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Aromatic Fluorine Compounds. 11. 
A Novel Method of Introducing Fluorine into an Aromatic Ring 

KARL 0. CHRISTE AND ATTILA E. PAVLATH 
Richmond Research Center, Stauffer Chemical Company, Richmond, California 

Received March 3, 1966 

A novel and simple method for the introduction of a fluorine atom into an aromatic ring has been discovered. 
Fluorobenzene was prepared in high yield by the thermal decomposition of phenyl fluoroformate or thiofluoro- 
formate. Although the reaction proceeds without catalyst, platinum surfaces give better efficiency. Attempts 
to prepare fluorobenzene in the liquid phase by an ionic mechanism were unsuccessful. Starting from phenol 
and COFCl an over-all conversion of the starting material phenol of 70% and an over-all yield of fluorobenzene 
of 90% was obtained. The preparation of phenyl fluoroformate and thiofluoroformate was investigated by 
three different methods. Attempts to decarbonylate tetrachloroterephthaloyl Muoride to p-difluorotetra- 
chlorobenzene were unsuccessful. 

While the introduction of a chlorine or bromine atom 
into an aromatic nucleus using the corresponding 
elementary halogen is well known in organic chemistry, 
the preparation of aromatic fluorine compounds has 
not yet been accomplished by this method. The 
method most frequently used for the fluorination of an 
aromatic ring is the Balz-Schiemann reaction2 and its 
modification using a large excess of liquid H F  as sol- 
vent. This method, however, has its disadvantages, 
especially in large-scale operation. The fluorine- 
chlorine exchange reactions, which are commonly 
used in the aliphatic field, are applicable in the aro- 
matic field only to a small number of highly activated 
compounds, such as chlorani14 or nitrochlor~benzenes.~ 
A third method, using halogen fluoridese or CIFz+ 
complexes' for the electrophilic fluorination of the ring, 
is mostly of academic interest. Simple aromatic 
fluorine compounds have not easily been prepared in 
high yield on any scale. 

In the present paper we shall outline our procedure 
and its application to the fluorobenzene preparation. 
The application of this method to substituted aromatics 
and the introduction of more than one fluorine atom 
into the same nucleus will be described in parts III* 
and IVg of this series of publications. 

The new method for the introduction of a fluorine 
atom into an aromatic nucleus can be described by 
the following scheme, where X is either an oxygen or 
sulfur atom. ox' or 
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(2) G. Balz and G. Schiemann, Ber., B60, 1186 (1927); A. E. Pavlath 

and A. J. Leffler, American Chemical Sooiety Monograph No. 155, Rein- 
hold Publishing Corp., New York, N. Y., 1962, pp. 13, 43. 
(3) R. L. Ferm and C. A. VanderWerf, J. Am. Chem. Soc., 78,4809 (1950). 
(4) K. Wallenfels and W. Draber, Be?., 00, 2819 (1957). 

The intermediate phenyl fluoroformate and thio- 
fluoroformate can be prepared by difTerent methods. 
Table I gives the results of these reactions. Since 
COFCl can be prepared relatively easily from COClz 
and AsF3,10 SbF3,11 or S iFP (a waste product from 
fertilizer plants), its reaction with phenol appears to 
be the best method on a larger scale operation. It was 
found that the use of catalytic amounts of a tertiary 
amine results in nearly quantitative yield of the 
fluoroformate, suppressing the carbonate formation 
almost completely. The purity of the COFCl was not 
critical as long as it was in excess. Impurities of COFz 
and COClz up to 16% in the COFCl did not decrease 
the yield of the fluoroformate. This is in agreement 
with the greater reactivity of COFCl toward cyclic 
ethers10 or vicinal diolsla compared with that of COFz 
or COCIZ. If no COFCl is available, a convenient 
laboratory method for the preparation of the fluoro- 
formate consists of fluorinating the corresponding 
chloroformate with a metal fluoride or a metal hydrogen 
fluoride, such as NaF in acetonitrile or KHFz, respec- 
tively. 

The decomposition of chloroform ate^^^ or thio- 
chloroformatesl5 to the corresponding chlorides and of 
aliphatic fluoroformates to the fluorides16 is known. 
The ionic decomposition reaction of these compounds 
was carried out in the liquid phase using such catalysts 
as tertiary amines,14J8 dimethylformamide, l5 and B F r  
Etz0.16 All attempts to apply this method to aro- 
matic fluoroformates were unsuccessful. The use of 
tertiary amines, such as tributylamine and pyridine, 
and of Lewis acids, such as BF3 or BFIEtzO, was in- 
vestigated. In  every case, COz evolution was ob- 
served, but only high-boiling decomposition products 
were obtained. When completely different reaction 
conditions were used, such as passing gaseous phenyl 
fluoroformate in an nitrogen carrier stream through a 
hot tube, yields of fluorobenzene as high as 90% could 
be obtained, This behavior can be explained by a 
(5) H. B. Gottlieb. J .  Am.  Chem. Soc., 68, 532 (1938); G. C. Finger 

(6 )  J. F. Ellia and W. K. R. Musgrave, J .  Chem. Soo., 3608 (1950); 1063 
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(12) I(. 0. Christe and A. E. Pavlath, J. Org. Chem., 30, 3007 (1964). 
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TABLE I1 
THERMAL DBCOMPOSITION OF PHENYL FLUOROFORMATE AND PHENYL THIOFLVOROFORMATJ@ 

Starting material Tube and U n g  

AlFs on asbestos 
Ag wool 

Ag-plated Cu wool 
C h 81 c o a 1 
Quartz granules 

Phenyl fluoroformate Quartz tube 

Pt gauze f 

Pt gauze 
Pt gauze 
Pt gauze 
Pt  gauze 
Pt gauze 
Pt gauze 

Graphite tube 
Pt gauze 

Monel tube 
Hastelloy B helices 
Hastelloy B helices 
Hastelloy B helices 
Pt gauze 

Ni turnings 
Ni tube 

Pt-lined Inconel tube 
Pt gall50 
Pt gauze 
Pt  gauze 

Pt gauze 
Pt gauze 
Pt gauze 

Phenyl thiofluoroformate Quartz tube 

Temp., 
O C .  

650 
650 

370-500 
750 
750 
620 
690 
720 
750 
800 
850 

750 

550 
560 
020 
550 

540 

700 
750 
850 

600 
700 
800 

Con- % con- 
tact version 
time, of starting 
sec. 

3-4 
4-5 

3-4 
2 
1.5 
5 
5 
3-4 
3 
2-3 
2-3 

3-4 

6 
2.5 
6 
2 

8 

3.5 
3 
2.5 

2-3 
2-3 
1-2 

material 

100 
100 

1.0 
99.9 
65.5 
8.4 
13.3 
51.8 
72.1 
99.5 
100 

63.2 

99.5 
83.9 

54.2 

98.4 

2.4 
34.5 
61.0 

<0.5 
49.4 
99.9 

100 

c % yield 
Fluorobenzene 

2.0 
0 

50 

31.2 
11.9 
89.5 
90.3 
90.1 
70.0 
36.6 

14.6 

37.5 
21.8 
14.5 
47.0 

5.4 

> 90 
93.0 
86.1 

1.44 

Fluorobenzene 
... 
28.9 
78.7 

Phenol 

41.8 
20.8 
88.1 
10.5 
9.7 
9.9 
3.5 

Trace 

5.5 

6.8 
9.7 

Thiophenol 
. . .  

20.3 
3.8 

98 
100 

50 

62.5 
78.2 
85.5 
53.0 

94.6 

Ben50ne 
... 
Trace 
6.0 

Tar + decompn. products 

56.7 
48.0 

Trace 
Trace 
Trace 
26.5 
03.3 

79.1 

... 

1.2 
4.2 

Trace 
50.8 
1 1 . 5  

Tar + decompn. products 

5 All reactions were carried out a t  atmospheric pressure using dry nitrogen as a carrier gas. b The vapor pressure of the fluoroformate 
was kept in all caaes a t  100 mm. 

chromatography. Table I, reaction 8, shows the results of 
this run. 

Method C.-Phenyl chloroformate (0.64 mole) and KHF1 
(0.78 mole) were placed into a 500-ml. flask and stirred a t  100". 
After 5 hr., more KIWI (0.38 mole) waa added. After one more 
hour of stirring the mixture at  loo", the product waa extracted 
from the inorganic material with CHzCla and vacuum distilled. 
The result of this run is given in Table I, reaction 9. 

Phenyl thiochloroformate (0.46 mole) and NaF (1.0 mole) in 
250 ml. of acetonitrile were heated, stirred, and refluxed. The 
product waa filtered, the residue was wsshed with CH2C12, 
and the liquid phase was vacuum distilled. The result of this 
reaction is given in Table I, reaction 11. 

Phenyl fluoroformate is a colorleas, lachrymatory liquid, b.p. 
47.1O a t  (7 mm.) [lit.'* b.p. 153" (760 mm.)], na% 1.4642, 

1.201 g./ml., with F10 magnetic resonance of a singlet a t  
16.5 p.p.m. upfield from CFC&, characteristic of fluorofor- 
mates.lOJ8 The infrared spectrum (liquid i i h )  showed bands 
at  3070 (m, CH), 1830 (vs, C d ) ,  1595 (8, C d ) ,  1485 (8, 
C=C), 1460 (m, C=C), 1238 (vs, b), 1190 (m), 1160 (m), 1070 
(m), 1022 (w), 983 (vs), 908 (m), 849 (m), 758 (vs), and 690 
(s) crn.'. 

Anal. Calcd. for CvHiF02: C, 60.00; H, 3.60; F, 13.56. 
Found: C, 60.63; H, 3.98; F, 13.66. 

Phenyl thiofluoroformate is a colorless, lachrymatory liquid, 
b.p. 73" (9 mm.) n% 1.5273, d241.223 g./ml., with FIOmagnetic 
resonance of a singlet a t  43.6 p.p.m. downfield from CFCla 
and proton magnetic resonance of a multiplet at  455 C.P.S. 
below TMS, characterktic for a phenyl group. The infrared 
spectrum (liquid film) showed ban& a t  3070 (m, CH), 1805 
(m, C d ) ,  1580 (m, C d ) ,  1482 (8, C=C), 1445 (8, C d ) ,  
1270 (m), 1092 (E), 1032 (vs), 1020 (vs), 918 (m), 819 (m), 752 
(vs), 739 (m), 702 (E), 685 (8 )  cm.-l. 

Anal. Calcd. for GHJ?OS: C, 53.85; H, 3.22; E', 12.18; 
S,20.51. Found: C, 53.59; H,3.39; F, 11.5; S,20.42. 

Preparation of Fluorobenzene by Gas Phase Pyrolysis of 
Phenyl Fluoroformate or Thiofluoroformate.-The same setup 
was used for all reactions, except for different reaction tubes and 
fillings of these tubes. A stream of dry nitrogen, controlled by 
a flowmeter, waa passed through a small flask, containing the 
fluoroformate starting material. A fluoroformate vapor pressure 
of 100 mm. was controlled by external heating of the flaak with 

an oil bath. In the case of the phenyl fluoroformate, the oil- 
bath temperature was kept a t  100" and in the m e  of phenyl 
thiofluoroformate a t  125". The fluoroformatenitrogen mix- 
ture was passed through an electrically heated tube and the prod- 
ucts were quenched directly behind the exit of the tube by two 
cold traps, one a t  -78" and one at  -196". The second trap 
was connected to a mercury blow-off in order to prevent con- 
densation of atmospheric moisture in the cold traps. The 
heating of the reaction tube waa automatically controlled and the 
temperature of the tubular reactor was measured on its outside 
wall. The inlet part of the setup between the fluoroformate 
container and the reaction tube waa heated by three infrared 
lamps to prevent condensation of the starting material. The 
conversion of the starting material and the yields were de- 
termined by weighing of the used-up starting material and of the 
collected products. The composition of the products was 
analyzed by gas chromatography. After separation, the com- 
pounds themselves were identified by infrared analyses. The 
difference in boiling points of benzene and fluorobenzene (80.10 
and 84.85", respectively) is large enough to distinguish between 
the two compounds by gaa chromatography. The resulta of 
all these reactions are summarized in Table 11. 

Attempted Decarboxylation of Phenyl Fluorofoxmate in the 
Liquid Phase. A. Pyridine as Catalyst.-Pyridine (5 ml.) was 
placed into a 25-ml. flask equipped with a dropping funnel, 
nitrogen gas inlet, distillation head, magnetic stirrer, and an 
external oil bath for heating. The content of the flask waa kept 
a t  100' and stirred while phenyl fluoroformate (16 g.) waa slowly 
added. Since no reaction was observed, the temperature waa 
increased to 150°, whereon strong COz evolution began. The 
volatile products were collected in a cold trap (-78O), protected 
through a mercury blow-off against atmospheric moisture. 
Analysis of the condensed product and of the residue in the 
flask revealed only a trace of fluorobenzene. The main product 
waa a high-boiling solid. 

B. Tributylamine as Catalyst.-The same setup waa used as 
described under A. Decarboxylation occurred at  somewhat 
lower temperature (100-120"), but only solid decomposition 
products could be isolated. 

C. Pyridine as Catalyst and High-Boiling Mineral Oil as 
Solvent.-The same setup aa described under A waa used, but 
the size of the flaak was changed from 25 to 250 ml. High-boiling 
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mineral oil (150 ml.) was placed into the flask and heated to 150'. 
A mixture of 5 ml. of pyridine and 10 g. of phenyl fluoroformate 
was slowly added. The temperature of the oil bath was in- 
creased to 190" and all volatile products were carried over to  the 
cold trap by passing a stream of dry nitrogen through the hot 
mineral oil. Analysis of the products again showed only trace 
amounta of fluorobenzene. 

D. Boron Trifluoride as a Catalyst.-The same setup as 
described under A was used. Phenyl fluoroformate (4.5 g.) 
was placed into the flask and the temperature of the oil bath was 
increased to 120'. Boron tduoride was passed through the 
liquid with a flow rate of 60 cc./min. The product carried over 
to the cold traps by the BF, consisted mainly of unreacted starting 
material and did not contain any fluorobenzene. 

E. Boron Trifluoride Diethyl Etherate as a Catalyst.- 
The same setup as described under A was used. Freshly pre- 
pared BFTEkO (10 ml.) waa placed into the flask, the oil- 
bath temperature was increased to 50°, and phenyl fluoroformate 
(5 g.) was slowly added. Then the temperature was increased 
to 120". The product, collected in the cold trap, waa poured 
into aqueous NaOH solution and extracted with ether. The 
ether solution was dried with MgSOa and checked for fluoro- 
benzene by gas chromatography, but none was found. 

Attempted Decarbonylation of Tetrachloroterephthaloyl Di- 
fluoride.-The decarbonylation was inveatigated in the liquid 
phase without and with catalysts such aa BF3 or AIFa, and in the 
gas phase with catalysts such aa BF,, All?,, or TiF,. However, 
in every case no decarbonylation could be obtained. 

The Pyrolysis of n-Butyl Phosphate Esters and Salts1 
C. E. HIGGINS AND W. H. BALDW 

Chemistry Division, Oak Ridge National Laboratmy, Oak Ridge, Tennessee 

Received March 4, 1966 

Separate pyrolyses of tributyl phosphate, dibutyl phosphoric acid, monobutyl phosphoric acid, and barium 
dibutyl phosphate each produced mixtures of butenes in high yields; barium monobutyl phosphate produced only 
a 40% yield of the butene mixture, but over 96% of it waa butene-l. The extent of isomerization of butene-1 
to  cis- and trans-butene-2 varied with the acidity of the ester mixture being pyrolyzed, but the cis-to-trans 
ratio from ester pyrolysis remained constant at  0.74 -i 0.02. The composition of the butenes formed from any 
of the starting materials differed significantly from the thermodynamic equilibrium mixture. 

Extensive isomerization of the olefins evolved from 
the pyrolysis of trialkyl phosphates was observed 
qualitatively by Baumgarten and Setterquist.2 In  
determining the rate constants for the partial pyrolysis 
of tributyl phosphate (TBP) to form dibutylphos- 
phoric acid (HDBP) and butene-1, we reported3 
that traces of the cistrans isomers of butene-2 were 
detected after only a few per cent of the TBP had been 
converted to HDBP. The composition of the gases 
and liquids formed from the complete pyrolysis of TBP 
and its degradation products, HDBP and H2MBP 
(monobutyl phosphoric acid), was then investigated 
and is reported here. 

It was felt that isomerization would be inhibited if 
the barium salts of HDBP and HzMBP [Ba(DBP)2 
and BaMBP] were pyrolyzed. Reports published4 
on the pyrolysis of dialkyl phosphates and their zinc 
salts4b and of dialkyl dithioph~sphates~b and their 
zinc4 and lead4a salts, however, indicate that much 
isomerization occurred. In  the present study are in- 
cluded the barium salt of HDBP and the singularly 
acting barium monobutyl phosphate. 

Results and Discussion 
The composition of the gases obtained from the 

thermal decomposition of n-butyl phosphate esters and 
salts is shown in Table I. TBP and its acid degrada- 
tion products, HDBP and HzMBP, lost on the average 
over 80% of the butyl groups as butene isomers when 
heated at 241 to 245". When TBP decomposed the 
gas initially evolved was all butene-l, but as the re- 
action progressed cis- and trans-butene-2 began to 

(1) Research sponsored by the U. S. Atomic Energy Commission under 
contract with the Union Carbide Cow. 

(2) H. E. Baumgarten and R. A. Setterquist, J. Am. Chem. Soc., 79, 2605 
(1957). 

(3) C. E. Higgins and W. H. Baldwin, J .  Ore. Chcm.. 16, 846 (1961). 
(4) (a) 9. G. Perry, J .  6'- Chromatog., 4,93 (1964); (b) W. W. Hanneman 

and R. 8. Porter, J .  Or& Chem., 49, 2996 (1964). 

form.3 More isomerization was found when HDBP 
decomposed, and the greatest isomerization resulted 
from the pyrolysis of H2MBP. 

Because the isomerization increased as the reaction 
mixture became more acid, and because phosphoric 
acid catalyzes butene i~omerization,~ the pyrolysis 
was also run with phosphoric acid present initially. A 
solution of TBP and phosphoric acid in 2 : 1 mole ratio 
(equivalent to three HDBP's) decomposed to give 
results the same as for HDBP. However, thermal 
decomposition of TBP in the presence of H3P04 was 
not the only reaction occurring because ester inter- 
change is known to occur more rapidly than thermal 
decomposition at EL lower temperature6; the equi- 
librium mixture from ester interchange probably is 
established in minutes. 

Pyrolysis of the barium salts of dibutyl and mono- 
butyl phosphoric acids gave different results. BaMBP 
formed nearly pure butene-1; although the butene 
yield was low (40%), the composition was 98% butene-1 
for the 300" product and 96% for that produced at 
400-500". The Ba(DBP)2, however, pyrolyzed to 
yield 68% of an isomerized gas mixture that contained 
60% butene-1, 18% trans-butene-2, and 22% ch- 
butene-2. Since cis-butene-2 is thermodynamically 
less stable than trans-butene-2, it is surprising to find 
a higher yield of it than the latter. TBP and the acid 
esters formed more trans than cis isomer in all cases. 
Haag and Pines' have shown that the cis isomer forms 
faster than trans in the isomerization of butene-1, 
but at equilibrium its quantity is only about half of 
that of the trans isomer. It therefore appears that the 
cis-to-trans conversion rate is radically altered in the 
case of the Ba(DBP)2 pyrolysis, assuming that butene-1 

(5) V. N. Ipatieff, H. Pines, and R. E. Schaad, J. Am. Chem. Soc., 66, 

(6) C. E. Higgins and W. H. Baldwin, J. Ore. Chem., 11, 1156 (1956), 

(7) W. 0. Haag and H. Pines, J. Am. Chem. Soc., 83, 2488 (1960). 

2696 (1934). 

Table I,  teat 12, and Table 11. 


