F, 
CF2). MS, m/z (Irel (%)): 234, 232 [M]+ (6, 6), 170, 168 
[M – C2H2F2]+ (42, 41), 153 [M – Br]+ (15), 133 [M – Br –
– HF]+ (22), 39 (100). Found (%): C, 30.98; H, 2.06. C6H5BrF4. 
Calculated (%): C, 30.93; H, 2.16.

1-Chloro-5,5,6,6-tetrafl uorocyclohex-1-ene (10b).39 B.p. 
93—94 °С (80 Torr). 1H NMR (CDCl3, 300.1 MHz), δ: 2.21—2.52 
(m, 4 Н, 2 СН2); 6.34 (t, 1 H,=CH, J = 4.1 Hz). 13C NMR 
(CDCl3, 150.9 MHz), δ: 23.05 (t, C(3), J = 5.2 Hz); 28.29 
(t, C(4), J = 22.5 Hz); 110.45 (tt, C(5), J = 250 Hz, J = 27.3 Hz); 
116.65 (tt, C(6), J = 251 Hz, J = 25.0 Hz), 124.40 (t, C(1), 
J = 26.5 Hz); 134.58 (t, C(2), J = 6.1 Hz). 19F NMR (CDCl3, 
282.4 MHz), δ: –116.8 (m, 2 F, CF2), –119.6 (m, 2 F, CF2). 
MS, m/z (Irel (%)): 190, 188 [M]+ (5, 16), 171, 169 [M – F]+ 
(3, 11), 153 [M – Cl]+ (14), 133 [M – Cl – HF]+ (42), 126, 124 
[M – C2H2F2]+ (32, 87), 89 (53), 77 (56), 75 (67), 64 (40), 
51 (56), 39 (100). Found (%): C, 37.98; H, 2.51. C6H5ClF4. 
Calculated (%): C, 38.22; H, 2.67.

Dehydrohalogenation of bromotetrafl uorocyclohexene 10a. 
A 50% aqueous solution of KOH (18.0 g, 160 mmol) was added 
at 30—35 °С for 30 min to a mixture of bromotetrafl uorocyclo-
hexane 10a (11.65 g, 50 mmol) and TEBAC (0.15 g, 0.7 mmol). 
The reaction mixture was kept at 75—85 °С for 2 h and then 
cooled and diluted with water. The organic product was ex-
tracted with CH2Cl2, dried over CaCl2, and distilled. 1-Bromo-
2,3-difl uorobenzene (7a) was obtained in a yield of 8.47 g (88%).

Dehydrohalogenation of chlorotetrafl uorocyclohexene 10b. 
A 50% aqueous solution of NaOH (16 g, 200 mmol) was added 
at 20—25 °C for 30 min to a mixture of 1,2-dichloro-3,3,4,4-
tetrafl uorocyclohexane (6b) (45.0 g, 200 mmol) and TEBAC 
(0.45 g, 2 mmol). The reaction mixture was kept with stirring for 
1.5 h. According to the GC data, the obtained organic product 
contained 3% of the starting dichlorotetrafl uorocyclohexane 6b, 
95% of chlorotetrafl uorocyclohexene 10b, and 0.8% difl uoro-
chlorobenzene 7b. A 50% aqueous solution of NaOH (48.0 g, 
600 mmol) was added to the reaction mixture, and the latter was 
stirred at 75—85 °C for 3 h. The resulting product was washed 
with water, dried over CaCl2, and distilled. 2,3-Di fl uoro-
chlorobenzene (7b) was obtained in a yield of 26.2 g (88%). 
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