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bstract

The transformation of the bis-1,3-trichloromethylbenzene depends on the experimental conditions (temperature, amount of HF and the presence of
Lewis acid). The formation of the 1-trichloromethyl-3-trifluoromethylbenzene is favored in the presence of HF in default. After the consumption

f HF, the various fluorinated intermediates compounds were observed to lead to the more thermodynamically stable compounds, i.e., mainly
he bis-1,3-trichloromethylbenzene and 1-trichloromethyl-3-trifluoromethylbenzene. These results were explained by theoretical calculations. The
resence of a Lewis acid increases the formation of the more stable products at lower temperature. SbCl5 is the most efficient catalyst corresponding
o a decrease of 150 ◦C to obtain similar results compared with HF alone.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Catalytic system HF/Lewis acid or HF alone was com-
only used for the fluorination of chlorinated molecules by
l/F exchanges in order to obtain the corresponding fluori-
ated compounds [1–7]. The applications are the fluorination
f chlorinated hydrocarbons to produce HFCs and also fluori-
ated aromatics. Indeed these processes which are known since
long time, are more developed since 1990.

The selective fluorination of organic molecules has attracted
uch interest because a number of partially fluorinated organic
olecules are reported to show interesting chemical and physical

roperties and in some cases biological activities [8–10]. It is
eally admitted now that the presence of fluorine atom or CF3
roups increased strongly the biological activity of molecules

sed in pharmacochemical and agrochemical applications.

The incorporation of fluorine or fluorinated groups (such as
CF3) into organic molecules significantly increases both the
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harmacokinetic and pharmacodynamic properties of a drug
11–15]. Many efforts have been made to increase the potency
f biological active compounds by replacing hydrogen or other
alogen atoms by a fluorine atom. Fluorination of aliphatic
r aromatic halides can mainly be carried out by using alkali
etal fluoride (i.e., potassium fluoride), hydrofluoric acid (HF)

r elemental fluorine (F2). Because of the fact that it is safe
o handle and cheap, KF is very practical in the preparation
f fluoroorganic compounds [16]. However, some halide com-
ounds need vigorous conditions to be fluorinated and most of
he time, HF is required. Typically, such processes include either
apor phase fluorination reactions or liquid phase fluorination
eactions. The reaction of an organic halide with hydrofluoric
cid can be carried out in the presence of a Lewis acid as a
atalyst. The most widely used catalyst for liquid phase fluo-
inations is antimony pentachloride or antimony mixed halides
17,18].

Moreover, new routes were developed by using a cata-

yst and HF by Cl/F exchanges from the chlorinated starting

aterial in order to obtain selectively the desired fluorinated
roducts without by product. An example is the prepara-
ion of substituted trichloromethyltrifluoromethylbenzenes from

mailto:sylvette.brunet@univ-poitiers.fr
dx.doi.org/10.1016/j.molcata.2007.10.003
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he corresponding chlorinated products. The transformation
f the bis-1,3-trichloromethylbenzene was studied in order
o obtain selectively the formation of 1-trichloromethyl-3-
rifluoromethylbenzene used as intermediate for the synthesis
f fungicide [19]. As reported by Baasner and colleagues [2–6],
his reaction can be carried out without or with a catalyst, with
r without HF. In the presence of HF alone, the uncatalyzed
uorination proceeds in several stages corresponding to the
uorination in the two trichloromethyl groups. Consequently,

here is no possibility to fluorinate selectively a trichloromethyl
roup whatever the experimental conditions (temperature, pres-
ure and time). The authors described that the presence of
catalyst such as antimony pentachloride introduced a high

egree of selectivity into this fluorination reaction. The amount
f HF was stoichiometric and in these conditions the for-
ation of the 1-trichloromethyl-3-trifluoromethylbenzene was

bserved corresponding to one of the most thermodynamically
table product. The authors also reported in another work the
se of catalysts such as iron trichloride, aluminium trichlo-
ide, or antimony halides. With these systems the fluorination
as not selective. They also described the formation of the 1-

richloromethyl-3-trifluoromethylbenzene by halogen transfers
etween the bis-1,3-trichloromethylbenzene and the bis-1,3-
rifluoromethylbenzene.

The purpose of the present paper is to determine the effect
f the experimental conditions to obtain selectively the 1-
richloromethyl-3-trifluoromethyl-benzene. Various parameters
ere studied such as the temperature, the amount of HF with
arious catalysts. In order to establish the reaction scheme, the
ransformation of intermediates was also studied in the presence
f the catalyst or in the presence of HCl (the by product of the
l/F exchanges) in order to show the reversibility of the reaction.

To clarify some aspects of the proposed reaction scheme, the-
retical calculations restricted to the reactions without catalyst
ere carried out and are reported here.

. Experimental part
.1. Chemical products

All commercially available reagents were used without fur-
her purification. Hydrogen fluoride was purchased from Air

t
j

Scheme 1. Transformation of the bi
ysis A: Chemical 279 (2008) 119–127

iquid; SbCl5 from VWR, MoCl5 and TiCl4 from Aldrich and
he bis 1,-trichloromethylbenzene from TCI.

.2. Transformation of the bis-1,3-trichloromethylbenzene

The transformation of the bis-1,3-trichloromethylbenzene
as performed in a 100 mL stainless steel autoclave under an

nitial pressure of 10 bar. The temperature was regulated and
ontrolled by means of a thermocouple placed in a thermomet-
ic well in the furnace wall. At the early stage of the experiment,
he bis-1,3-trichloromethylbenzene (from 0.04 to 0.25 mol) and
he catalyst (0 to 2.5 mmol) were introduced in the autoclave.
he difference in temperature between an HF cylinder warmed
y means of a heating cord and the autoclave cooled in liq-
id nitrogen enabled the required amount of HF (from 0.25 to
mol) to be transferred to the reaction medium. The reaction

hen took place with continuous stirring, at the desired tempera-
ure (from 50 to 200 ◦C) and under autogene pressure. At the end
f the reaction, the autoclave was cooled down and vented with
ry dinitrogen in order to eliminate the HCl and the unreacted
F. The contents were quenched with 30 mL of water/decane
ixture (50/50), using a 316 L stainless steel tank. After extrac-

ion with decane, the organic phase was dried with MgSO4
nd analyzed by GC. The fluorinated products and the chlo-
inated reactant were quantified by gas chromatography using
n internal standard quantification method with decane as the
nternal standard. The yield corresponds to the mol.% of the
is-1,3-trichloromethylbenzene transformed into various prod-
cts (by-products included). Yields of 100% were not attained,
ecause of the uncertainty of the experiment. The conversion
f the bis-1,3-trichloromethylbenzene represented the amount
ransformed into fluorinated products. The chromatograph was

Varian 3800 equipped with 30 m VF-5 ms capillary column
Varian) with a temperature program from 50 to 300 ◦C. The
arious products were identified by coupling GC–MS and by
9F NMR and by comparison with commercial products.

.3. Transformation of the fluorinated intermediates
The various fluorinated intermediates of the transformation of
he bis-1,3-trichloromethylbenzene were named PFij where i and
were the number of fluorine atoms present in each halogenated

s-1,3-trichloromethylbenzene.
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Table 1
Name of the various fluorinated intermediates (PFij) of the transformation of the bis-1,3-trichloromethylbenzene (i and j corresponding to the number of fluorine
atom in each halogenated methyl groups)

PFij PF00 PF10 PF11 PF20 PF21 PF30 PF31 PF22 PF32 PF33
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ethyl group (Table 1). For example, the fluorinated product
amed PF11 indicated that the two fluorine atoms are not present
n the same halogenated methyl group but one in each group
nlike PF20.

These various products were not commercials except PF00,
F33 and PF30. The others intermediates were obtained (with a
urity superior to 95%) by distillation of the organic phases of
he various experiments of the transformation of the PF00. These
ompounds were characterized by proton and fluor NMR.

The transformation of these various fluorinated intermediates
PFij = 0.0323 mol) was performed in the same apparatus than
he transformation of the PF00 at 50 ◦C in the presence of SbCl5
lone (0.323 mmol) or in the presence of HCl (5 bar) alone at
40 ◦C.

. Computational details

All structures involved in the proposed reaction scheme were
ully optimized using the B3LYP density functional method
20]. A split valence basis set was used for all atoms, increased
ith polarization and diffuse functions (C, H: 6-311G(d,p);
: 6-311+G(d); Cl: 6-311G(2d)). Small effects like thermal
nd zero point energy corrections were neglected. As a con-
equence of the CX3 nearly free rotations, several rotamers
ere obtained for most of these structures. However, the sep-

ration between the lowest and the highest energy rotamers

ever exceeded 0.5 kcal/mol. Therefore, the results for the low-
st energy rotamers, only, are considered in the present study.
he calculations were carried out with the Gaussian 03 package

21].
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able 2
ransformation of the bis-1,3-trichloromethylbenzene

bCl5
mmol)

HF
(eqs)

Yield
(mol.%)

Conv.
(mol.%)

PF33

(mol.%)
PF32

(mol.%)
PF22

(mol.%

2 95 65 0 0 5
.625 2 92 71 7 6 2
.25 2 88 67 9 4 0
.5 2 82 65 12 5 0

4 96 89 1 1 17
.25 4 78 100 92 5 0

8 90 98 1 6 47
.25 8 86 100 99 1 0
.5 8 80 100 99 1 0

ffect of the amount of HF and SbCl5 on the conversion (conv. molar %) and
F00 = 0.0625 mol).
. Results and discussion

.1. Effect of the experimental conditions and the Lewis
cid used

The transformation of the bis-1,3-trichloromethylbenzene
as studied at 50 ◦C in experimental conditions established for

he transformation of the trichloromethoxybenzene [7] with var-
ous amount of HF alone or in the presence of SbCl5 as the
eference catalyst (Table 2), the amount of HF varying from 2
quivalents to 8 equivalents from PF00. The conversion of PF00
epends on the amount of HF used, and or the amount of SbCl5.
n the presence of HF alone, an increase of the conversion from
5 to 98% was noticed with the amount of HF from 2 equiva-
ents to 8 equivalents. In fact, in the presence of HF alone, the
egree of fluorination of the intermediates increased from PF10
main product with 2 equivalents of HF) to PF22 (main product
ith HF in excess: 8 equivalents). In all cases, the fluorination of

he two CCl3 groups was noticed, no accumulation of fluorine
toms in the same halogenated methyl group was observed. The
resence of SbCl5 (whatever the amount), the reference of cat-
lyst for this kind of Cl/F exchanges, modified the selectivity of
he fluorinated products. Indeed, with HF in low concentration
2 equivalents), PF30 became the main product corresponding
o the total fluorination of one of the CCl3 group without fluo-
ination of the other. Then, when the amount of HF increased (4
nd 8 equivalents), PF33 (the hexafluorinated product) was the

ain product.
The reaction was very fast with SbCl5, after only 30 min the

F20 and PF10 intermediates disappeared to form PF30 which
electivity increased from 25 to 44% (Fig. 1). After 1 h, the

)
PF31

(mol.%)
PF21

(mol.%)
PF30

(mol.%)
PF11

(mol.%)
PF20

(mol.%)
PF10

(mol.%)

0 10 0 25 3 57
3 0 70 0 6 6
4 2 73 0 5 3
5 3 65 0 6 4

0 21 0 25 7 28
0 0 3 0 0 0

0 22 0 12 5 7
0 0 0 0 0 0
0 0 0 0 0 0

the selectivity (molar %) towards fluorinated products (T = 50 ◦C, t = 1 h,
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ig. 1. Transformation of the bis-1,3-trichloromethylbenzene. Effect of the
ime on stream on the formation of the various fluorinated intermediates PFij

T = 50 ◦C, PF00 = 0.125 mol, SbCl5 = 1.25 mmol, HF/SbCl5/PF00 = 2/0.01/1).

eaction was stabilized with selectivity towards PF30 of 48%,
owards PF00 of around 33% and towards PF33 of 6%. The other
roducts were formed in few amounts. In the presence of SbCl5
nd at 50 ◦C, the formation of the PF20, PF30 and PF31 isomers
ere observed rather than their PF11, PF21, PF22 isomers.
Performances of various Lewis acids (TiCl4, MoCl5, WCl6,

aCl5, SbCl5, SbF3Cl2, SbF5 and NbCl5) with different metals
nd degree of oxidation were compared in the same condi-
ions (T = 50 ◦C and 2 equivalents of HF) Table 3. The various
ewis acids were selected depending on their chemical proper-

ies with various scale of Lewis acid and also their capacity for
he Cl/F exchanges. In all cases, yields are good and similar for
he whole of the catalysts. These results are compared to those
btained without catalyst. The conversion of PF00 was around
he same whatever the catalyst except TiCl4, MoCl5 and WCl6.
he selectivity towards fluorinated intermediates was different
ccording to catalysts. With TiCl4, PF10 (28%), PF11 (34%)
nd PF21 (20%) were the main intermediates corresponding to
fluorination on the two CCl3 groups. With MoCl5 or WCl6

s catalyst, the conversion was slightly lower (85%) and PF20
around 40%), PF21 (around 20%) and PF22 (around 14%) were

he main products. In these experimental conditions, these two
ewis acids supported the formation of other isomers, i.e., PF20

ather than PF11 from PF10 but not that of PF30 from PF20. PF20
nd PF30 were the main products with equivalent selectivity with

able 3
ransformation of the bis-1,3-trichloromethylbenzene

ewis acid Yield (%) Conv. (%) PF33 (%) PF32 (%) PF22 (%)

95 65 0 0 5
iCl4 96 95 1 1 6
oCl5 94 85 0 2 12
Cl6 93 85 0 2 15

aCl5 92 72 0 8 7
bCl5 88 72 10 4 0
bF3Cl2 85 64 10 5 2
bF5 90 66 8 5 2
bCl5 88 66 18 4 0

ffect of the amount of HF and the Lewis acid (TiCl4, MoCl5, WCl6, TaCl5, SbCl5,
uorinated products (T = 50 ◦C, t = 1 h, PF00 = 0.125 mol, HF = 0.25 mol, HF/PF00 = 2
emperature on the formation of the various fluorinated intermediates PFij in
he presence of HF alone (T = 50–200 ◦C, PF00 = 0.125 mol, HF = 0.25 mol,
F/PF00 = 2/1).

aCl5 whereas in the presence of the other Lewis acids (SbCl5,
bF3Cl2, SbF5 and NbCl5), PF30 was the main product (selec-

ivity of 70%). These Lewis acids favored the formation of PF30
ather than PF21 from PF20 and the conversion (around 70%)
ith these systems was lower than with TiCl4, MoCl5 and WCl6
ighlighting the reformation of PF00 after the HF consumption
n default and thus a redistribution of the atoms of halogens.

.2. Effect of the temperature of the reaction

The effect of the temperature was also studied under favorable
onditions to the formation of PF30, i.e., in the presence of HF
n default (Fig. 2). The results can be divided in three parts:

1) Between 50 and 90 ◦C corresponding to the total disappear-
ance of PF00 and the formation of PF10, PF11 and PF21
which in this case, corresponding to the fluorination of the
two CCl3 groups.

2) Between 110 and 120 ◦C corresponding to the intermediate
conditions and the decrease of the amount of PF to pro-
11
duce PF21 (22% at 120 ◦C), PF22 (14%) and its isomer PF20
(22%). In this range of temperature, the fluorination of PF10
into PF20 was possible.

PF31 (%) PF21 (%) PF30 (%) PF11 (%) PF20 (%) PF10 (%)

0 11 0 25 4 55
0 20 1 34 9 28
1 20 3 4 43 15
0 19 1 3 46 14
6 6 30 1 33 9
5 3 70 0 5 3
3 2 68 2 7 1
3 2 68 2 6 4
3 2 66 0 4 3

SbF3Cl2, SbF5, NbCl5) on the conversion (conv.) and the selectivity towards
/1, catalyst = 1, 25 mmol).
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Fig. 3. Transformation of the bis-1,3-trichloromethylbenzene. Effect of the
temperature on the formation of the various fluorinated intermediates PF
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Fig. 4. Transformation of the bis-1,3-trichloromethylbenzene. Effect of the
temperature on the formation of the various fluorinated intermediates PFij

in the presence of MoCl5 (T = 50–200 ◦C, PF00 = 0.125 mol, HF = 0.25 mol,
MoCl5 = 1.25 mmol, HF/MoCl5/PF00 = 2/0.01/1).

Fig. 5. Transformation of the bis-1,3-trichloromethylbenzene. Effect of the
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T
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ij

n the presence of TiCl4 (T = 50–200 ◦C, PF00 = 0.125 mol, HF = 0.25 mol,
iCl4 = 1.25 mmol, HF/TiCl4/PF00 = 2/0.01/1).

3) Beyond 120 ◦C, PF30 and PF00 were the main products.
The increase of the temperature favored the redistribution
of the halogenated atoms (fluorine and chlorine) leading to
the main products PF30 and PF00.

The change of the transformation of PF00 was also reported in
imilar experimental conditions in the presence of TiCl4 (Fig. 3),

oCl5 (Fig. 4) and SbCl5 (Fig. 5) as Lewis acids. They were
hosen according to their results obtained at 50 ◦C. Indeed, with
his temperature, in the presence of TiCl4, the main product
F11 corresponded to the fluorination of the two CCl3 groups;
ith MoCl5 the Cl/F exchanges would take place on the same
CCl3 group and finally SbCl5, the reference catalyst, where the

ormation of PF30 was the main product.
Whatever the Lewis acid used, the same distribution of

he products was observed but the temperature was decreased
epending on the Lewis acid used. Indeed, the presence of a
ewis acid accelerated the rate of the Cl/F exchanges. The com-
arison of these various systems showed that the formation of
F30 can be obtained at a temperature of 160 ◦C for HF alone,
t 140 ◦C with TiCl4, at 110 ◦C with MoCl5 and at 50 ◦C with

bCl5. These results could be explained by the fact that SbCl5
as more acid than the others and was the most efficient catalyst

or Cl/F exchanges.

H
o
e

able 4
ransformation of the various fluorinated intermediates PFij (conversion and select
itrogen, t = 1 h)

Fij Yield (%) Conv. (%) PF33 (%) PF32 (%) PF22 (%) PF31 (%)

F33 78 0 100 0 0 0
F32 73 9 7 90 0 3
F22 81 100 28 10 0 4
F31 75 92 16 27 0 8
F30 78 18 0 5 0 4
F21 81 93 1 15 17 4
F20 92 75 1 6 6 2
F11 88 100 2 5 0 2
F10 90 95 0 0 0 0
emperature on the formation of the various fluorinated intermediates PFij

n the presence of SbCl5 (T = 50–200 ◦C, PF00 = 0.125 mol, HF = 0.25 mol,
bCl5 = 1.25 mmol, HF/SbCl5/PF00 = 2/0.01/1).

.3. Transformation of the fluorinated intermediates

The transformation of the various fluorinated intermediates

5

Cl (by-product of the Cl/F exchange) (Table 5) at 140 ◦C in
rder to show the reversibility of the various reactions. In gen-
ral, the reactivity of the various intermediates depended on their

ivity) in the presence of SbCl5 (SbCl5: 0.323 mmol, T = 50 ◦C, Pi = 10 bar of

PF21 (%) PF30 (%) PF11 (%) PF20 (%) PF10 (%) PF00 (%)

0 0 0 0 0 0
0 0 0 0 0 0
1 51 0 1 1 4
0 49 0 0 0 0
0 82 0 1 0 8
8 13 1 25 5 11
4 16 2 25 10 28
0 37 0 9 6 39
0 20 0 4 6 70
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Table 5
Transformation of the various fluorinated intermediates in the presence of HCl (HCl: 5 bar, T = 140 ◦C, Pi = 10 bar of nitrogen, t = 1 h)

PFij Yield (%) Conv. (%) PF33 (%) PF32 (%) PF22 (%) PF31 (%) PF21 (%) PF30 (%) PF11 (%) PF20 (%) PF10 (%) PF00 (%)

PF33 80 0 99 1 0 0 0 0 0 0 0 0
PF32 78 1 1 97 1 1 0 0 0 0 0 0
PF22 89 9 0 2 92 0 2 0 0 2 0 2
PF31 75 88 11 36 0 12 0 37 0 1 2 1
PF30 80 4 0 0 0 3 0 97 0 0 0 0
PF21 76 23 0 0 7 0 78 0 1 13 0 <1
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F20 78 17 0 0 0 0
F11 87 66 0 0 2 0
F10 83 89 0 0 0 1

egree of fluorination and of the repartition of the fluorine atoms
n the CCl3 groups. In all cases, the yields were corrects. What-
ver the experimental conditions, PF33 and PF32 were unreactive
nd demonstrated their high stability. However, PF22 reacted
ery easily with SbCl5 (Table 4) to form mainly PF30 (51%)
nd PF33 (28%). The formation of the products corresponds to
redistribution of the halogenated atoms (Cl and F) to form

roducts with CF3 groups (PF30 and PF33) corresponding to a
ower and a higher degree of fluorination. PF22 remained unre-
ctive with HCl. Its isomer PF31 was very reactive (with SbCl5
nd HCl) and lead to the formation of PF30, PF32 and PF33.
F30 was transformed (around 20%) with SbCl5 in PF00, PF31
nd PF32 which indicates that the formation of the chlorinated
roduct PF00 can be formed after the uptake of HF. Conversely,
ts isomer PF21 was highly transformed (93%) with SbCl5 and
o a lower extend with HCl (23%). The main product was PF22
17%) and PF20 (25%) in the presence of SbCl5 which confirms
hat the way to produce PF31 from PF21 was unfavorable. In fact
ll of the PFij produced PF00, PF30 and PF33 except PF30, PF33
nd PF32. PF10 and PF31 in the presence of HCl were the most
eactive fluorinated intermediates followed by PF11, PF21, PF20
nd PF22. The redistribution of halogen from low fluorinated
ntermediates with a CCl2F group was favored.

From these experimental results, a reaction scheme could be
roposed whatever the experimental conditions with or without
catalyst (Scheme 1). First HF was fastly consumed by the

exachlorinated reactant to form the fluorinated intermediates
F11, P21 and PF22 which were the most reactive. After, when

he conditions were more favorable (i.e., high temperature and or

he presence of a Lewis acid), all the intermediates except PF00,
F33 and PF32 reacted with HCl or a Lewis acid to produce PF00,
F30 and PF33. This distribution involves the intermediates PF20,

cheme 2. SN1 mechanism for the fluorination of chloromethylbenzene deriva-
ives in liquid HF.
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8 0 1 82 4 5
20 0 34 9 27 8

1 10 1 12 11 64

F30 and PF31 rather than their isomers PF11, PF21 and PF22.
he low reactivity of PF30, PF32 and PF33 indicates that their

ormation is more favorable than their transformation.

.4. Theoretical approach

To validate this reaction scheme each step was studied
hrough theoretical calculations (stability of the various interme-
iates, carbocations involved and the reversibility of the various
eactions).

.4.1. Stability of the carbocations and the various
ntermediates

Chlorine/fluorine exchange reactions in the presence of
ydrogen fluoride are expected to occur through a SN1 mecha-
ism (Scheme 2).

The first step is an acid catalyzed loss of chloride generat-
ng a carbenium ion. This carbenium, stabilized by the phenyl
ubstituent, then reacts with a HF molecule. In such a mecha-
ism, the rate-limiting step is the endothermic formation of the
arbenium species. According to the Hammond postulate, the
orresponding transition state is close to the carbenium structure.
n important consequence is that rates of competing reactions

an be compared. For example, in the second fluorination step,
F10 could be transformed into PF11 or PF20 (Scheme 1).

The pathway involving the lower energy carbenium is
xpected to be more favorable. For this reason, the relative ener-
ies of the isomeric PFij intermediates and carbenium ions have
een calculated and are reported on Scheme 3. The carbenium
on leading to PF11 is more stable by 5.1 kcal/mol with respect to
he one leading to PF20. The formation of PF11 is thus favored,
n agreement with the experimental data (Table 2). As in the sec-
nd fluorination, there are two competing reactions in the fourth
uorination step where PF21 could be transformed into PF22 and
F31 (Schemes 1 and 3).

The carbenium ion leading to PF22 is more stable by
.0 kcal/mol than the one leading to PF31. This result is consis-
ent with the formation of a significant amount of PF22 whereas
F31 was not observed (Table 2).

At this stage, the most theoretically reactions correspond to

he pathway 1 in Scheme 1. This result is consistent with the
ata reported in Table 2. It is noticeable that these fluorina-
ion steps at 50 ◦C are under kinetic control since PF11 is the

ain product in the second fluorination though PF20 is slightly
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ore stable (0.7 kcal/mol) and PF22 is the main product in the
ourth fluorination though PF31 is more stable by 1.3 kcal/mol
Scheme 3).

However, an observation seems to contradict this theoretical
nalysis. From our hypotheses, the formation of PF20 should be
egligible because at 50 ◦C, a 5.1 kcal/mol difference in barrier
eights corresponds to a rate constants ratio of roughly 10−4.
urprisingly, for HF/PF00 = 2/1, the amount of PF20 is 3% and
annot be considered so negligible when compared to 25% for
F11 (Table 2). Looking at the reaction scheme, we note that
F20 could be obtained through a reverse reaction (i.e., a chlorine
tom replaces a fluorine atom) from PF21.

.4.2. Reverse reactions and PFij reactivities
To check if such reverse reactions can take place in our reac-

ive medium, we have estimated the energies of reactions for
ach step of the proposed reaction scheme. For the first fluori-
ation step, for example, we considered the reaction:

F00 + HF → PF10 + HCl

The calculations show that all these reactions are exothermic
n the gas phase. The energies of reaction lie between −6.9 and

7.8 kcal/mol. However, given the strongly H-bonding charac-
er of HF, it seems necessary to account for the environment of all
pecies involved in these reactions. We chose to include explic-
tly two additive HF molecules in the calculations. For example,
he reaction considered above was modeled as described in

cheme 4.

In these model reactions, each atom of the HF reactant is
olvated with an additive HF molecule. The modelling of the
roducts is justified by the fact that the H and F atoms of the

Scheme 4. Model reaction for the first fluorination of PF00.
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the corresponding carbocations (values in brackets).

eactant HF molecule are still solvated in the products. The F
tom is in the CCl2F moiety of PF10 while the H atom is in
he HCl molecule. The number of additive HF molecules may
e questionable for reactions involving compounds with more
han one F atom, as in the reaction:

F30 + HF → PF31 + HCl

In this case we assume that the solvation of the CF3 moi-
ty is approximately the same for PF30 and PF31. Consequently,
his effect cancels out when calculating the energy of reaction.
he calculations show that these model reactions are indeed
redicted to be significantly less exothermic than the corre-
ponding gas phase reactions. The energies of reaction, thus,
alculated range between −2.0 and −3.3 kcal/mol, and there-
ore, the reverse reactions considered above are likely to occur
n our reactive medium. The experimental results concerning the
eactivities of the PFij intermediates under 5 atm HCl pressure
onfirm this trend (Table 5). All PFij except PF30, PF22, PF32
nd PF33 undergo such reverse reactions in these conditions.

Moreover, according to the proposed reaction scheme, two
everse reactions can take place for some PFij. For example, PF21
ave a significant amount of PF20 (13%) compared to PF11 (1%)
nd one can remark that the carbenium ion leading to PF11 in
his reverse reaction is indeed destabilized by 5.4 kcal/mol with
espect to the one leading to PF20. Similar remarks can be made
or PF31 which gave PF30 (37%) whereas PF21 was not detected.
he carbenium ion corresponding to PF21 is destabilized by
1.6 kcal/mol.

The agreement between the experimental PFij reactivities
nd the relative stabilities of the carbenium ions permit to con-
lude that most steps of the proposed reaction scheme can be
onsidered as equilibria according to the literature [2].

.4.3. Effect of the temperature of the reaction
Other experimental results concerning the temperature effect
an be clarified. The composition of the reactive medium is
ndeed strongly temperature dependent (Fig. 2). For example,
he main products are PF00 (26%), PF30 (33%) and PF33 (11%)
t 200 ◦C for HF/PF00 = 2/1 and without catalyst. The amounts
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f PFij intermediates clearly tend to the thermodynamic equi-
ibrium at this temperature since PF30 and PF33, stabilized with
CF3 substituents, are major products. The large amount of PF00

esults from the composition in starting reactants in this exper-
ment (2 mol HF per 1 mol PF00, i.e., a default of HF). The
ccumulation of fluorine atoms in CF3 substituents results in
ignificant amount of PF00. We tried to quantify this analysis by
sing the calculated total energies for the PFij intermediates. To
his end we considered equilibria such as:

PF10 � PF00 + PF11 (1)

PF11 � PF10 + PF21 (2)

tc.
For each of these equilibria, the energy variation, �E, can be

alculated. For example, for reaction (1):

E(1) = E(PF00) + E(PF11) − 2E(PF10)

Then, supposing that the free energy variation �G is close to
E, the equilibrium constant is calculated as:

(1) = [PF00][PF11]

[PF10]2 = exp

(
−ΔE(1)

RT

)

Since there are 10 PFij compounds, we need 10 equations
o obtain the composition of the reactive medium. One equa-
ion stands for the phenyl conservation and one another for
he fluorine atom conservation [22], therefore, we need eight
quilibrium constants such as K(1). After numerical resolution
f these equations, we obtained the PFij percentages. These
alues are reported in Table 6 together with the experimental
ercentages. The qualitative agreement between the predicted
omposition and the experimental observations is satisfactory
ince in each case, PF00, PF30 and PF33 are the main products.
hen, the reactive medium composition is likely to be close to

he thermodynamic equilibrium at this temperature.

.4.4. Interpretation of the relative stabilities of isomeric

Fij and carbeniums

Some remarks can be made about the relative stabilities of
someric species involved in the proposed mechanism. The car-
enium ion leading to PF11 bears a CCl2+ substituent whereas

able 6
bserved and predited values of the various products (Molar %) without catalyst

T = 200 ◦C, HF/PF00 = 2/1)

% Observed % Predicteda

F00 26 38
F10 8 9
F11 0 4
F20 6 8
F21 2 2
F30 33 19
F22 1 1
F31 7 6
F32 6 4
F33 11 10

a Thermodynamic equilibrium based on the relative stabilities of PFij com-
ounds.
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he one leading to PF20 bears a CFCl+ substituent. The greater
tability of the former carbenium ion results from the better �-
onor character of chlorine with respect to fluorine atom. Such
rends on the �-donor ability of halogens in cationic species
ere previously studied and clarified [23]. This observation can
e extended to the other carbenium species. In each case, a car-
enium ion with a CCl2+ is more stable by 6.0 kcal/mol on
verage (5.1; 5.4 and 7.6, Scheme 3) than the isomeric carbe-
ium ion with a CFCl+ substituent. Similarly, a carbenium ion
earing a CFCl+ is always more stable, by 4.7 kcal/mol on aver-
ge (3.8; 4.0 and 6.2, Scheme 3) than the isomeric carbenium
on with a CF2

+. All these observations are consistent with the
etter �-donor ability of chlorine with respect to fluorine. Turn-
ng now to the relative energies of isomeric PFij compounds, we
emark that in each case, the most stable PFij is the one with
he most fluorine substitutions on one carbon atom. Thus, PF20,
F30 and PF31 are most stable than PF11 (0.7 kcal/mol), PF21
1.9 kcal/mol) and PF22 (1.3 kcal/mol), respectively. Such trends
or fluorine substitutions are usually observed for fluoroalkane
ompounds and were referred to as “segregation of fluorine rule”
24]. Theoretical studies have shown that the energetic prefer-
nce for multiple fluorine substitutions on one carbon atom can
e attributed to coulombic interactions [25].

. Conclusion

We can conclude that the transformation of the bis-1,3-
richloromethylbenzene depends on the experimental conditions
temperature, amount of HF and the presence of a Lewis
cid). In the presence of HF in excess, the hexafluorinated
roduct was selectively observed whatever the conditions. In
rder to produce selectively the most important product the 1-
richloromethyl-3-trifluoromethylbenzene, the best conditions
ere with HF in default. After the consumption of HF, the vari-
us fluorinated intermediates compounds were observed to lead
o the most thermodynamically stable compounds, i.e., mainly
he bis-1,3-trichloromethylbenzene and 1-trichloromethyl-3-
rifluoromethylbenzene.Theoretical calculations showed that
ssuming a SN1 mechanism for the chlorine/fluorine exchange
eactions, the system evolves at first that both CCl3 groups of
F00 are fluorinated. In addition, the reactions involved have
een shown to be reversible. An important consequence is, pro-
ided that some conditions are satisfied (presence of catalyst
r elevated temperature), that the composition of the reactive
edium tends toward the thermodynamic equilibrium. Indeed

he presence of a Lewis acid increases the formation of the most
table products depending on their Lewis acidity. SbCl5 which
s the most acid is the most efficient catalyst corresponding to
decrease of 150◦ to obtain similar results compared with HF
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