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SUMMARY

In contrast to limited substitutive fluorination of aromatics with
halogen fluorides such as ClF, ClF3, BrF3 and IFs5, fluorination is the
predominant reaction path with ClF5. Under non-catalytic liquid phase
conditions, benzene was converted to fluorobenzeme (54% yield) and
chlorobenzene (37% yield), respectively. For a heterocyclic substrate,
i.e. 2,4,6-trifluoropyrimidine, substitutive fluorination predominated
over chlorination. Three possible fluorination mechanisms are discussed.
A transition complex of ClFg with benzene is favored. Enhanced exchange
fluorination of CCl4 was effected with ClF5 (CF2C12>>CFC13>CF3C1) as
compared with C1F3 (CFC13>>CFyCl,).

INTRODUCTION

Growing applications for ring fluorinated aromatics [1] have created
much interest in the development of new synthesis techniques. While early
direct aromatic substitution with fluorine (F;) gave violent reactions
involving ring scission, addition, coupling and polymerization, new
fluorination techniques have been developed in recent years: molecular
fluorine [2-5]; xenon fluorides [6]; high valency metal fluorides such as

silver difluoride [7,8] or cobaltic trifluoride [8]; organic hypofluorites
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such as CF30F [9,10] or CH3COF [11]; ionic hypofluorites such as CsSOAF
or RbSO4F [12,13]; NF4BF, [14]; and, anodic fluorination by controlled
potential electrolysis [15].

With halogen fluorides such as C1F, ClF3, BrF3 and IF5, and aromatics,

substitutive fluorination has been a minor reaction path (Table 1).

TABLE 1

Substitutive Aromatic Halogenation With Halogen Fluorides

Substitution
Interhalogen Substrate Solvent Product Ref.
C1F C6H6 CCl4 C6H5Cl 16
ClF3 C6H6 CCl4 C6H5C1>C6H5F 17
CGHF5 HF C6ClF5 18
BrF3 C6H6 CH3CN C6H5BrF2 19
C6HF5 CFC12CF2C1; CﬁBrF5 20
HF/SOZCIF
IF5 C6H6 06H51>>C6H5F; 21
C6H4FI
1,3,5—CBH3F3 Inert 22
CGFF5 Inert 22

Of the above halogen fluorides, ClF3 (or modifications) has been the
most intensively studied reagent with aromatics. Ellis and Musgrave
[17 a-c] established that substitutive chlorination predominated over
fluorination when benzene was reacted with ClF3 (CC14 solvent) under
catalytic (e.g. Con) or non-catalytic conditions in a steel reactor.
(Side reactions such as ring addition, coupling and tar formation

contributed to low yields).

c1 F
|
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2.0 + CIF, _—CET.. (1
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A later modification of the C1F3—benzene system was Pavlath's
discovery [23 a-c] that difluorochloronium ion, Cle+ (generated by
addition of Lewis acids, e.g. BF3, to give C1F2+BF4_), enhanced
substitutive fluorination. In contrast, Yakobson gE_é};[l8,22] recently
found that fluorinated aromatics, e.g. 1,3,5-trifluorobenzene, penta-
fluorobenzene and 4-H-heptafluorotoluene, do not undergo substitutive
aromatic fluorination with C1F2+, BrF2+, BrF4+ and IF4+ salts.

A major advance in recent halogen fluoride chemistry was the discovery
of the new interhalogen, chlorine pentafluoride, and the rapid development
of alternate synthesis routes [24-28]. A study was undertaken to assess
substitutive halogenation patterns of ClF5 with benzene under 'liquid-phase’

conditions [29].

RESULTS AND DISCUSSION

Substitutive Fluorination of Benzene With Chlorine Pentafluoride

Substitutive halogenation studies with benzene were conducted under
non-catalytic conditions in CCl4 solvent at low and high ClF5
concentrations.

At low CIF; concentrations (1.0 ClFg:2.75 CcH,:3.0 N,:16.8 CC1,),
nearly all (97%) of the consumed benzene was accounted for as products
arising from aromatic substitution (Table III). Fluorination predominated
over chlorination as evidenced by 53.8% and 36.5% corrected yields of

fluorobenzene (II) and chlorobenzene (1), respectively.

3N,

> 17 Oc°c14

2.75 + CIF (I1) > (D) (2)

In contrast to the corresponding ClF3-benzene system [17], there was
negligible evidence for side reactions arising from addition, coupling or
polymerization. Infrared examination of the cold traps (-15°, -78° and
-134°) showed no evidence of chlorofluoromethanes. (The latter observationms
are reminiscent of Ellis and Musgrave's findings [17 a,b] that halogen
exchange between CCl4 and C1F. did not occur if a more easily halogenated

3
substrate such as benzene was present).
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Attempts failed to enhance substitutive fluorination at high ClF5
concentrations (1.0 C1F5:1.3 C6H6:2.0 N2:8.4 CCla). While all of the
benzene was consumed, only 32.4% could be accounted for as substitution
products (Table IV). o- and/or p-Difluorobenzene (5.2% yield) represented
the maximum degree of fluorination. The absence of (II) suggests that
in-situ generation of the latter was followed by conversion to non-volatile
products., (In contrast to the absence of chlorofluoromethanes at low ClF5

concentrations, higher Cl1F_. levels effected competitive CCl4 exchange

5
3F and CC12F2).

The inability to further fluorinate fluorobenzene to give polyfluoro-

fluorination to give CCl

benzenes is not surprising. Ellis and Musgrave [17 b] found that, while
fluorobenzene was completely consumed upon reaction with ClF3 (CoF2
catalyst/CCl4 solvent), only p-chlorofluorobenzene and addition products
were formed. Likewise, the reaction of p-difluorobenzene and ClF3
resulted in complete conversion of the substrate; no substitution products
were found. (Similar inability to effect poly-substitutive fluorination
under liquid phase conditions with molecular fluorine (FZ) were noted by
Grakauskas: at low Fz/benzene stoichiometry, appreciable substitution
and minor polymer formation was noted; at higher molar ratios, this

product distribution was reversed [2]).

Substitutive Fluorination of 2,4,6-Trifluoropyrimidine With Chlorine

Pentafluoride

In contrast to fluorinated benzenes, fluorinated heterocyclics
exhibit slightly different behavior toward halogen fluorides. For example,
sluggish fluorination (33.97% conversion) was noted when 2,4,6-trifluoro-
pyrimidine was reacted with ClF5 in FLUORINERT® Liquid FC-75. Substitutive
halogenation (fluorination again predominating) represented a minor
reaction path: 2,4,5,6-tetrafluoropyrimidine (IV), 14.8% yield (corrected);
5-chloro-2,4,6-trifluoropyrimidine (V), 8.7% yield (corrected). (Ring

cleavage of the perfluorocyclic ether solvent by ClF_ is not possible as

5

evidenced by quantitative recovery of FC-75 and ClF. after 120 hours at 25°).

v

F

F
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7
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Mechanism

At least three potential fluorination paths could be considered.

(a) Fluorination via ClF_ Dissociation
=

Fluorination could arise from ClF5 dissociation products at 0°:

OO
ClF _ ClF, + F (4)
5 7 3 2
4 ~Ey o CHF + CH.CL
CH 65 65
66 |_12 (5
2—— C H_F
65
However, the negligible rate of C1F5 dissociation up to 200° (16 hours)

reported by Bauer and Sheehan {[30] does not support this mechanism.

(b) Self-Ionization of ClF
Self-ionization of C1F5 to generate ClFA as the active fluorinating

species represents another reaction path:

21F z—> arF,’ + CcIF (6)
This sequence does not appear likely. Meinert and Gross established the
following order of decreasing self-ionization within the halogen fluorides:
BrF3>IF5>BrF5>ClF3>ClF5 [31]1. Moreover, the use of CC14 solvent, a medium
of low dielectric constant employed in the substitutive fluorination of

benzene, would not favor self-ionization of ClFs.

(c) Transition Comﬁlex

A transition complex with the aromatic ring was proposed by Musgrave
for the non-catalyzed reaction of ClF3 and benzene [17 c].

+ -
o] g

F-—-ClF

&)
+ CIF; —— + HF + CI1F
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C1F would then ierve as a chlorinating agent, in agreement with the likely
o
polarization, Cl—F to give chlorobenzene, as previously demonstrated by

Gambaretto, et al. [16]. (A potential intermediate in Musgrave's transition

complex mechanism could be C6H5C1F2 Nesmeyanov, et al. [19] formed
phenylbromosodifluoride, C6HSBrF2, from benzene and BrF3/acetonitrile).

A modified transition complex mechanism proceeding via an arenium
cation could be envisaged for the corresponding non-catalyzed C1F5-benzene

system:

— H
F---CIF,

F F
e (8)
C1r -
—i —_— CIF, —HF
~CIF,

ClF3 generated from the above sequence would then participate by the
Musgrave transition complex path with benzene depicted in equation (7)

[17 <] [32].

‘Reaction of Chlorine Fluorides With Carbon Tetrachloride

ClF5 effected exchange fluorination of CCl4 (absence of aromatic
substrate) to give a mixture of chlorofluoromethanes: CF2C12>>CFC13
>CF3Cl (Table 2). The corresponding study by Ellis and Musgrave for
ClF3 and CCl4 gave chlorofluoromethanes of a lesser degree of fluori-
mation: CFC13>'>CF2C12 [17 b].

TABLE 2

Reaction of Chlorine Fluorides With CC1

4
Chlorine Molar Ratio Time Molar Ratio
Fluoride Ref. ClFx CCl; N»o Temp. (hr) CF3C1 CFzglz CFC13
ClFS This 1.0 13.2 3.0 0° 1.5 1.0 7.5 1.3
Study
C1F, [17 B] 1.0 11.0 3.4 0° 6.8 =) (=) 1.0

1.0 10.7 4.1 25° 8.4 (~-) 1.0 7.0
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EXPERIMENTAL

Reagents

ClF5 (IR assay, > 99%) was prepared from KC1 and F, [28 a,b].
Benzene, Baker & Adamson (Reagent ACS Grade). Carbon tetrachloride,
Mallinckrodt (A.R. Grade). 2,4,6-Trifluoropyrimidine (gc, 99.9%) was
prepared from 2,4,6-trichloropyrimidine and KF in sulfolane [34].
FLUORINERT® Liquid FC~75, mainly perfluoro-(2-n-butyltetrahydrofuran) and
perfluoro-(2-n-propyltetrahydropyran), was obtained from 3M Co.

Gas Liquid Chromatography

ClF5 with benzene: 15% Igepal CO880~Chromosorb W (80/100 mesh); column,
2m., 1/4 in. 1.d.; column temp., 75-250° at 10°/min.; injection port
temp., 210°; detector temp., 210°; flow rate, 7 sec./1l0 cc.

ClF5 with 2,4,6-trifluoropyrimidine: 15% SE30-Chromosorb W (80/100 mesh);
column, 3 m., 1/4 in.; column temp., 60°; injection port temp., 150°;

detector temp., 160°; flow rate, 6.3 sec./1l0 cc.

Apparatus

The reactor was an adaptation of a type described by Miller, et al
[35] for gas-liquid reactions featuring a high speed (3500 rpm) wire
gauze 'micro-bubble' stirrer. The design features of this apparatus
avoids high spots and permits rapid mixing of the gaseous and liquid

phases.

General Fluorination Procedure

The substrate was mixed with the solvent (0°) and the stirrer
brought up to speed (3500 rpm). The system was flushed with nitrogen
(15 min.) and ClF5
Cold traps (-15°, -78° and -134°, resgpectively) were attached to the

flow started (after nitrogen flow had stabilized).

reactor. At the end of the fluorination, the system was again flushed
with nitrogen (15 min.), the ice-bath removed and the reactor contents
allowed to warm to 25°., The reaction mixture was processed as described

in the individual experiments.
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Reaction of Benzene with C1F

5

(a) Low C1F_ Concentration

ClF5 (0.0575Jﬁol, 7.50 g) was fed at a rate of 7.5 g/hr diluted 1:3
with nitrogen (ClFS'flow rate: 21.5 standard cc/min; N2 flow rate:
65 standard cc/min) into a cooled (0°) solution of benzene (0.1580 Mol,
12.34 g) dissolved in CCl4 (0.964 Mol, 159.5 g) contained in a glass
reactor. The reaction mixture (162 g) was successively treated with
100 ml of saturated aqueous sodium bicarbonate (2 x), water (3x) and
dried over magnesium sulfate. (The crude and treated reaction
productshad identical infrared spectra). Product composition was

determined by GLC and mass spectroscopy (Table 3).

TABLE 3

Low ClF5 Concentration: Fluorination of Benzene by ClF5

Starting Materials

ClF5 (moles) 0.0575
Benzene (moles) 0.1580
CCl4 (ml) 100
Molar Ratio (Benzene/ClFS) 2.75/1
Benzene Consumed (moles) 0.0842

Mol Corrected
Products 018 Yield
Fluorobenzene 0.0453 53.8%
p-Chlorofluorobenzene 0.0034 4.0%
o-Chlorofluorobenzene 0.0022 2.6%
Chlorobenzene 0.0307 36.5%
C6H4F2, C6H3F3 and C6H3C1F2 Traces ——
Moles (Out) 0.0816
% Accountability 96.9%

(Based on benzene consumed)
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IR spectroscopy of the cold trap contents (combined wt, 6.58 g) showed

no evidence of CF3C1, CF2C12 or CFC13; only CC14, C6

Fractionation (-40°) of the trap contents gave 1.23 g (0.0118 Mol) of SiF

H6 and SiF4 were present.

4
The glass reactor showed significant etching.

(b) High ClF5 Concentration

ClF5 (0.1795 Mol, 23.41 g) was fed at an average rate of 15.6 g/hr
diluted 2:4 with nitrogen (ClF5 flow rate: 45 standard cc/min; N2 flow
rate: 60 standard cc/min) into a cooled (0°) solution of benzene
(0.2338 Mol, 18.26 g) dissolved in CClA (1.50 Mol, 233.0 g) contained in
a copper reactor. The reaction mixture (231 g) was treated with potassium
fluoride (17 g) to remove HF. A combination of mass spectral and GLC
assay identified the components listed in Table 4. At least 17 other
compounds were also present in trace quantities; benzene accountability

was only 32.47.

TABLE 4

High ClF5 Concentration: Fluorination of Benzene by C1F5

Starting Materials

ClF5 (moles) 0.1795
Benzene (moles) 0.2338
CCl4 (ml) 150
Molar Ratio (Bénzene/ClFs) 1.30/1
Benzene Consumed (moles) 0.2338

Corrected
Products Moles Yield
Fluorobenzene ——— ——
o- and/or p-Difluorobenzene 0.0121 5.2%
p-Chlorofluorobenzene 0.0127 12.7%
o-Chlorofluorobenzene 0.0090 3.9%
Chlorobenzene 0.0298 5.4%
Dichlorobenzene 0.0121 5.2%
Moles (Out) 0.0757
% Accountability 32.47

(Based on benzene consumed)
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IR spectroscopy of the cold trap contents (combined wt, 26.01 g)

showed the presence of CCl CC1l,F and CCl,F The trap contents

4’ 3 2727
contained HF (5.10 g, 0.2549 Mol) based on treatment with anhydrous KF.

Reaction of 2,4,6-Trifluorcopyrimidine With C1F

5

ClF5 (0.0519 Mol, 6.77 g) was fed at a rate of 6.7 g/hr diluted 1:3

with nitrogen (ClF. flow rate: 19 standard cc/min; N2 flow rate: 60

standard cc/min) iito a glass reactor containing a solution (0°) of

2,4,6-trifluoropyrimidine (0.150 Mol, 20.16 g) and FLUORINERT® Liquid
FC-75 (538 g). The reaction mixture (containing dispersed solids) was
treated with anhydrous KF and the solution assayed by GLC: 2,4,6-~tri-
fluoropyrimidine conversion, 33.9%; corrected yields: 2,4,5,6-tetre-

fluoropyrimidine, 14.8%; 5-chloro-2,4,6-trifluoropyrimidine, 8.7%.

Reaction of Carbon Tetrachloride With Chlorine Pentafluoride

Chlorine pentafluoride (0.0772 Mol, 10.07 g) was fed at a rate of
6.7 g/hr diluted 1:3 with nitrogen (ClF5 flow rate: 19 standard cc/min)
into carbon tetrachloride (1.0195 Mol, 157 g) cooled to 0° in a glass
reactor. VPC assay of the reaction mixture (147 g) indicated 99.8 Mol %
CC14. GLC assay of the -40°, -134° and -196° traps (combined wt, 9.64 g)

were qualitatively identical (CF2C12>CFC13>CF3C1), along with trace amounts

1). IR and mass spectroscopy

of ClF5 (characteristic bands at 732 and 786 cm
gave the following product distribution: CFZClz’ 0.0587 Mol; CFC1l
0.00995 Mol; and CF3C1, 0.00785 Mol.

FLUORINERT® Liquid FC-75 was inert to ClF5 (3.1/1 molar ratio)

3°

after 120 hr/25° in a KEL-F® reactor. Vacuum transfer (0°) of the

volatiles gave quantitative recovery of C1lF The residual liquid (98%

5
of initial charge) was found by IR spectroscopy to be identical to FC-75.
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