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SUMMARY. 

When c h l o r i n e t r i f l u o r i d e , d i l u t e d - 'by n i t r o g e n , r e a c t s 
w i t h carbon t e t r a c h l o r i d e i t Ogives r i s e t o f l u o r o t r i c h l o r o -
methane and difluorodichloromethane.. The extent of r e a c t i o n 
i s increased by r i s e of temperature and a d d i t i o n of c a t a l y s t 
(cobaltpus f l u o r i d e ) but the amount of r e a c t i o n a t 0°C i s very 
small. From c o n s i d e r a t i o n of t h i s , i t i s thought j u s t i f i a b l e 
t o assume t h a t c a r b o n - t e t r a c h l o r i d e acts as an i n e r t ' solvent 
i n r e actions of c h l o r i n e t r i f l u o r i d e w i t h aromatic compounds 
". o at 0 C. 

The r e a c t i o n of c h l o r i n e t r i f l u o r i d e , ' d i l u t e d by 
n i t r o g e n , w i t h benzene,, i t s homologues and i t s s u b s t i t u t e d 
d e r i v a t i v e s i n carbon t e t r a c h l o r i d e s o l u t i o n a t 0°C has been 
studied. I n the case of benzene a number of c a t a l y s t s were -
used, and the r e s u l t s compared w i t h those obtained under 
uncatalysed c o n d i t i o n s . At a l l other times,, cobaltous 
fluoride.-was employed as c a t a l y s t . I n a l l cases,, except 
t h a t of fluorobenzene, i t was seen t h a t s u b s t i t u t i o n of 
f l u o r i n e and c h l o r i n e occurred i n the nucleus, and a small 
amount of side chain f l u o r i n a t i o n also occurred i n the case 
of toluene.. 



The r e l a t i v e amounts of f i u o r o - and c h l o r o - d e r i v a t i v e 
formed, however, depended on the t e s t compound and c a t a l y s t 
concerned,, and no d i f l u o r o - d e r i v a t i v e was i s o l a t e d from the 
products of the fiuorobenzene experiment. S u b s t i t u t i o n was 
i n every case the predominant reaction,, but a d d i t i o n a l s o 
occurred i n a l l cases g i v i n g r i s e t o products of v a r y i n g 
s t a b i l i t y , which,, from, t h e i r p r o p e r t i e s and analyses,, appear 
t o be cyclohexane, cyclohexene and cyclohexadiene d e r i v a t i v e s . 
I n the case of benzene only, under c e r t a i n conditions,, small 
q u a n t i t i e s of compounds analysing as halogenated diphenyls 
were also obtained, and i n the case of b e n z o t r i c h l o r i d e there 
was a c e r t a i n amount of replacement t o give benzodic'ftlorofluoride. 
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P a r t I :• I n t r o d u c t i o n , H i s t o r i c a l and T h e o r e t i c a l . 

Although the i n t r o d u c t i o n of halogens i n t o organic 
compounds has been the subject of considerable study^ f OT 
many years, no d e t a i l e d i n v e s t i g a t i o n of the reaction' of 
chlo;rine t r i f l u o r i d e w i t h any organic compound of the . 
aromatic s e r i e s had been reported i n t h e L i t e r a t u r e 
previous t o 1950. I n the a l i p h a t i c s e r i e s the only work 
.carried out which, gave a, characterised product was due t o 
Hiickel (Macftr. Jka.d.. l i s s . Math. Physik. Klasse (Got t i n g e n ) , 
1946, 3€) who used c h l o r i n e t r i f l u o r i d e to* b r i n g about 
replacement of bromine i n bromodif luoronitrotnethane by 
f l u o r i n e t o give r i s e t o a small y i e l d of t r i f l u o r o n i t r o m e t h a n e . 

The lack of a t t e n t i o n paid to; c h l o r i n e t r i f l u o o . d e since 
i t s diseove,ry i n 1930 may be p r i n c i p a l l y a t t r i b u t e d to: two 
causes - ( i ) the e x c e p t i o n a l r e a c t i v i t y of the reagent. 
(Ruf f and Krug, %.. anorg. allgem. Cheei., 1930, 19G> 270; 
Booth and Pinkston, Chem. Rev., 1947, 41, 421; Domange and 
Neud©rffer,Sompt.rend., 1948, 226, 920) and ( i i ) 
d i f f i c u l t i e s in. the pr e p a r a t i o n of f l u o r i n e which i s required: 
f o r i t s synthesis.. The second of these f a c t o r s has now been 
overcome (Seech,, Quart. Reviews, 1949, £, 22;; Rudge, J. So©. 
Ghem-...r?d:»..1949! £i» 247) and as a r e s u l t of the subseq-uent 
a v a i l a b i l i t y of c h l o r i n e t r i f l u o r i d e om a commercial scale 
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(Leech, l o c . c i t . ; , Porter,, Cham, Eng.., 1948, |S ( 4 ) , _102) . 
i t has become possible t o make a more d e t a i l e d study of the 
r e a c t i o n of c h l o r i n e t r i f l u o r i d e w i t h various' organic . 
compounds. 

I n so f a r as the i n t r o d u c t i o n of c h l o r i n e into'..aromatic 
compounds i s concerned the methods w h i c h have been employed 
i n the l i t e r a t u r e f a l l i nto; two main-categories — : ( ! ) _ those, 
involving' d i r e c t e h l o r i n a t i o n and ( i i ) those which employ 
the diazonium r e a c t i o n . 

The r e a c t i o n of c h l o r i n e w i t h benzene and i t s 
homologues i s determined by the c o n d i t i o n s of temperature 
and the presence or absence of c a t a l y s t s and l i g h t . 
B o i l i n g benzene or benzene exposed t o s u n l i g h t reacts w i t h 
c h l o r i n e i n the absence of c a t a l y s t s t o give r i s e t o the 
a d d i t i v e compound, hexachiorocycIohexane. ' 

Although i t i s not u n l i k e l y t h a t s i m i l a r a d d i t i o n compounds 
may tend t o be formed from a l k y l benzenes, t h e i r r e a c t i o n 
i s complicated; by the f a c t t h a t two p o i n t s of a t t a c k , 
namely; the nucleus and the side chain are presented t o the 
halogen. I n v e s t i g a t i o n o f the behaviour: of toluene has; 
shown' t h a t I n s u n l i g h t i n the absence of c a t a l y s t s , toluene 
I s c h l o r i n a t e d I n the methyl group almost e x c l u s i v e l y 

< 2. 



g i v i n g successively benzyl c h l o r i d e , benzalchloride and 
f i n a l l y benz-'otrichloride. • S i m i l a r reaction: ensues I f 
c h lorine'.is passed through b o i l i n g t o l u ene. The combined 
c o n d i t i o n s of r e f l u x i n g hydrocarbon and the presence of 
s u n l i g h t . i s apparently the most successful way of 
I n t r o d u c i n g c h l o r i n e I n t o , the side chain without any-
nuclear s u b s t i t u t i o n . T h i s i s a general r u l e , h o l d i n g not 
only f o r toluene,, but f o r a l l a l k y l benzenes (Holleman and 
van Laan, Proc- K. I k a d . Wetenseh. Amsterdam, 1.905, 8, 512 \ 
Cohen,_.;Dawson, Blockey and ?/oodmansey, J. Chem. Soc., 1910, 
97, 1623). 

On the- other hand, several c a t a l y s t s , f o r example 
iodine and f e r r i c c h l o r i d e cause s u b s t i t u t i o n t o occur only 
i n the ^nucleus, even when other c o n d i t i o n s f a v o u r side- chain 
haloge nation,. I t i s thus possible t o arrange • c o n d i t i o n s i n 
such a way as t o obtain, products halogenat.ed e x c l u s i v e l y I n 
the nucleus or I n the side chain I n the case of a l k y l 
benzenes: I n the case of benzene I t s e l f the a c t i o n of 
c h l o r i n e I n the- presence of such c a t a l y s t s gives r i s e t o 
the monosubstituted chlorobenzene without formation of 
a d d i t i o n pro-ducts. 

O + ̂  Oa 4 HCL 

. . . . T h e . . f i r . s t ; _ I n v e s t i g a t o r t o employ such c a t a l y s t s t o 
promote nuclear s u b s t i t u t i o n was K.. M u l l s r ( J. Chem! Soc., 
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1662, 15, 41)- who employed iodine: and antimony pe n t a c h l o r i d e , 
and showed" t h a t they e f f e c t i v e l y catalysed the f o r m a t i o n of 
chlorobenzenes from hydrocarbons by the a c t i o n of c h l o r i n e . 
Numerous other halogen c a r r i e r s have, been employed by l a t e r , 
i n v e s t i g a t o r s , n o t a b l y aluminium' chloride,, mere-uric'-chloride, 
molybdenum pentachloride and the aluminiurn-mercury couple. 

I n order t o e f f e c t side chain halogenation i t i s 
e s s e n t i a l t h a t such compounds which may promote nuclear 
halogenation must be absent; according t o Haussermann and 
Beck (Ber..., 1892 , 25, 2445) t h i s side chain s u b s t i t u t i o n i s 
promoted' by-sulphur or . phosphorus t r i c h l o r i d e , though 
halogenation occurs, q u i t e smoothly i n t h e i r absence. The 
use of phosphoru'S pentaehloride as ca t a l y s t , i n a'side chain 
halogenati on - has- also been reported (Sehiemann and Baumgarten, 
Ber.., 1937 , 70, 1.41.8) though. Booth, Elsey and B u r e h f i e I d 
( J . iBier. Ghem., S o c , 1934, 57, 2066") s t a t e t h a t phosphorus 
pentaehloride, causes extensive . formation of t a r d u r i n g 
c h l o r i n a t i o n s , so-diminishing the y i e l d of r e q u i r e d product.. 

The c h l o r i n a t i o n of benzene homologues and benzene 
d e r i v a t i v e s having s u b s t i t u e n t s other than a l k y 1 groups, i n 
the presence of c a r r i e r c a t a l y s t s , has-been shown' t o g i v e 
r i s e t o f u r t h e r s u b s t i t u t i o n i n the nucleus v i a a mechanism 
i n v o l v i n g a t t a c k at. anion-old centres i n . the r i n g by the 
p o s i t i v e l y charged c h l o r i n e i o n CX*. This theory i s t o o w e l l 
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known t o need* f u r t h e r mention here. 
The a l t e r n a t i v e method f o r the production of aromatic 

chloro-compound's i s . f r o m the corresponding primary amine 
through the appropriate diaz'onium s a l t . .Two m o d i f i c a t i o n s 
are i n general use - ( i ) Sandtneyer's method (Ber.., 1884, 17, 
1.633' and* 2650) i n which- the- d'i,az:onlum c h l o r i d e i s t r e a t e d 
w i t h cuprous c h l o r i d e i n h y d r o c h l o r i c a c i d and the mixture 
subsequently warmed. I f R represents an a r y l r a d i c a l we 
t h u s have 

NaN02-& H Gl Cu 2Gl 2 i n 
R - NH'p T~~ > R - NoCl > R - C1+ No 

0°c c H CI then c 

heat. 
- and ( i i ) the method due t o Ga^ttermann ( i b i d , 1890, 23, 1218) 
which c o n s i s t s i n treatment of the diazonium c h l o r i d e 
s o l u t i o n w i t h copper bronze or copper powder. 

With.the exception of c e r t a i n r e a c t i o n s .which are 
s p e c i f i c I n character, and have only l i m i t e d ' a p p l i c a b i l i t y , 
t he methods a v a i l a b l e f o r the i n t r o d u c t i o n of f l u o r i n e into, 
organic compounds (other than by r e a c t i o n w i t h c h l o r i n e 
t r i f l u o r i d e ) f a l l i n t o s i x major groups as. follows"::-

(1-2 .._ ?r®F§;?§'$2r 2 n_ i?f _ ̂ rfS®! 12A% ¥2* 25 9-2W2WQ&§- £ r om_ ami ne s_ y i §: 
|iaz'onIum_compounds -

Schmitt and von Gehren ( J . p r a k t . Chern. 1870,, (2) 1, 394) 

were the f i r s t workers t o make an aromatic fluoro-compound 
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by diaz-otisatiott of p-amino:-benzoic a c i d i n 4QJ5 aepeous 
h y d r o f l u o r i c a c i d : subsequent decomposition of the 
dlaz'onium f l u o r i d e ' g a v e p-f luorobenzoie acid,. Later,, Wallach 
and Heusler (Ann., 1888, 2451 21.9) i s o l a t e d c e r t a i n diazonium 
piperldideS'. and obtained f l u o r o compounds from them by 
decomposition i n aqueous h y d r o f l u o r i c a c i d : the intermediate 
compound's were however, unstable,, and t h e ' y i e l d s low. . 
Swarts (Bull., acad. roy. 3 e l g . , 1913, 241) reported that: 
very good-yields of a. number of f l u o r o compounds were- obtained 
by d l a z ' o t l s a t i o n of the corresponding amines i n concentrated 
aqueous h y d r o f l u o r i c a c i d f o l l owed by decomposition of 'the 
diazonium f l u o r i d e by h e a t i n g . 

Balz' and Schiemann (Ber. ,5 1927, §Q, 11860 devised a two: 
stage process f o r ' p r e p a r i n g aromatic flu o r i d e s , , i n which the 
diazonium f l u o b o r a f e was f i r s t I s o l a t e d from the amine: t h i s 
s a l t was then dried-and decomposed by heating i n the dry 
s t a t e . -

. NaN02 and H CI HBF 4 

a t ' " .. heat 
R.M 2 p ^ - > R.NgCl -^R..N'2BF4 >R.F+ N 2+ BF 3 

This type of r e a c t i o n was e x t e n s i v e l y developed I n subsequent, 
years by Schiemann and other workers and a considerable number 
o f experimental m o d i f i c a t i o n s are known. 



Mara r e c e n t l y .Fem and van: der Werf ( J . Amer. Chem. S o c , 
1950,. 72,, 4809) have r e p o r t e d t h a t e x c e l l e n t y i e l d s of aromatic 
fluoro-compourids can be obtained by d i a z o t i s a t i o n of 
corresponding amines dissolved i n anhydrous hydrogen, f l u o r i d e , ' 
followed* by r e f l u x to. decompose the' diaz:o-nium f l u o r i d e . 

(2)' The' replacement' of' b t h e x ha Jbgg.ljs^ b y l f Irabr ine' "by t he' bse 
of inorganic'' f l u o r i d e s -

The p r i n c i p l e of t h i s method c o n s i s t s i n causing a double 
exchange t o occur between an organic h a l i d e and an inorganic 
f l u o r i d e . Where the organic halogen t o be s u b s t i t u t e d i s 
chemically v e r y - a c t i v e , s u b s t i t u t i o n i s u s u a l l y simple; thus 
f o r example a e y l h a l i d e s may be converted t o a c y l f l u o r i d e s by 
use of antimony t r i f l u o r i d e (Keslans e t al..Compt. rend., 
1890, I1Q» 717) or hydrogen f l u o r i d e - (Fredenhagen and 
Cadenbaeh, Z. p h y s i i . Ghem.. 1933, •:. 1164. 201). A l k y l 
monohalides are converted t o the f l u o r i d e s by the use of 
s i l v e r , mercurous or mercuric f l u o r i d e s , a f l u o r i d e of 
mercury being g e n e r a l l y most convenient (H'enne, J. Amer. Ghem. 
S o c , 1938, 6j|, 1569 and" other papers- of t h i s s e r i e s ) . ' 

Polyhalides w i t h s e veral halogen atoms l i n k e d t o the same 

carbon atom'are best f l u o r i n a t e d w i t h antimony t r i f l u o r i d e . i n 

the presence of pentavalent antimony i n s m a l l . q u a n t i t i e s 

(Swarts, B u l l . aead. roy. Belg., 1893, ( 3 ) , 24 and subsequent 



p u b l i c a t i o n s ) . . Hydrogen f l u o r i d e can a c t as the source of 
f l u o r i n e f o r organic d i - or t r i - h a l i d e s , the halogen atoms of 
which are a l l l i n k e d t o .a. s i n g l e carbon atom; e.~g. the 
conversion of QQE^.C CI3 t o G5H5.CF3 (Osswald, M l l e r and 
Stein^au'ser,;Ge^ 575593) and of G CI3C Cl= G C l 2 

t o CFg C CI s: 0" Gig \ (Henne, I h a l e y and Stevenson, J. Amer. 
Chem. Soc;, 1941, 63, 3478). - ̂  

The use of the halogen f l u o r i d e s i n the s u b s t i t u t i o n of 
f l u o r i n e f o r other halogens could j u s t i f i a b l y be in c l u d e d i n 
t h i s section,- but as.a d e t a i l e d c o n s i d e r a t i o n of t h e i r 
r e a c t i o n s w i t h organic compounds i s t o be made l a t e r , i t i s 
s u f f i c i e n t here t o note the method f o r the sake of completeness. 

(3) ' " l & I i i 1 ok'\®i'.-hjrSrbgen^£ikb.r.ili:9.'. t o ' o i e i i n x c ' or" a c e t y l e n i c 
linkages. -

By t h i s process o l e f i n e s and hydrogen f l u o r i d e have been 
su c c e s s f u l l y combined g i v i n g f l u o r i d e s (von Grosse and Lind 
J. Org. Ghem.,, 1938, 3, 26; von Grosse, l a c k e r and Eind, 
J. Phys. Ghem., 1940, 44, 275) and higher alkynes g i v e 2 - 2 
di f l u o r o - a l k a n e s e x c l u s i v e l y (von .Grosse and L i n d , Amer. Ghem.• 
Soc. Baltimore Meeting,: 1939) Acetylene i t s e l f r eacts w i t h 
d i f f i c u l t y a t room- temperature t o give a mixture of v i n y l 
f l u o r i d e and ethylidene d i f l u o r i d e . 
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141 -V.. Th-0.1;use.l bi;^e|alli5l^l;ksti;d;is.; of'.higher jalency'.sjbatas.. 
which'are oapable_of regiacing..,hydrogen in organic compounds 

by_fiuorine. 

This method has been devised..by Fowler and his collaborators 

(Ind. Eng. Chem., 1947, 39, 292) and i t involves the indi rec t 

use of f luorine* The fluorides of the higher valency stales 

of certain metals (e.g. cobalt t r i - f l u o r i d e and s i lver 

difluori.de.) are s u f f i c i e n t l y active as f luor ina t ing agents to 

replace hydrogen by f luorine and also to saturate double bonds 

with f luorine when the- hydro-carbon vapour is-gassed over them 
'' o"" ~ ' ~ " 

at 300-550 c Manganese t r i f l u o r i d e and cerium tet raf luor ide 

have also been employed in vapour phase fluorinations.. 

The reaction is t y p i f i e d by-'the equation -

' , 300-350°c ' ' ' " •'• 
R.H 4- 2 Go F 3 • ;—* R.F + 2 Co F 2 + HF 

- and the 

heat produced is considerably less than that of. direct 

f luor ina t ion , and hence causes less ^fusion of carbon - carbon 

bonds. 

The use of cobaltic and argentic fluorides i s also 

applicable- to the liquidphase f luor ina t ion of compounds 

already co;ntaining_aggre ciable_amounts of f luorine but th is 

type of reaction is too vigorous for any less stable compounds. 

9, 

http://difluori.de


(5) ' ' tl\xmhk%&bW''¥f' electrochemical' inethoct 

Simons ("J. Electrochem. Soc, 1949, 47) has shown that, when 

certain organic compounds are dissolved in anhydrous hydrogen 

fluoride -and electrolysed under conditions such that no free 

f luorine i s produced i n the experiment, i t i s possible to 

obtain fluoroearbons and fluoro-earbon derivatives from the 

reaction -products* then the method was applied to carboxylic 

acids, ketones' alcohols and ethers the pr incipal products 

of the electrolysis were fluoro-earbons with the same number 

of carbon atoms as the hydro-carbon radical, of the organic 

compound although the occurrence -of further fragmentation and 

of polymerisation was noted. 

(6) ' ' The' direct ' action' o f f luor ine ' upon' organic' compound's. 

The introduction of fluorine, into organic compounds has been 
~ " ' \ ............ 

i n many cases accomplished '-by the direct action of f luorine • 

upon: them, as opposed to the indirect methods which have been 

discussed (vide supra). The f i r s t successful f luor ida t ion of 

a hydro-carbon was reported by Bockemuller (Ann.., 1933, 506. 

20),: gaseous f luor ine was passed into a di lute solution of 

cyclohexane i n dichlorodifluoromethane i n glass apparatus at 

80°G and a y ie ld of approximately 33% of monofluorocyclo-

hexane CgH^F was reported. Eater workers investigating the 

f luor ida t ion of ethane (Galfee and Bigelovr, J . imer. Chem. 

.10, 



Soc., 1937, 59, 2072;; Young,. Fukuhara and Bigelow, i b i d , 

1940, 62, 1171) carried out. work i n the vapour phase over 

copper wire screens and obtained a number of substitution 

products together with carbon te t ra f luor ide . 

A detailed study of the f luor ina t ion of benzene was 

earried out by,i:fukuhara and* Bigelow f i b i d , 1941, 63, 2792} 

i n the vapour phase with copper gauze packing* The ultimate 

products isolated were CF4, CgFg* % F Q > v g ^ Q , CgF-̂ Q, C ^ . ] ^ * 

'G!gHF]_2 and G ^ g ^ ' n o a r o m a ' t , i c f luorides were obtained. 
These results indicate that addition followed by substitution,. 

and also fragmentation and polymerisation, a l l occur during 

direct f luor ina t ion . 

Such phenomena have a l l been explained by Bigelow (Ghem. 

Rev., 1947, 40, 8 9 f f . ) on the basis of the theory of atomic 

chain reactions* The f luorine molecule is f i r s t s p l i t into 

atoms by thermal or catalytic..action (or both) : -

F 2 2F* • • - - -
- a f t e r which the following 

processes may occur. 

(1) Addition 

R2C * CR2 +• F* > . R2GF - GRg 

R2GF - GR2 * F 2 ~ * R 2 G F " G F R 2 + F * 
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(2) Substitution 

RH + F* —> HF +• R* 

R" + F 2 — » RF T F* 

(3) Fragmentation . . • 
RCF2 -'• GF2R-+ F*-* RCF3; + * CF2R 

*CF2R+F2-̂ RGF3 + F* 

(4) Dime ri'sat ion- - • 

R%R* -*E. - R (chain breaker) 

(5) Polymerisation ; • 

R2GF - CR2 R2G = CR2^R2GF - GR2 - GR2 - GR2 

, » • 

u n t i l formation of end product by 

R2CF ( C R 2 ) n - GR2 + F 2 ;-*R 2CF (G%)^. - CFR^F* 

Elementary f luorine has also been employed i n "the 

replacement of other halogens. Thus carbon tetrachloride 

was converted into a mixture of chlorofiuoromethanes and 
carbon te ' t rafluBiEide by f luorine diluted with nitrogen i n 

the presence of cobaltic f luoride as a "f luorine-carr ier" 

catalyst (Ruff and Keim, Z. an org. allgem. Ghera., 1,931, 201, 

245). In the presence of arsenic and bromine the reaction-

was nioderated i n such a way that the product was almost pure 

fluorotriehloromethane (Simons,. Bond and Me. Arthur,. J v Amer, 

i . Soc , 1940,. 62, 3477). These last authors found also 
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that when a mixture of f luorine and difluorodiehloromethane 

was passed over a mercury catalyst at high temperatures a 

good y i e l d of triflurochloromethane resulted. 

The method of direct f iuor ina t ion has been the subject of 

considerable study i n the past feif years and. numerous 

modifications in experimental technique and catalyt ic 

conditions- have been reported in the l i tera ture (e.g* M i l l e r , 

J., Me'Ts. Chem.--Soc, 1.940,. 62, • 341; C'ady et a l . , I'nd.. Eng. 

Chem.., 1947, 39, - 290;: Musgrave and-Smith,. J.: Cherav Soc., 1.949, 

3021);. • I t is d i f f i c u l t , to draw a f i r m l ine between this.method 

and. the method, using metallic halides. When copper i s u*sed 

as- catalyst i t shows l i t t l e change,: but other metals are 

certainly converted to fluorides which may .'carry' the • fluorine.. 

Beyond these s ix main reaction groups, one other method, 

of l imi ted scope, may be noted:, th i s is the reaction of ary l 

iodo™difluorides with certain aromatic ,. and po.lynuclear com­

pounds (Bockemuller, Ber., 1931, M , 522.;: : G&rvej, ffalley and 

Al len , "J. Amer., Ghem. Soc., 1937, 59, 18:2?)., Such a process 

may bring about either substi tution or polymerisation, or 

both: this diet hy lan i l ine gives p-fluorodi.ethylanili.ne 

together with tetraethylbenzidine, and anthracene gives 

9- f luor o-ant h rac e ne.. 

Chlorine •tri'flu-o'ride' as a 'Ha 1 ogenating Mgent. 

Having reviewed the general methods by which chlorine and 
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f luorine may be introduced into organic molecules, i t i s now 

possible to consider the chemistry of the halogen f luorides , 

par t icular ly chlorine t r i f l u o r i d e , and to examine the i r 

poss ib i l i t i es as reagents i n organic chemistry. 

I l l seven of the known halogen fluorides have been 

prepared either by direct union of the two halogen 

constituents:under various conditions* or,, i n the eases of some 

higher f luor ides , by the direct f luor ina t ion of the lower 

f luor ide . • Iodine pentafluoride was f i r s t , d e f i n i t e l y 

characterised by Moissan (Compt. rend.-, 1902, 135, 563:), bromine 

t r i f l u o r i d e was discovered independently by Eebeau ( ibid, . 1905, 

141,. 1.015) and Prideaux (J . Chem. Soc, 1906,: 8£>. 316), whilst 

a l l the rest, were f i r s t prepared by Ruff and his co-workers 

between 1925 and 1933. • 

Chlorine monofluoride was f i r s t made from, the elements 

(Ruff and Ascher, Z. an org. allgem. Chem., 1.928, 176, 258) as • 

also was chlorine t r i f luoride (Ruf f .'and Krug, i b i d , 193©? 1.9.0,, -

270). On the technical scale chlorine t r i f l u o r i d e is obtained 

by heating the ..elements i n nickel apparatus,- f i r s t forming the 

monof luoride; (2OO0C) then, the t r i f luoride at 280°0 (Eeech, 

Quart. Reviews, 1949, 3, 22;; see also Porter, Chem. Eng.., 

1948, 55, (4),-102). Bromine monofluoride was made from the 

elements at ,1.0°G (Ruff and Braida, Z, an org. allgem. Chem., 

1933, 214, 81) and was found to be thermally unstable, 
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disproportionating at relatively-Low temperatures -

3 Br F • > Br F 3 * Br 2 # , 

Bromine pentafluoride and iodine heptafluoride were obtained 

by f l uo r ina t i on of bromine,.,trifluorideat 200°C. (Ruff and 

Menz-el,. ibid,. 1.931, 202, 49) and iodine pentafluoride at 

28©°C (Ruff and Keim, i b i d , ,1.930,. I | 3 , 176) respectively. 

The halogen fluorides,, l ike f luorine i t s e l f , are 

exceptionally reactive, ' thei r outstanding chemical property a 

is t h e i r powerful, oxidising' action upon almost every type1, of 

chemical element or compound. The approximate order of the i r 

react iv i ty may be wr i t ten as the series -

CI. F | > Br % > IFy > Gl F > Br F 3 > I F 5 > Br F 

but i t should be noted that l i t t l e i s known about the 

chemical properties of bromine monofluoride owing to i t s 

thermal i n s t a b i l i t y . Observations show that the halogen 

fluorides apparently react, at. least to some extent,, with a l l 

metals ..(Booth, and Pinkston,. Chem., Rev.,, 1947,, 41, .421) .though 

i n certain cases f luoride f i lming occurs, preventing further 

reaction, .especially at lower temperatures. I f no protective 

f i l m is formed, a vigorous reaction ensues;' the f luor ina t ion 

of several metals with chlorine t r i f l u o r i d e at various 

temperatures, i s reported by Huckel (Nachr. Akad. f iss . . l a t h . 

Physik. Klasse (Gottingen), 1946, 36). 
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I n so fa r as the non-metallic elements are concerned, 

the only cases where no reaction with halogen fluorides has 

been reported are those of nitrogen, oxygen and the rare 

gases. Generally speaking, the only differences i n the 

reaction of non metals: towards the halogen fluorides from 

that of metals i s that f luoride f i lming does not occur and. 

the reactions generally proceed at , or re la t ive ly near, 

room, temperature. By reaction with a halogen f luoride 

either at , or s l igh t ly above, room temperature, boron, 

silicon*^phosphorus, arsenic, antimony, sulphur, selenium 

and tellurium; a l l give rise to the corresponding f luor ides ; 

the reactions which occur i n these cases are generally of a 

violent nature. Hydrogen burns i n the halogen fluorides 

though considerable heating i s sometimes required for i t s 

ign i t ion . 

Reactions between the halogen'fluorides and chlorine, 

bromine and iodine often occur readily and various 

equi l ibr ia are set up: the available data is however only 

of a quali tat ive nature (Booth and Pinkston, loc. c i t . ) 

except for the reaction between chlorine and chlorine 

t r i f l u o r i d e which i s stated to proceed to completion with 

formation of chlorine.'mono-flooride thus r -

G l 2 + GIF 3 • 3' CI F 
(Schmitz and 
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Schumacher, Z.. Naturf orsch., 1947, 2a, 362).. 

The halogen fluorides have found pract ical application 

as f luor ina t ing agents 1in inorganic chemistry. Thus th ionyl 

chlorofluoride S'GCIF is obtained by the reaction of bromine 

t r i f luor i .de or iodine pentafluoride upon th ionyl chloride 

(So i l , F . I .A.T. Rev. German Science (1939-46), Inorg.. Ghem.. . 

F t . I , 1946, 192). Sulphury! bromofluoride S02BrF is 

obtained'by the interaction of sulphur dioxide, bromine 

t r i f 1'uo'ride and bromine i n an autoclave at room temperature 

(Kwasnik, i b i d , 193). The same author ( i b i d , 243) has also 

reported the preparations of carbonyl chlorofluoride G0C1F. 

(from carbon monoxide and chlorine monofluoride)% carbonyl 

bromof l.uoride CO Br F (from carbon monoxide and bromine 

t r i f l u o r i d e ) and carbonyl iodofluoride COlF (from carbon 

monoxide and iodine pentafluoride). The reaction of l i q u i d 

bromine t r i f l u o r i d e on a number of metallic chlorides, 

bromides and iodides has been .investigated by Sharpe and 

Emeleus (see Sharpe, Quart. Reviews, 1950, 4, 121) and> with 

the exception of s i lver , the products were generally the 

highest known fluorides of the metals concerned, though f i lms 

of reagent-insoluble fluorides often prevented complete 

reaction. _ For example,: plumbous, thallous and cobaltous 

halides yielded mixtures of lower and higher f luor ides . 

Where the product was vola t i le (e.g. uranium hexafluoride) or 
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reagent-soluble (e.g. a lka l i metal fluorides) conversion to 

the fluoride was quantitative. The fluorides of sodium, 

potassium, monovalent s i lver , barium, rubidium and caesium 

dissolved i n excess of the reagent giving bromotetrafluorides 

of which those of the last two metals were relatively-

unstable. 

More generally,, where a metal has-more than one valence 

state,, the. amount of any part icular f luoride formed by 

reaction of the halide of such-a metal with a halogen 

f luoride depends upon the oxidising power of the l a t t e r . 

This variation in oxidising power has been i l lus t ra ted by a 

study of the reactions of halogen fluorides with t r i coba l t 

tetroxi.de and. cobalt ores chloride (Gall , M i l l e r , Verde H i 

and Loomis, Amer. Chem. Soc. Mew. York Meeting, Sept. 1947). 

In reactions with the oxide, chlorine t r i f l u o r i d e gave more 

than 95% cobaltic f luoride whilst chlorine monofluoride and 
• 

bromine pentaf luoride' gave* 98% and. 90% cobaltous f luoride 

respectively and iodine pentafluoride did not react. 

Cobaltous chloride was completely converted to cobaltic 

f luoride by chlorine t r i f luo r i .de , while mixtures of 55% C0F3 
and 45^ C0P2, 45% CoF3 _and 55% C0P2 were obtained by use 

of bromine penta- and t r i - f luo r ides . respectively. Iodine 

pentafluoride gave only cobaltous f luor ide , which amounted to 

72%, of the t o t a l sol id product. 
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The data regarding.reaction of the. halogen fluorides 

with organic compounds i s scanty'and often only quali tat ive 

i n nature.: Previous to 1949,. the . only records giving 

details of the employment of a halogen f luoride to obtain 

.a'desired product concerned bromine t r i f l u o r i d e and iodine1 

pentafluoride ' (vide in f ra ) , together-with one single mention 

of-chlorine t r i f luoride (Huekel,. Nachr. Ik-ad. Wissi Math. 

Physik Elas'se^^ottingen), 1946', 36) which has already been, 

noted-(see page 1). -

There is no record- of any. reaction between bromine / 

monof luoride and--organic, compoundsi presumably th i s i s due 

t o - i t s thermal i n s t a b i l i t y and subsequent-difficulties i n 

pu r i f i ca t i on end handling. . Some .qualitative work on iodine: 

heptaf luoride was'reported by Ruff and Keim (Z. anorg. 

allgem. Chem..,: 1.930, 193", 176). Reactions were usually 

violent generally with the apparent production of complex -

mixtures of degraded organic fluorides and iodine. The 

direct reaction between, fo r instance, iodine heptafluoride 

and benzene and other hydrocarbons i s reported to proceed 

with spontaneous i g n i t i o n . Similar ly , bromine pentafluoride 

i s stated to react i n a violent manner with organic compounds 

under direct conditions, often with incandescence, or even 

! x ? l o s i o 1 1 J . ? ? ? ? . a n d H e r i z ' e l > i b i d » 1931, 20a, 49). In the 
case of chlorine rnon of luoride no observation of a controlled 

19 



reaction was, made;. , a. wide range of organic compounds, tested 

.were .a l l seen to catch fire- in an- atmosphere of chlorine 

monofluoride (Ruf f and Ascher, i b i d , 1928,. 175;,, 258). 

Similarly: chlorine- t r i f luoride was stated by i t s discoverers 

(Ruff and' Knag* "ibid* - 1930, 190, 270) to undergo- violent and 

often-explosive, reactions with benzene, ether, pa ra f f in o i l , 

acetic acid and other organic compounds. 

• FB̂  seems apparent t h a i in the cases of chlorine mono- and 

t r i - fluorides,, bromine -pentafluoride and iodine heptafluoride, 

the results, of direct interact ion with organic compounds not 

already containing halogens, in non-moderated conditions, give 

rise to complex mixtures of organic degradation products. 

This state .of a f f a i r s ; i s however, most probably only due to the 

fact that the reaction conditions used were not conducive to 

the-formation of stable products. According to; the reports, 

there seems to have been l i t t l e or no attempt to control the 

violence of the reactions which were merely effected by direct 

contact.. -

The f i r s t case of a halogen f luoride substituting the 

hydrogen of an aromatic nucleus to give an aromatic flu-oride 

was reported by Ruff and Keimr(ibid, 1931, 201. 245). These 

investigators caused benzene to. react with iodine pentafluoride 

at temperatures below 50°G, and although the pr inc ipal 

products of the reaction were carbonized matter and iodobenzene 

.20* 



and other' iodlnated derivatives, a. small quantity of 

f luorobenzene was also formed* I s the l a t t e r in ter-dis t i l led 

with unchanged benzene i t was' only qual i ta t ive ly characterised;, 

the mixture j.was' nitrated-and a mixture of nitro-compounds 

'containing f l u o r i n e but no iodine was obtained* 

Ihe"n> however,, the halogen fluorides were used to replace 

other-'halogens i n stable highly halogenated organic molecuies, 

much more satisfactory results were obtained. Thus Ruff and 

Keim (loc c i t . ) were able toprepare trichiorofluoromethane in 

reasonable y i e ld by maintaining iodine pentafluoride i n contact 

with carbon .tetrachloride at 30-35°C for an extended period;, 

a, small quantity of difluoro-derivative was also- formed. By 

the reaction of iodine pentafluoride on iodoform, Simons, 

Bond , and Mc.Arthur ( I . Amer. Chem. Socy, 1940, 62, 3477) 

obtained f luorofora together with a small, quantity of 

difluorodi-iodomethane. When.carbon tetraiodide was reacted 

with iodine pentaf luoride in glass apparatus the product, was 

f̂ ejand to be trifluoroiodomethane.(Banks, Emeleus, Haszeldine 

and Kerrigan, J . Chem. Soc, 1948,. 2188). Erneleus et. a l . 

have also shown that iodine pentafluoride reacts with carbon 

tetrabromide giving bromofluoromethanes, and with 

tetraiodoethylene to give iodopentafluoroethane. 

Lebeau (Compt. rend., 1905, 141, 1018) and also; Ruff and 

Braida (Z. anorg. allgem. Chem., 1932, 20.6, 63) observed that 
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bromine t r i f luoride reacted vio lent ly with organic compounds 

but the f i r s t investigators to carry. out a controlled reaction-

were l u t t i n g and Petrie (U'.,S.. Pat., 1934, .1961622) who showed 

that, mixed chlorofiuoromethanes could be obtained by reaction 

with-carbon t-etraehloride.. This reaction was subjected to 

fur ther study by Erneleus- et a l . ,(J. Cheoi. Soe., 1.948, 21.88') 

who' showed that i n copper apparatus u-sing nitrogen as diluent 

the chief" product was fluorotrichloromethane with a. smaller 

quantity ©f difluorodlehioromethane.,. These las t authors also 

showed that bromine t r i f l u o r i d e reacts with carbon tetraiodide 

to .'give carbon tetraf luoride together with mixed 

bromof luor ©methane s.-

Me.Bee, Eindgren'and Eigett (End. Eng. Ghem.., 1947,, 39, 

378:) used bromine t r i f luoride in the course of syntheses of 

hexafluorobenzene and o'ctafluorotoluene. Hexachlorobenzene 

and'trifluoromethylpentachlorobenz'ene reacted smoothly with 

bromine t r i f l u o r i d e at moderate temperatures, f luorine was 

added to double bonds, chlorine was replaced by fluorine and • 

bromine was introduced i n l imited amounts. The approximate 

constitutions- of products obtained from G5GI5 and ' 

G 6G1&. G% , we re CgB rgCl^Fg- and CgB rgGl^Fg. CF3 respective ly . 

Subsequent treatment of these intermediates with antimony 

pentafluoride, then zinc dust i n alcohol gave rise to the 



required .f luoro ; eoragomidCs> C"6Fg --and G^'j^CFg. 

Bromine, t r i f luoride has also "been found to be effect ive 

f o r the pa r t i a l substi tution of f luorine and bromine into: 

certain Kerosene fractions without appreciable side reactions 

(Shenk,. private comm... to- Booth and Pinkston, Fluorine 

Chemistry Simons)!, 199). The hydro-carbon mixture 

was ima#ii&ained below 40°C i n d i lu te solution i n methylene 

chloride., 

Apart from the work of Huckel,which has already been 

c i ted , the only reports on the. controlled reaction of chlorine 

t r i f luoride. with organic compounds previous to..1950 gave no 

' deta i ls . Porter tChem. Eng..,. 1.948, fi£»(4)-, 102) and.also 

Burnett and Banks (Chem* -Soc.. ;Symp> on Fluorine Chemistry,.; 

Nov> 1.949) have stated, that the-reaction•• .of chlorine 

t r i f l u o r i d e with organic compounds results i n the introduction 

of. both ^fluorine and chlorine,, whilst Haszeldine (private 

comm* to Sharpe, Quart. Reviews, 1950, 4, 128) has reported 

that evidence has. been obtained of the production of 

chlorof luoro-addition and also . substitution compound's, i n the 

vapour phase reaction of chlorine t r i f l u o r i d e with benzene and 

toluene.. 

From the preceding review i t can be seen that the 

f e a s i b i l i t y of .enipioying chlorine t r i f l u o r i d e as a halog^nating 

agent either to substitute hydrogen by halogen,^or to replace 
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other halogen- "by f luor ine , or to prepare halogeno-additive 

compounds.had been largely'neglected and the mechanism of 

the reaction between chlorine t r i f l u o r i d e and organic 

compounds remained unknown. In order to attempt to throw 

some l igh t on these features,, i t was therefore decided to 

investigate the reaction of chlorine t r i f l u o r i d e with (a) 

carbon tetrachloride (b) benzene and (c) benzene derivatives, 

a l l in the l i qu id phase and in the presence and absence of-

various catalysts. The examination of the reaction of carbon 

tetrachloride with chlorine t r i f l u o r i d e was of primary 

interest to ascertain .--whether the carbon tetrachloride .would" 

prove re l a t ive ly inert to the action of the l a t t e r reagent, 

thus enabling i t . to be used as a solvent. In.addit ion i t 

was essential to know the extent, of any reaction with the 

solvent so that i t could be taken into account in formulating' 

possible reaction mechanisms. 

The data 'which has been obtained by the present 

investigators w i l l , be set out in f ive main sections 

( i ) Reaction with carbon tetrachloride 

( i i ) Reaction with benzene 

( i i i ) Reaction with benzene homologues 

( iv) Reaction with halobenzenes 

(v) Reaction with perhalomethylbenzenes. 
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( i ) • The reuefciran" "between'.Ghiori:H&-iE-rIf luioride and Carbon, 
v . Tet rachlor ide . 

The f l . u o r i nat ion of carbon te t rachlor ide has been, 

described by various inves t iga tors over a considerable 

number of years., Fluorotrichloromethane was f i r s t , prepared 

by Swart s ; ( B u l l . . acmd, roy. ^Belg.., 1895 ( 3 ) , 24) by the 

react ion of antiraony t r i f l u o r i d e on carbon* te t rach lor ide i n 

the presence of small quan t i t i e s of pentavalent antimony 

sa l t & required as " f luo r ine carr ier . ." 

The react ion of f l u o r i n e w i t h carbon t e t rach lo r ide mas 

f i r s t car r ied out by Ruff and Keim. (Z. anorg. allg.em. Chem., 

1-931,' 2.01, 245) under con t ro l l ed conditions.. Several 

moderators or ' f l u o r i n e c a r r i e r s ' were, employed, the most 

sat isfactory/ being cobal t ic f l u o r i d e . I t was found t h a t 

f luorot r i chlo rome thane, d i f luorodichlor ome thane,, t r i f luoro-

chioromethane and carbon te t raf luor i .de were a l l formed i n 

proportions which wrere dependent upon experimental condi t ions . 

The reaction of carbon te t rach lor ide wi th f l u o r i n e has been 

reported by Bigelow, Pearson, Cook, and M i l l e r ( J . Amer. Chern. 

S o c , 1933 , 55, 4614) as g i v i n g r ise to a res idual so lu t ion 

w i t h a very strong ch lo r ina t ing act ion which would be 

compatible w i t h formation of considerable quan t i t i e s of 

chlorine monofiuoride, as t h i s l a t t e r compound i s postulated 
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as having a strong ch lo r ina t ing actio*! (Bigelo.w et a l . , . i b i d , 

1940, 62, 267; M . , Eng.- Chem.,, 1.947,: 39, 560). I t i s 

therefore l i k e l y tha t the course of the react ion could be 

represented by the equations : -

G GI4 +-F 2 > G CI.3F + GIF 

C G13F + F £ — * C C12F.2 + C1F 

G Cl 2 F 2 -*-F 2 — • G GIFj + GIF 

G' G1F3 •«• F 2 —--* CF 4 +•'C1F 

Reaction of iodine pentaf luor ide w i t h c a r b o n t e t r a c h l o r i d 

i n a quartz; vessel at temperatures below 50°C gave r ise t o 

flu'orotrichloromethane as main product and a small quan t i ty -

of difluorodichloromethane (Ruff and Keim, loc . c i t . ) . I s 

no lower f l uo r ide s of iodine are known the i n i t i a l react ion 

would probably be covered by the equation : -

3 C CI4 + I F 5 — > 3 C C13F * 2 Gl F •+• I Gl . 

fol lowed by 

3 G C13F + I F 5 — • > 3 C G l 2 F 2 + 2 CI F + I CI . • 

occurring to a much smaller extent . I n t e r ac t i on between th& 

halogen f l u o r i d e s i n side-reactions would be very l i k e l y . 

According to Banks,.Emeleus, Haszledine and Kerrigan 

( J . Che©.. S o c , 1948, 2188) the react ion between bromine 
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t r i f l u o r i d e and carbon t e t rach lo r ide at atmospheric pressure 

i n copper apparatus' r ead i ly gives r ise to the - v o l a t i l e 

products f luoratr ichioromethane and difluorodichloromethane, 

but to obtain reasonably good y i e ld s of t r i f luorochloromethane 

i t i s necessary to carry out the reac t ion i n an autoclave. 

This i s in: agreement wi th the observation (Smith,. Ann. Rep* 

Chem.. Soc.., 1947, 44, 98) tha t i n reactions w i t h Inorganic 

f l uo r ide s the replacement of the f i r s t two chlor ine atoms'in 

a group - C GI.3 i s r e l a t i v e l y easy, but. replacement of the 

t h i r d requires more vigorous ac t ion . 

The- mechanism of the react ion between bromine t r i f l u o r i d e 

and carbon te t rach lor ide i s postulated by Emeleus et a l . 

( l o c . c i t . , above) as being a simple stepwise s u b s t i t u t i o n 

of f l u o r i n e f o r chlorine w i t h the bromine t r i f l u o r i . d e being 

transformed i n stages i n to unstable lower f l u o r i d e forms which 

enter in to reac t ion . Thus 

G C l 4 •*• Br ? 3 — > C C%F + BrF 2 

' G1 C^F + Br F 2 — > C C l ^ - B r F 

I t i s to be presumed that any 'bromine monofluoride formed would 

subsequently disproportionate in to bromine and bromine 

t r i f l u o r i d e (Ruff and Braida, Z. anorg. allgem.. Chem., 1953', 

214, 91) , - . ' 

3 BrF — * B r 2 +• BrFg 
- and the 

.27. 
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t r i f l u o r i d e would enter, i n to f u r t h e r reaction.. The f a c t tha t 

no compounds containing more than one carbon atom- per molecule 

were observed as reaction products, i s quoted by Erneleus and 

h i s co-workers as dvidence tending to. . indicate that organic 

f ree rad ica l s play no s i g n i f i c a n t part i n the react ion 

• mechanism* 

. In the present reactions, the cont ro l led react ion between 

chlorine t r i f l u o r i d e and carbon t e t r ach lo r ide , using ni t rogen 

as d i luent was observed to ; give r ise to f luorotr ichloromethane, ' 

and i n cer ta in cases a smaller amount of difiuorodichioromethane 

as w e l l . Experiments were car r ied out i n s t ee l apparatus under 

uncatalysed conditions and also i n the presence of anhydrous 

cobaltous f luor ide . . This compound was employed as i t had 

consis tent ly given the best ove ra l l y i e l d i n the series o f 

reactions w i t h benzene (see sect ion ( i i ) ) and had been 

employed as ca ta lys t i n the reactions with, benzene . -

der iva t ives (see sections ( i i i ) , ( i v ) , and (v) ) . I n the 

series of experiments.,carried out the e f f e c t of changes i n 

temperature between. 0°G and 25°C was also noted. 

The resul t s of the experimental work are summarised i n 

Table It- i n a l l the cases mentioned 0*5" l i t r e of dry carbon 

t e t rach lo r ide was treated wi th chlorine t r i f l u o r i d e (5-7 

grs.Aour) i n a nitr'ogen streaM (5 1 , / h o u r ) T h e react ion 
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und'ex such condit ions i s mi ld in- nature and at. a. temperature 

of 0°C' i s ' extremely slow: observations madeshow however 

tha t . the extent of the react ion i s considerably increased by 

rais ing; the temperature t o about 25°C. This i s in_ agreement 

w i t h the q u a l i t a t i v e submission of Ruff and Krug ( i b i d , 1.930, 

190, 270), i n which i t i s stated, tha t the react ion of l i q u i d 

chlorine t r i f l .uor i .de on carbon, t e t rach lor ide I s s l i g h t except 

on heating,, when i t becomes vio lent . . 

Furthermore, the y i e ld s of fIuorochloronethanes under the 

conditions of the experiments are improved by lengthening the 

period of contact between the chlorine t r i f l u o r i d e m€ carbon 

t e t r ach lo r ide : ,^i.e., the chlorine t r i f l u o r i d e u t i l i s a t i o n i s 

greater when the f l o w rate I s slower compared w i t h the f i x e d 

f low rate^of n i t rogen. The influence of the cobaltous 

f luor ide : upon the reaction was to increase to some extent the 

y i e ld s of fluorochloromethanes r e l a t i ve to the amounts 

i so la ted from- uncatalysed experiments car r ied out under 

analogous conditions.. 

Chlorine t r i f l u o r i . d e appears to. behave I n a s i m i l a r way 

towards carbon te t rach lor ide as bromine t r i f l u o r i d e and iodine 

pentaf luoride:.. Tt i s* however, much more reactive: then the; 

l a t t e r reagent, the ac t ion of which i s stated (Ruff and Keim, 

loc . c i t . ) to be very slow even at 30-35°C i n the absence of 

diluents. . The mi ld nature of the f l u o r i n a t i n g ac t ion of 
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iodine, pentafluoride i s f u r t h e r accentuated, by the f a c t 

tha t only a few per cent of f luorotrichloromethane was 

changed to difluorodichloromethane when the former was-

passed" through b o i l i n g iodine pentaf luoride and the 

r e s u l t i n g gas mixture heated to 225°C. Comparison of 

the reactions of chlorine and bromine t r i f l u o r i d e s w i t h 

carbon t e t r a c h l o r i d e - i s rather more d i f f i c u l t owing, to 

d i f fe rences i n experimental condi t ions . In the work carried, 

out by Emeleus et a l , ( l o c . c i t . . ) , bromine t r i f l u o r i d e wa's 

d i s t i l l e d i n a slow ni t rogen stream in to carbon t e t r ach lo r ide 

contained i n a water-cooled copper t r ap thus g i v i n g less 

mild react ion condit ions than i n the series of experiments ' 

w i th chlor ine t r i f l u o r i d e , since the bromine t r i f l u o r i d e 

(b..p.. 127°C) was i n prolonged and continuous contact wi th , 

the carbon t e t r ach lo r ide . -Even under, such condit ions no _ 

tr if luorochloromethane was obtained from experiments w i t h 

carbon tetrachloride^and bromine t r i f l u o r i d e at atmospheric 

pressure- so that i t i s un l i ke ly that bromine t r i f luor ide 

would be more react ive than chlorine t r i f l u o r i d e were 

analogous conditions of react ion to be employed* 

In an attempt to explain solvent e f f e c t s i n the reaction, 

between benzene and chlorine t r i f l u o r i d e i n carbon 

te t rach lor ide s o l u t i o n previous to the experiments summarised 

* 31. 



i n Tab le - I , i t was postulated ( E l l i s and Musgrave, J . Chem. 

S o c , 1950, 3609) that there were two possible ways of 

attack of chlor ine . t r i f l u o r i d e on carbon te t rach lor ide^ 

(1) i C1F3 + C C l 4 - > G Cl'gF +- 2GIF. 

fol lowed by , 

i i C CI3F* CIF3-* G C12F2 + 2C1F. 

or 

(2) i G G l 4 + CIF3 —• G C12F2 + GIF 4- G l 2 

fol lowed by 

i i . G l 2 + GIF3-+ 3C1F 

Schmitz and Schumacher (Z* Natur forsch . , 1947, 2a, 362)-

report reac t ion (2) i i . . a s proceeding to completion i n the 

gas phase.. 

Even without the resu l t s which have been quoted i n 

Table 1 , the a l t e rna t ive (2) seems rather u n l i k e l y as under 

the mild conditions of the experiments i t i s doub t fu l whethe 

two chlorine atoms would simultaneously be replaced by two 

f l u o r i n e atoms. 

The resu l t s obtained conf i rm react ion series (1) , the 

chief react ion product being, f luo r 01 r i ch l 0 r ome thane w i t h an 

amount of difluorodichloromethane as secondary product 

.32 



compatible.with the -reaction (1) i i occurring, subsequent t o , 

and competitive w i t h the reaction' (1) i . The absence of 

t r i f luorochlorometliane froQi the react ion products i s as 

expected from the small amounts of d i f l u o r o - d e r i v a t i v e 

i so la ted and the f a c t that chlorine i n compounds R.C CIF2 

i s much more d i f f i c u l t to replace by f l u o r i n e than that i n . 

mi>hofluoiff;derivatives of the type R.C Qlrp (Smith, loc . 

c i t . ) . 

Were the react ion series (2) to be operative absolute ly , 

no fluorotrichloromethane would be formed,, which i s untrue,, 

and were i t to occur simultaneously with* the series (1) to-

an appreciable extent one might expe.ct a much greater 

propor t ion of difluorodichloromethane i n the reac t ion , 

product than i s ac tua l ly observed. I t seems, therefore , 

tha t the subsequent reactions' (1) i and (1) i x are the" 

only acceptable view of the overa l l react ion between chlorine 

t r i f l u o r i d e and carbon te t rach lo r ide under,the conditions 

noted. 

From an examination of the resul ts obtained at 0°C i t 

seems• un l ike ly^ tha t t he r e_wi I I be any appreciable react ion 

of chlorine t r i f l u o r i d e wi th carbon t e t r ach lo r ide in. the 

presence of the much more reactive compounds" which have 

aromatic nuclei... Since the- experiments concluded were 
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carr ied out under s imi la r conditions i t -would thus appear . 

legi t imate to assume that.carbon te t rach lor ide i s to a l l 

in tents and purposes:, an i ne r t solvent f o r the series of 

reactions car r ied out on benzene and i t s der iva t ives . 

Although the nature of the react ion between carbon 

te t rach lor ide and- chlorine t r i f l u o r i d e has been decided 

upon (vide supra) the mechanism.'of the s u b s t i t u t i o n of 

f l u o r i n e f o r chlorine i n the organic molecule remains t o be 

discussed. 

Of the four mechanisms which appear to be f eas ib le , two 

are of the f r e e - r a d i c a l type, and the t h i r d and f o u r t h . 

involve anionaid and eat i on o i d replacements respect ively . 

In e i the r f ree r ad ica l mechanism we must f i r s t assume the 

d i s soc ia t ion 

G1.F3- ;=? G I F +• r + F (1) 

fol lowed by one of the two processes.-

a) G C l 4 + F- — • -C Gig + CI F 

*C G1'3 G1F'3- — • -C G1'3F + GIF -H F* 

and subsequently 

G C13F + F" —> 'C C12F + GIF. 

*G G12F + C1F3 — > C G1 2 F 2 + GIF + F* 



or b) G G l , +• F ' —• C C1„F + CI* 
-4 3 

Gl- + C I F„—^ 2 C I F + F-
o 

and subsequently 

C CI F -»- F* — • C CI F + CI-

CI ' + CI F 3 — • 2 CI F + F* 

In • ei the r rep-lace ment mecharii sm the i ni t i at I ng re act i on 

would be the dissociation' 

' CI. i^=± CI F + F + + F" (2) 

followed by either 

a) Anionoid" replacement 

C C l 4 4- F" — • C C l ^ +- cr 
C I ' + F + — > CI F 

and subsequently 

c CI 3 F +- F" —* c CI 2 F 2 + cr 

Cl" + F"* —> CI F 

or b)' Cationoid replacement 

C C l 4 + F + — > C ClgF + Cl + 

C I 4 " + F ~ -—> CI F 

.35. 



and subsequently 

C C1 3 F + F + — C C l 2 ? 2 + CI* 

C I * F" —> CI F . 

Of these,, mechanism. (1) b) is-maMkely as the 

analogous reaction of -CI* with H-'@j has been project 

(from study of optical isomers of products when a compound 

H-GR1 R"R'u was used) to ocemr via the radical 'fSBg: thusr-

CI* +• H-CR3 —* H C I *- *CR3 

• CR3 + C l 2 —* CI-CR3 •*- CI* 

and not . . 

CI* +• H-CR 5 — > C1-CR3 + H* 

H* +• C l 2 —> CI* + H C I 

(Brown, Kharaseh 

and Chao, J . Amer. Cheni. S o c , 1940 , 6 £ , 5435). 

Thus i f a free radical mechanism were to be adapted 

i t would most l ike ly be identif ied with (1) a ) . Generally 

speaking, however, most of the organic reactions known to 

occur via a free radical mechanism are rapid and vigorous 

in nature, and the reaction under consideration i s slow and 

of a mild character. Furthermore no polymerisation has been 

observed in th is or the analogous reaction of carbon 
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t e t r ach lo r ide w i t h bromine t r i f l u o r i . d e (Banks,. Emeleus, 

Haszeldine and Kerr igan, loc c i t . ) and t h i s would be expected 

i f a f ree r ad i ca l mechanism' were operating. 

e .g. 'C G l 3 + 'C G l 3 — > C 2G1 6 e t c . 

M anionotropic replacement i s also u n l i k e l y : one of 

the requirements f o r the react ion + B-C y > C " 

i s tha t the e l e c t r o ! a f f i n i t y of G should be as high and that 

of A as low as possible (since electrons move from 1 to. G 

i n the t r a n s i t i o n s t a t e ) . I n this'ease the. e lec t ron a f f i n i t y 

of f l u o r i n e i s 4*13 e.v. and of chlorine 3*72 e .v. (from, 

data ..collected .by Glockler , Fluorine Chemistry, (ed. Simons) 

I , 321) which would i n f e r tha t the react ion , 

F" f CI « G G% — > F - G G l 3 + CI" i s most u n l i k e l y . 

The r e l a t i v e e lectron a f f i n i t i e s tend to support the 

p o s s i b i l i t y of cat ionoid change F~*" +- CI - C Gig- —• F - G Gig 

CI* . This p o s s i b i l i t y i s f u r t h e r supported by the f a c t 

that chlorine t r i f l u o r i d e can: give r i se to the subs t i t u t i on 

of f l u o r i n e i n aromatic compounds (which i s general ly accepted 

as a ca t ionoid reac t ion) , and also the react ion i s catalysed 

by cobaltous f l u o r i d e and t h i s process may be best expressed 

as fol lows. . 
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CI F 3 + 2 CoF2 —> 2 C0F3 + CI F 

CoF5 C 1 F 3 — • CI F +• F"*" + CoF4" 

F + + c c i : —> C C O ' + C l + 

4 3 

CI*" + CoF4" — * CoF3 + CI F . 

Subsequently', difluorodichloromethane may be formed by par­

a l l e l reactions.. 
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( i i ) ' The' react ion of Benzene w i t h Chlorine T r i f l u o r i d e using 

Carbon Tp^rachTp'rlde as solvent. 

Apart from references- which give no d e t a i l s (see 

i n t roduc t i on ) , and the q u a l i t a t i v e treatment of Ruff and Krug 

(Z. anorg. allgem. Chein., 1930, 190* 270) i n which benzene i s 

stated to^ ' r eac t v i o l e n t l y ' w i t h l i q u i d ch lor ine t r i f l uo r ide , 

the i n t e r ac t i on of these two reagents i s not deal t w i t h i n the 

l i t e r a t u r e and does not seem to have been s tudied. 

A series of experiments was therefore ca r r ied out on the 

cont ro l led react ion of chlor ine t r i f l u o r i d e w i t h benzene. I t 

was decided that a l l such experiments would be car r ied out i n 

the l i q u i d phase using carbon t e t r ach lo r ide as solvent f o r the 

benzene and ni t rogen as d i luen t f o r the chlorine t r i f l u o r i d e 

gas-stream. A number of d i f f e r e n t compounds were employed 

as catalysts^(see Table I I ) : these were e i the r w e l l known 

halogen ca r r i e r s or sa l t s of t r a n s i t i o n a l metals which had 

been employed as cata lys ts i n the d i r ec t f l u o r i n a t l o n of , 

organic compounds (Cady et a l . , Ind . Eng. Chetn., 1947? 3J>, 

290 ; Fowler et a l . , i b i d , p. 292 » Musgrave and Smith, 

J . QhewL. S o c , 1949, 3021). 

Inspection of Tables IT and I I I shows tha t the p r i n c i p a l 

react ion i n a l l cases, inc lud ing the non-catalysed experiment, 
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i s one- of s u b s t i t u t i o n , the chief products being chlorobenzene 

and fluorobenzene. Certain addi t ion,products , appearing, on 

the ground's of t h e i r reactions and analyses', to be ch lo ro f luo ro -

cy c1ohexad i e ne s, -cyclohexenes and -cyclohexanes were also 

obtained from the react ion products, but only i n experiments 

7 and 9 were they obtained i n reasonable quantity. . The attempted 

r e d i s t i l l a t i o n of these compounds, even under reduced pressure, 

generally caused decomposition w i t h evolut ion of hydrogen 

ha l ide , and formation of t a r . Occasionally i t was possible to 

i so la te from the higher b o i l i n g f r a c t i o n s before the onset of 

decomposition, small quant i t i es of what were apparently 

chlorofluorodiphenyls : these were stable towards bromine 

water and aqueous potassium permanganate at room temperature, 

and t h e i r analysis tended also to support the view tha t there 

had been some dime r i sat ion.. 

Of the compounds which were t r i e d as ca ta lys t s , two, 

namely iodine and s i l v e r monofluoride, had only a neg l ig ib l e 

c a t a l y t i c e f f e c t . I n the case of iodine i t i s possible tha t 

i n t e r - a c t i o n w i t h chlorine t r i f l u o r i d e gave r i se t o iodine -

pentafluoride (Ruff and Krug, l o c c i t . . ) which i s a much 

milder f l u o r i n a t i n g agent than chlorine t r i f l u o r i d e . As 

iodine pentaf luor ide i s s tated only to produce trace 

quant i t i es of fluorobenzene from benzene by d i r e c t ac t ion 
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(Huff and Keira,. Z. an org. allgem. Ghem. 1931, 201, 245) i t 
i s therefore not surprising that under the mild condition's 
of the experiment carried out (Table I I , experiment 2) iodine 
did not aet as a catalyst* The behaviour of s i l v e r 
mono flu o r i d e appears to be rather more d i f f i c u l t to explain-
as i t has a. pronounced e f f e c t upon dir e c t f l u o r i d a t i o n 
(Cady et a l . , loc. c i t . ) . One possible explanation of i t s 
behaviour i s that chlorine- t r i f l u o r i d e under the experimental, 
conditions was an i n s u f f i c i e n t l y strong f l u o r i d a t i n g agent 
of f l u o r i n a t i o n when s i l v e r monofluoride i s employed as a 
catalyst i n conjunction with elementary f l u o r i n e , ( c . f . 
Sharps, Quart. Reviews, 1950, 4, 121 states t h a t s i l v e r 
d i f l u o r i d e i s not obtained by the reaction of bromini 
t r i f l u o r i d e upon s i l v e r halides). 

Mercuric chloride (Table I I , experiment 3) alsp idess* 
not appear to have any very marked e f f e c t - t h i s i s 
presumably due to lack of reaction with, chlorine t r i f l u o r i . d e 
(c.f,.Ruff and Krug, loc. c i t . ) - though some increase i n 
chlorination over the uncatalysed. experiment i s observed. 
Antimony t r i f l u o r i d e appears t o f a c i l i t a t e a -considerable 
amount of addition as well as catalyse appreciable 
ch l o r i n a t i o n , and'of the cobalt s a l t s , cobaltous fl u o r i d e 
t Q n d s . . t o e n G O ? T ^ Q ™ o s t c h l o r i n a t i o n whilst cobaltous 
c h : l o r ! i e seems to give rise to more f l u o r i n a t i o n but less 
addition than any other catalyst. 

.41. . . 

http://trifluori.de


O O S ! 
0 t—1 

1 tfp I— 1 

»-j co a 
CD 3 ft CD 
to N ":' M 

"13 CD 03'Q 
O 3 CD 

• 3 cu a J *i 
P-. CD H-

-<J tSl CD 
oi CD a 

^(K) to TO 
CD ', ^ 
I—' Si I—'CD 
ftp) 
CO 01 © CD 
td ftCJt) o 
CD M> f I p 

CO i >-S 
H Q g H -
O H P! 0! 
O < to ft 

CD 
CR5 p. p. o 
• • M. a 

M - CO C*< 
CD O P 
3 S ! H c + 
N G l « 
CD © CD © 
3 1 ft O CD Q 

CO 3 

O 

CD 
M 

O O O 
p CD 

|_< Cyf ptr 

» 3 CD 
M 

^ CD CD 

Cft ^ H-
g P S 
H O CD 

CD 3* 3 

o 
>1 Gp 
H * ! 
P J *r-» 

CD S ? 

CD CJl © 
3' © ^ 
c+ © • cr . 
CD 
co 
CD 
00 

TO 

3 

< 
CD 

3 

M 
3 CD 

CD O 
CD 

_ TSi 
ct- c*-
C0 
• CD 

M 
S J T 3 C+ 
P TO 
3 * 
ft 

vO 00 m O I 0 3 • M , . • M , . 

CQ 

• 

p 

ro 
• 

© 
o 
»=a. 

tO 
t 

© 

b 

to ' 
t 

(& 

• • 

o 
o 
o 
I— 1 

to 
• 

© : 
to 

• 

i—i 
to 

• 

o « 
. 3 

CD 

© 
P : 
c+ 

' P 

% 
co 

"? 

- s 

i O i 

i 
o? 

Oi 

»? 

A' 
H-1 
© 

O i 
*o 

•s 

.© 
ft 

© 

© or 
O I 

)*• • 

o 

. O i 

. O i 

ft 
J-1 i 
© 

f j ! © 
P P 1—' 
CH3- ! _ 
CD P i » = 5 l ^ 

a^^ ^,H> 
• 

M 

o? 
o 

; H . 

© 
Q 

03 
to 

00 
1—' 

• H 
to 

: © 

o 

vO 

00 
p> 

I—' . 

CS 
CC5 P : 

(30 

B 

• 
© 

1 GO 
i * 
r © 

00 
• 
SI, 

M 
... H-i 

er> 

H 
M 
• 

' ^ 

00 

fM 
;H-" 

•G ' • CD 
• 

O i 
s? 

; - s l 

CD 

N 
CD H* 
3 Si • 
CD O • 
n 

* 

to 

•oi. 

? 
t O 
* 

O i 

to 
to 

o\ 

© 
• 
to 
-<J _̂-» 

to 
CO 
• 

en 

1—1 

H » 
-->3 , 
O i 

o» 
• 

Cft 
• 

O i 
VO 

s . 

00 -

CD 
3 : 
N © 
CD cr ; 
3 H 
CO o 
H :. 
.p ' 

m »- • 
• 

' lO 

. & 
! •' 1 

er> 
•» 
to 

• 
to 
• 

SI 
to 

t—> '•» 
to 

o 

' t 

: tO 

to to 
' • 

to 

ro 

to 

© n g 
c * 

P > H to » • 
ft 

• ft 
^ 3 
. • • 

1 1 1 l ' I 
© 

1 1 
to 

• 
O i 

^->3* 
Cfq CD a 
• 3 M» • 

1 
• 1—1 

TO 

Oa o 00 GO o M 

t2)CQ 
CD CD 
o o 

1—1 : vo 
oi 1—1 O 

© 
ro 

to 
00 

O) 
0% 

0% 
to • 

4.2.. 



CO 

ft 
i-3 
3* 
co 

£5 
0 Co 
CO £ 
>-i co 
O CD 
>-S 3 

<<! co co a> 
C+r 
CD o 
i - 1 »T4 
i — j H i 
H - CO 
CO o+ 
CD CD 
ft; H-1 

M 
*-i Co 
O 05 

3 ; ^ 
c»- © 

p B 

M. 
O CD 
O P 3' O 
O C+-

• © 
3 
5 
M 

a>. 
P 
>-b 
c + 
CD 
>-i 

•-S 
ce' 3 
o 

M 
p 

o 
o o 3 C? c*- o 3 3 
CD CD 
ft c+ 

>-i O P 
<! o CD 3"1 

hi I—1 

f - 1 o CD 
Cfl H" 

ft •—' CD 
«• 

o 

a i 
o 

fO 

ro 

ft 

3 
i - 1 

o en 

i — 1 

CD. 
I—' 
« 

O 

CD 

o 

o 

"«3 

O 

-<2 
ro 

ro 

ft 
CD 
O 
O 

o cn w 
CJi 

o 
63 
ro 

cn 

i—> 

• 

TO 

» 

P 

o 

l — ' 

or 
o 
o 

ft 
CD 
O 
O 

o en « 
CJI 

o M ro 

ro 
co 

h-' 

CJ! 

ro 
en 

ro 

P 

ro 

8 

o 

6 

co 

ft 
CD 
O 
O 
H" 

o cn 
tU cn 
I—1 

ro 
ro 

63 CD 
O 

vO 
vO 

CD 
o 

ro 
o 
63 

ft 

ro. 
CJI 

63 
o 

bo 
ro 

CJi 
VD 
CJI 
o 

o h-' ro 
CD C2 

cj> 

-<? 
CD 

1—' 

ro 

ro 

o 

i—1 

ro 
G 

CD -<3 

CD CD 

en 

ro 

hi 
p 
ft 
ft 
CD 
O 
P 

(3 
cn 
en • 
CD 
I—1 

!ro 

i f* 
m-

- 0 

•ro 
en 
CD 

A S 

o 

CP 
ro 

en 

O 

CJI 

CJi 

3 
'}-f 

o cn W en." o 

CD 

t - 1 

: O 

ro 

0 3 
o 

ro 

ft 
CD 
O 

H 

cn 
•' o 

ro 

cn 

CJI 

6a 
I—• 

cn 

61 
CD 

•63 
cn 

,ro o 
• -
h-1 

CD 
• 

o 
ro 
o 
03 

c+-

^3 

o 

K 
H" 
CD 
)—' 
ft 
6? 

» 

o 

CO 

3 
O 

s==> t-j. te» 
gto- o 
of» ^ 
^ . o 
f» 3 •ft P3 • 3 ft 

ftt-tj 

o o 
CO; s CQ: 

P I—';• 

• CD 

i—1 o 
I ft 

MP • M 
O 
ft 

co 



£3 
o 
JB 
P^ 
P-

C+ 

© 
s 
o 
o 

O 
g 
P/ 
Co 

o 
»H 
Cb 

* H ' 

tr 
CD 

M 
CQ 

CD * i 
CP 
o 
cr J 

e+ 
CD 

CD 

*i 
O 
P 

(DO 

t\3 

CJI i 
M 
© 
CJ! 

p> 
CD 
O 
o 

CO 

vO 

vD 

SB 

to 
CO 

to 
CD 

to 
• •• 

© 
to 
- • 
03 

ai 

.if* 

CO 

» 

CJi 
© 

-<2 f 
GO 
O 

CJI 

IS 

CJI 
© 

CO to g 
0 u 
CD 
O 
O 

P. 
CD 0 
O 

P-
CD 

V C V 
o 

CD 
O 
o 

ft 

to 
CJi 
i to en 

P-
CD 
o 
o 

CJI 

• * 

to 

CJ! 

CJ> 

CD 

CD 

•C3 

GO 

0 3 

to 

03 

GD 

O f 
• • 
to 

to 
-vj 
m 

CO 

to 
- • 

VO 

to 

CO 

9? 

to 
' * 

to 
t 
CO 

03 

CO 
to 

- .4*4.. 

' © 

CJI 

CJ> 

3 

o 
' ! 

-v3 : 
O 

H 
to 

CJI 

VD 

CJi 

co 

CJi 

o 

M-
CD 

o M 
• 
to to 

(ft 
• 

(ft 
• 

to 
I 
to 

o 
o 

p * 
CD 
O 
O 

% 
I—', 

w 
to 

03 

CO 

to 
0> 

03 

cn 

to 
• • 
CO 

* 
: O 

o to 
o 

t-3 

cx) 
tri 

S to: c+ 
CD M-

jpi. CD o 
CD • 

>JQ , O 
to 
3 : 
P. ! 

3̂ 

3. 
to" 

o © 
*S CQ 
B w 

{B t - 1 

CD 

p-

O 

CO 

CO 



Of a l l the catalysts employed, cobaltous fluoride and 
antimony t r i f l u o r i d e gave rise to the greatest t o t a l y i e l d , 
though when the l a t t e r was used, a considerable amount of 
the isolated products was i n the form of p a r t l y decomposed 
and Hon'-re d i s t i liable-• a d d i t i o n compounds. When cobalt ous 
f l u o r i d e was used, increase i n the amounts of catalyst and 
solvent (in- experiments 7 and S» 100 grams catalyst were 
employed as compared" with 10 grams i n a l l other cases) 
coupled with decrease i n the flow rate of chlorine t r i f l u ­
oride, did not appear to influence greatly the formation 
of s u b s t i t u t i o n products,, but increased the formation of 
addition products approximately threefold (see expi. 7). 
The overall y i e l d was considerably reduced when the 
experimental temperature was increased to the b o i l i n g p o i n t 
of carbon tetrachloride (see expt. 8) and t h i s i s 
presumably due to the occurrence of more.total decomposition 
under these conditions. I t .is also noteworthy that no. 
stably addition compounds were obtained under the conditions 
of experiment 8. ' 

_ . Before considering in- d e t a i l what-may happen when 
chlorine; t r i ' f luoride i s allowed to attack a benzene nucleus, 
i t . i s advantageous to discuss the simpler case of the 
p o s s i b i l i t i e s of attack by a halogen molecule Xz. ( e . f . 
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Bigelow,, Tompson and Tarrant, Ind. Eng.. Chem., 1947, 29, 
360). 

Such a molecule may- be caused to dissociate i n two 
ways:-- _ ^ 
CD To form ions, usually promoted by a c a r r i e r catalyst 

."e.g.. a metallic halide MX3. 

' C2) Into atoms, t h i s often being promoted by the action of ' 
heat and /or l i g h t . . 

X 2 ^=± 21 • 

I t may thus attack the benzene nucleus by either of two 
mechanisms, 
CD i o n i c , involving cationoid s u b s t i t u t i o n via the ion X*", 0 
(2) atomic, i n which the active atomic halogen brings about. 

.reaction. 

In the case of f l u o r i n e , which i s the most electronega­
t i v e of a l l elements, the nuclear charge i s high and positive 

1 

i t would therefore be expected that i t should react as an 
atom rather than as an ion since the removal of an electron 
from i t to form a positive ion F4" would be most d i f f i c u l t . . 
Thus the chain mechanisms which a c t u a l l y occur i n organic 
f l u o r i n a t i o n are not unexpected. 
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One o f the fundamental causes of the violence of these 
reactions has -been a t t r i b u t e d by Bocketnuller (Ann., 1933, 
506, 20) to the very high heat of formation of hydrogen 
f l u o r i d e and C-F bonds. Thus:-

-CI + X 0 —* HI + -CX + M Keal. 
" i 

When X = CI, M 8 23 and N " 33; when I " F» M • 103 
and N = 107* The heat,of -dissociation of a C-C bond i s 
approximately 71 Kcal. 
Since i n the case of flu o r i n e the heats of formation exceed 
the heat of dissociation of a G-C bond even without the heat 
of a c t i v a t i o n , the l i k e l i h o o d of complete breakdown i s 
considerably greater i n the case of halogenation by f l u o r i n e 
than by chlorine : t h i s i s found t o be true i n practice. 

I t has been observed (see pp 3-4) t h a t i n the case of 
benzene, by regulation of the experimental conditions chlorine 
may give r i s e to either orthodox s u b s t i t u t i o n by the ionic 
mechanism, or addition. I n the' l a t t e r case an atomic 
mechanism i s infe r r e d . We can thus have 
(a) Substitution 

CC : H + catalysty 
C-.H 

ioq. 

:CL-. CL o 
47. 



(b) Addition 

Ce •* CS ^ 
radical 

Results obtained from the d i r e c t f l u o r i n a t i o n of 
benzene .(Bigelow and Fukuhara, J. Amer. Chem. Soc, 1941, 
62>, 2792) showed that addition followed by substitution;, 
fragmentation and dimerisation a l l occurred;: hence free 
radical proxjesses might be assumed (see pp. 10-11). 
The i n i t i a l reaction of stepwise addition to an aromatic 
nucleus was demonstrated by Bige'Iow, Tompson and Tarrant 
(l o c . c i t . ) > the .,compoimdw_Q'J53^1_ (CFj) .haying a-highly 
deactivated nucleus, being employed. This gave ris e t o 
C6H3F2C1 (f ,s>2^^ I^4 G 1„( Qhlz J h e n _ e & F 6 C i , ( ? F 5 ) 2 ! 
Further progressive f l u o r i n a t i o n substituted the chlorine, 
and then the hydrogen; f i n a l l y fragmentation and 
polymerisation occurred. 

The reaction of chlorine t r i f l u u r i d e with benzene i s 
more complex than that of either chlorine or f l u o r i n e f o r 
i t appears to give r i s e t o both s u b s t i t u t i o n and addition 
products, together with a l i t t l e polymerisation i n some 
cases. In other words, i t can be said that i t i s most 
probable that both ionic and radical processes are 
occurring p a r a l l e l to one another. Making a rough general 
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comparison i t would appear that the halogenating action- of 
chlorine t r i f l u o r i d e i s intermediate between that of 
chlorine and that of f l u o r i n e . I t i s much more vigorous 
i n action than chlorine, but appears to give rise to less 
fragmentation and decomposition than f l u o r i n e . The 
amounts of halogenintroduced by these reagents vary 
considerably;: thus, no aromatic derivatives were obtained 
by reaction of f l u o r i n e with benzene, i n d i c a t i n g t h a t 
a d d i t i o n of six f l u o r i n e atoms occurs before any subsequent 
action. On the other hand, with chlorine t r i f l u o r i d e , 
s u b s t i t u t i o n products appear to the greatest extent, with 
polyhalo-addition products being formed i n smaller quantity, 
whilst chlorine i n the presence of c a r r i e r catalysts gives 
ris e t o s u b s t i t u t i o n exclusively,, as a stepwise process. 

To account f o r the formation of fluorobenzene i n the 
chlorine t r i f l u o r i d e experiments with benzene, the i o n i c ' 
mechanism of eationoid s u b s t i t u t i o n generally accepted f o r 
halogenation ( c . f . Devvar, Electronic Theory of Organic 
Chemistry, p.160 f f . ) i s i n f e r r e d . I t i s then possible to 
postulate the i n i t i a l dissociation. 

01 F-. — > CI F + F % F~ 
o 

i n the case of the uncatalysed reaction w h i l s t i n catalysed 
reactions the i n i t i a t i n g process i s probably analogous t o 
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the type ( I ) described on page 46. When eobaltous f l u o r i d e 
i s employed as catalyst the f i r s t reaction i s to give the. 
t r i f l u o r i d e :-

CI F 3 + 2 CoF2 — * 2 Co F 3 + CI F 

We'then may have 
CI F:

3 + CoF3 CI F +• F % C0F4 

The subsequent reactions are then 

; : I * " 4- F" > HF 
i-n the uneatalysed case, and 

C 6H 6 +• F + • — > C6H5F ff * 

E^ + CoFj — > C0F3 +- H'F 

i n the catalysed experiment. This theory assumes, as is 
indicated by experimental r e s u l t s , that i t i s easier to 
produce the positive f l u o r i d e ion. F + from chlorine t r i f l u o r i d e 
than from fl u o r i n e i t s e l f . The d i f f i c u l t y of formation of F~*~ 
from Fg and the reasons for assuming, an atomic chain 

mechanism for d i r e c t f l u o r i n a t i o n have been already discussed 
(vide supra). 

The formation of chlorobenzene i n the series of 
experiments carried out i s a t t r i b u t e d to,the c h l o r i n a t i n g 
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action of chlorine mono-fluoride (Bigelow et a l . , J'. Amer. 
Chem. Soc. ̂  19406§, 267_ Ind. Eng. Chem., _ 1947, J g , 360). 
I f we assume that such ehlorination occurs by the ionic 
mechanism,, then the processes involved consist i n 

(a) CI F -> C l + + f" 
C 6H 6 + C l + ~> C6H5C1 +• H + 

H* + F" —> HF. 
i n the uncatalysed 

experiment and" • 

(b) C1F •+* CoF3 —> C l + * CoF4" 

C 6H 6 +- C l + -> C6H5C1 + H"*" 

+ GoF4" HF -t-CoF3 

, where 
cobaltie f l u o r i d e acts as catalyst. Such mechanisms f o r 
ehlorination and f l u o r i n a t i o n would explain why the e f f l u e n t 
gasesof each experiment (except expt.4) contained hydrogen 
flu o r i d e but no halogens or hydrogen chloride. The 
detection of hydrogen chloride i n experiment 4 could best 
be explained on the basis of the-reactions 

Co C l 2 +• CI F 3 Oo F 2 + CIg +• CI F. 
followed by Clg + CgHg — > CgHgCl + H CI. 
Such reactions would not be v a l i d i n the case of mercuric 
chloride, since no hydrogen chloride was evolved during 
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experiment 3,. but from observations made (Ruff and Krug, 
loc. c i t . , see also p.38) i t seems u n l i k e l y that either 
f l u o r i d e of-mercury i s formed under the p r e v a i l i n g 
experimental conditions and therefore the objection 
cannot be sustained. 

In no ease aas any attempt made to obtain any evidence 
from the--state of the catalyst at the conclusion of the 
experiments, as i t was so intimately mixed with t a r r y 
decomposition product as to render t h i s impossible. 

I t has already been inf e r r e d (see section ( i ) ) ~ that the 
secondary reaction of the chlorine t r i f l u o r i d e with the 
carbon tetrachloride solvent under the conditions of the 
series of experiments under consideration i s negligible 
(excepting i n experiment 8 for which no corresponding 
figures are available)., This i s borne out by the fact that 
there i s only a very small difference i n the y i e l d of 
chlorobenzene i n experiments 6 and 7 even though the amount 
of solvent per gram of benzene has been doubled i n the l a t t e r 
Were appreciable f l u o r i n a t i o n of the solvent to occur, • 
considerably, larger .quantities of chlorine monofluoride would' 
probably be produced i n the l a t t e r case, and i t would be 
expected that this, would lead t o a greater increase i n 
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c h l o r i n a t i o n than i s a ctually observed. The loss of 
carbon tetrachloride per experiment i s of the order of 50 mis. 
but most of t h i s can be accounted f o r by the normal losses-
incurred i n working u p t h e product. Blank experiments showed 
t h a t losses due to the passage of the nitrogen stream through 
the carbon tetrachloride at 0°G f o r the normal period of an 
experiment 'were of the order of 2$ ( i . e . about 10 mis.) 
whi l s t using the modified apparatus at 77°€ they were rather 
higher (approximately Q-Sfo per hour). 

Fluorobenzene could not be isolated as such from the 
reaction mixture since i t apparently formed an azeotrope with 
carbon tetrachloride and small quantities of unchanged 
benzene, containing about 10% by weight of fluorobenzene. 
I t was therefore characterised by conversion i n t o 
44 difluorodiphenyl-sulphone (Huntress and Carterr, J. Amer. 
Ohem. Soc.,, 1940, §gt, S12) and p-chlorofluorobenzene (Varma, 
Venkat Raman and Nikantiah, J. Indian Chem. Soc., 1944, 
112). The amount of fluorobenzene, produced per experiment 
was estimated' by analysis of the azeotrope f o r f l u o r i n e , and 
confirmed by the conversions outlined. T r i a l experiments 
showed t h a t , with a solution of fluorobenzene i n carbon 
tetrachloride containing a small quantity of benzene, the 
best yi e l d s of sulphone and chloro-compound obtainable were 
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2% and respectively:, the i s o l a t i o n of the sulphone 
being made rather more d i f f i c u l t by the presence of the 
benzene. Experiments carried out on the azeotrope gave 
results c o r r e l a t i n g to the a n a l y t i c a l figures. 

The. addition compounds and diphenyl derivatives were 
not produced i n s u f f i c i e n t quantity f o r absolute 
characterisation, except i n experiment 9 where attempted 
r e d i s t i l l a t i o n of the addition products brought about 
decomposition. The formation of such compounds i s probably 
due to the operation of a free r a d i c a l mechanism,(vide supra) 
Such a process would depend i n the f i r s t place upon the 
dissociation 

CI F 3 —* CI F +• 2F-

followed by CI F —* CI* •+• F* 
I t would then be possible t o have, for example 

0 !:, — ..CC*?-
The p o s s i b i l i t i e s ' of such processes are very varied and a 
large range of such compounds could be formed* 

The production of halogenated diphenyls could be 
explained on the basis of the following possible mechanism; 
i t involves the assumption that they are secondary products 
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given by reaction of radicals with s u b s t i t u t i o n products, 
forming.free halophenyls which then i n t e r a c t to give, a 
binuclear compound. 

e.g. 

C* +- HF F F 

• CI HF CI +• F 

I t should be noted that Sol. 6 of Table I I I which gives 
de t a i l s of the possible formulae of addition compounds and 
diphenyl, derivatives i s included merely as a suggestion of 
some of the - p o s s i b i l i t i e s , , which are many and varied, based 
on a n a l y t i c a l data and s t a b i l i t y or otherwise t o reagents 
usually^employed as tests f o r o l e f i n i e double bonds. 
Varia-tion-s i n the b o i l i n g points of substances g i v i n g s i m i l a r 
a n a l y t i c a l figures may be due to the fact that they are 
isomers. 

In certain cases addition compounds were formed, 
apparently having odd numbers of halogen atoms per benzene 
nucleus. The most reasonable explanation f o r the formation 
of such compounds i s that they are the products of secondary 
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action of free radicals i n s u b s t i t u t i o n compounds formed 
by the ionic mechanism, 

e.g. 
CI Gl F 

+ F 

This view i s supported by the evidence obtained by reaction 
of c h l o r i n e - t r i f l u o r i d e with halobenzenes (see section ( i v ) ) , 
when s i m i l a r compounds were- produced". 

In any event,, the reaction of chlorine t r i f l u o r i d e with 
benzene i s most complex; to account for the various 
phenomena which appear to occur, i t seems necessary to 
postulate the simultaneous occurrence of both ionic and 
free radical processes. I t would thus appear that the 
extent of chlorine and f l u o r i n e substitution,, and the amounts 
of addition compounds-and dimers formed i n the reaction, are 
bound up, (a) i n considerations of the dissociations of 
c h l o r i n e - t r i - and mono-fluorides which give rise t o reaction 
intermediates subsequently forming the products concerned, 
and (b)». i n the effects of catalysts upon such processes. 
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Ci i i > The -reaction af l l kylbemenes. with. Chlorine T r i f l u o r i d e 

using; €arhon-'Te'trachl-.orids as 'solvent. 

•When the s e r i e s of c h l o r i n e t r i f l u o r i . d e experiments was 
extended t o cover the alkylbenzenes i t was decided t o employ 
cobaltoiis f l u o r i d e ' as c a t a l y s t i n a l l cases as i t had proved 
to be one of t h e most successful compounds f o r t h i s purpose 
i n the experiments w i t h benz-ene- i t s e l f . I t was observed, 
t h a t when toluene, ethyl-benzene or cumene ( 1 mol.) was 
caused t o react w i t h c h l o r i n e t r i f l u o r i d e (0« 5' mol.)^ 
d i l u t e d by n i t r o g e n , i n carbon t e t r a c h l o r i d e s o l u t i o n and 
i n the presence of the c a t a l y s t , both s u b s t i t u t i o n and 
a d d i t i o n occurred as i n the case of benzene;. Of the 
s u b s t i t u t i o n , products, those containing, c h l o r i n e predominated, 
and the amounts of f l u o r i n e c o n t a i n i n g s u b s t i t u t i o n pro-duet, 
decreased as the size of the side chain increased. I n a l l , 
the experiments a c e r t a i n amount of the .hydrocarbon,under test-
was recovered..unchanged a t the end. of the experiment i n 
quest i o n . This amount was found t o increase w i t h i n c r e a s i n g 
siz:e of the side chain. 

A summary of the experiments c a r r i e d out. i s g i v e n i n 
Table I T these were a l l c a r r i e d out under analogous 
c o n d i t i o n s and the r e s u l t s are t h e r e f o r e d i r e c t l y comparable. 
The corresponding experiment w i t h benzene i s included f o r 
purposes of comparison. 
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I n so f a r as'-subst-itution as a. whole i s concerned, t h i s 
i s almost e n t i r e l y r e s t r i c t e d t o e n t r y i n t o the nucleus, the 
only exception being-a small amount of side chain f l u o r i n a t i o n : 
i n the case of toluene, g i v i n g r i s e t o benzyl f l u o r i d e . As f a r 
as can he seen from reference t o the c h l o r i n a t e d d e r i v a t i v e s , 
the i o n i c mechanism of s u b s t i t u t i o n i s confirmed, w i t h 
s u b s t i t u t i o n occurring, i n t o the ortho- and para- p o s i t i o n s , 
excepting i n the case of cumene where only p-chlorocumene was 
i s o l a t e d . The absence of i r r e g u l a r i t i e s i n the d i s t i l l a t i o n , 
curves - p l o t t i n g r e f r a c t i v e index values against. % d i s t i l l e d 
when, the mixtures'- of isomeric chloro-compounds were 
f r a c t i o n a t e d through a concentric tube column- (38 t h e o r e t i c a l 
p l a t e s ) , coupled w i t h the fact, t h a t amounts of pure ortho and 
para d e r i v a t i v e were obtainable, i n d i c a t e d the absence of any 
met a-chloro d e r i v a t i v e i n the cases of toluene and. e t h y l 
benzene... I n the case of cumene,. c h l o r i n a t i o n was found t o 
occur e x c l u s i v e l y i n the para p o s i t i o n ; t h i s i s presumably 
a t t r i b u t a b l e t o s t e r i c hindrance. The absence of 6-chlorocumene 
i n the products o f the r e a c t i o n of c h l o r i n e w i t h cumene has-
been reported i n the l i t e r a t u r e (Genvresse, B u l l . Soc. Chim. 
Fr.^1893 (3>, £, 223:), i t being s t a t e d t h a t only the p-
d e r i v a t i v e and h i g h e r c h l o r i n a t e d compounds were isolated--
The - s t e r i c e f f e c t i n . the formation of cumene d e r i v a t i v e s has 
also been observed.in n i t r a t i o n - where the amount of para 
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d e r i v a t i v e , i s o l a t e d exceeds.-the amount of ortho. to,a large 
e x t a n t ( c . . f . . C.onstam. and. Goldschmidt, Ber.,„ ..1888, .21* 1157 ; 
Vavon and Oa l l i e r , , Bull... Soc. Chim, Fr.,, 1.92T ( 4 ) , 41.,, 357). 

The ortho and para s u b s t i t u t i o n i n the cases of toluene 
-•-- • ...... -̂ v 

and e t h y l benzene was as expected from the w e l l known-
d i r e c t i n g e f f e c t of a l k y l groups. These r e s u l t s concur w i t h 
observations made by other workers i n t h i s field...(e.g. Hubner 
and Mujert,. Ber., 1.873, ,'6;,. 790 r .Seelig, I n n . , 237, 130 and 
151 r Schramm:,, Ber .,; 1885 , 18, 1273 Cline and Re i d , 
J. Imer. •-Chem.- <Soc, 1927, 49, 3153.. Compare.also Reese, 
C'hem, Rev., 1934, 14.,. 55). 

I n the eases of the f l u o r i n a t e d . d e r i v a t i v e s , no d e f i n i t e 
i n f o r m a t i o n could be obtained regarding the c o n f i g u r a t i o n 
and r e l a t i v e amounts of isomeric s u b s t i t u t i o n products,, 
owing t o the low y i e l d s and d i f f i c u l t i e s i n i s o l a t i o n osf 
specimens in. a-pure s t a t e . Using a concentric tube column 
(38 t h e o r e t i c a l p l a t e s ) , i t was possible t o o b t a i n from the 
products of the toluene experiment a small q u a n t i t y of mixed 
f luorotoluenes - which on o x i d a t i o n gave- a mixed fluorobenzoic 
a c i d Cm.p. 15B°C)., This compares w i t h ortho - F.CgH^.CO H, 

m.p. 122°» meta m.p. 123° and para -, m,p. 182°C. I n the 
other eases no pure fluoro-compound could be obtained. 
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In. a l l three, cases the e s t i m a t i o n o-f, the t o t a l amount of 
fluoro-compound was c a r r i e d out by a n a l y s i s of the f l u o r i n e 
content of the mixture of unchanged hydrocarbon and 
f i u o r i n a t e d d e r i v a t i v e a f t e r as much as possible of the 
former had been removed i n a pure s t a t e by f r a c t i o n a t i o n 
processes. . ,' ' 

TABLE ' V. T o t a l S u b s t i t u t i o n , ' Add i t i on, Etc» 

i n Benzene and Homologues. 

Compound 
unde r 
test., 

Recovd. 
s t a r t g . 
m a t l . 

S u b s t i t u t i o n 
A d d i t i o n 
Product. Tar. 

Compound 
unde r 
test., 

Recovd. 
s t a r t g . 
m a t l . .Fluoro Ghloro T o t a l 

A d d i t i o n 
Product. Tar. 

Benzene -. 11-9 28-4 40- 3 11:2 14-8 
Toluene 19-0 12-3 27-3 39-6 29«4 15-9 
E t h y l • 
benzene. . 27- 6 5-1 27.4 32.5 19-4 20-4 
Cumene 39-0 3- 6 36> 4 40-0 20-4 18-9 

Table V gives d e t a i l s of the' t o t a l amounts of various . 
types of p r o d u c t ^ i s o l a t e d from r e a c t i o n mixtures. The f i g u r e s 
r e f e r t o grams of product per 100 grams of hydrocarbon a c t u a l l y 

• r e a c t . Q ? ^except Col. 2 which gives amount of unchanged/ s t a r t i n g 

m a t e r i a l per 100 grams., submitted t o r e a c t i o n ) . Since 

secondary decomposition (Table 17,, Col. 9) was the r e s u l t of 
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de e x p o s i t i o n of lower b o i l i n g a d d i t i o n compounds during' 
f r a c t i o n a t i o n processes i n the cases of a l k y ! benzenes, 
and the decomposition of n o n - r e d i s t i l l a M e a d d i t i o n 
compounds i n the case of benzene the f i g u r e i n Col. 6 of 
the above t a b l e i s a composite, based on the sum. of 
Cols, 8 and. 9 (Table IT) and referred, t o 100 grs.. o f 
reacted hydrocarbon. The data f o r benzene are again 
included f o r comparative purposes, and i t i s broadly seen 
t h a t w h i l s t s u b s t i t u t i o n i s again the main- r e a c t i o n i n the 
eases of the a l f c y l benzenes, a d d i t i o n appears t o occur t o 
a g r e a t e r extent. 

'•In the cases of benzene and toluene the r a t i o of the 
amount of e h l o r i n a t i o n t o f l u o r i n a t i o n i n regard to the 
s u b s t i t u t i o n products i s around 2 : 1, and t h i s r a t i o then 
increases w i t h increase i n the s i z e of the side chain 
through ethyl-benzene (5 ; 1) t o cumene, where i t i s 
approximately 10 :: 1 and the y i e l d of fluoro-compound i s 
very small. 

The a d d i t i o n compounds produced by r e a c t i o n w i t h 
alkyi-benzenes are considerably less stable than those 
obtained from, benzene and consequently much more d i f f i c u l t , 
t o i s o l a t e . Attempts were made i n a l l cases t o o b t a i n 
these compounds i n a reasonably pure state by c a r r y i n g out 
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the i n i t i a l d i s t i l l a t i o n under reduced pressure t o remove 
solvent and s u b s t i t u t i o n compounds.. A f t e r t h i s process 
had been c a r r i e d out, however,the l i q u i d , o r i g i n a l l y , orange 
coloured,, t u r n e d black. Continuance of the reduced pressure 
d i s t i l l a t i o n gave r i s e i n a l l cases t o a viscous o-il which 
turned brown d u r i n g d i s t i l l a t i o n , and very soon blackened 
and evolved hydrogen h a l i d e s . A specimen of d i s t i l l a t e was 
taken f o r immediate a n a l y s i s by the sodium f u s i o n method, 
and the d i s t i l l a t e was also observed t o decolourise aqueous 
potassium permanganate s o l u t i o n and bromine water. The 
residue i n the f l a s k a t the end of t h i s d i s t i l l a t i o n was 
weighed and noted as r e a c t i o n t a r (Table IT, Col* 4; 

Table Y, Col. 7.,). From i n s p e c t i o n of the r e a c t i o n products' 
of the alkylbenzene experiments, i t seemed most u n l i k e l y that, 
the transparent orange coloured carbon t e t r a c h l o r i d e - e x t r a c t s 
contained much t a r , as opposed t o the dark brown,, opaque 
e x t r a c t s obtained from benzene experiments, and i t t h e r e f o r e 
appears most probably t h a t t h i s t a r c o n s i s t s , ar l e a s t i n 
p a r t , of the decomposition products of higher b o i l i n g a d d i t i o n 
compounds., 

Attempted r e d i s t i l l a t i o n of the viscous o i l c o n t a i n i n g 
the bulk of the a d d i t i o n compounds under reduced pressure 
r e s u l t e d only i n the formation of more-tar and the e v o l u t i o n 
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of hydrogen c h l o r i d e and hydrogen, f l u o r i d e . Usually a small 
q u a n t i t y of lower ' b o i l i n g a d d i t i o n compound.distilled w i t h 
the s u b s t i t u t i o n products: t h i s decomposed du r i n g subsequent 
f r a c t i o n a t i o n , being l e f t as s t i l l - p o t residue (Table IY, 
Col.. 9.). 

From, a n a l y t i c a l data a v a i l a b l e , the a d d i t i o n comp-ounds 
obtained from alkyl-benzenes seem i n the main t o have been 
formed by a d d i t i o n of one c h l o r i n e and one f l u o r i n e atom.' 
per aromatic nucleus. D e t a i l s of analyses c a r r i e d out on 
these compounds-will ,be found i n the corresponding 
experimental s e c t i o n . 

The mechanism, of the r e a c t i o n between c h l o r i n e t r i f l u o r i d e 
and benzene homologues would appear t o be e s s e n t i a l l y s i m i l a r , 
t o the r e a c t i o n with.benzene i t s e l f , involving, the assumption 
of simultaneous, i o n i c and f r e e r a d i c a l processes g i v i n g r i s e 
t o s u b s t i t u t i o n and. a d d i t i o n compounds r e s p e c t i v e l y . The 
t o t a l amount of s u b s t i t u t i o n appears t o be f a i r l y constant 
throughout the s e r i e s , but i n the cases of the a l k y l benzenes, 
about twice as much, or more, a d d i t i o n occurred than i n the 
corresponding benzene experiment ( c . f . w i t h t o l u e n e , the 
extent of a d d i t i o n was r a t h e r more than 2'5 times t h a t observed, 
w i t h benzene). The amount of complete, degradation o c c u r r i n g 
i n the cases of the alkyl-benzenes appears t o be less than 



i n the case of benzene* the n e t t t o t a l recovery of organic 
product being correspondingly higher. A comp l i c a t i n g 
fea t u r e i n e x p l a i n i n g the r e a c t i o n of ch l o r i n e t r i f l u o r i d e 
w i t h a l k y l benzenes i s the i s o l a t i o n of unchanged s t a r t i n g 
material.,, e s p e c i a l l y since no halogen (and a c t u a l l y only . 
hydrogen f l u o r i d e ) was detected i n the waste gases a r i s i n g 
from each experiment. The amount of unchanged hydrocarbon 
increased w i t h increase i n the number of carbon atoms i n the 
side chain (and thus also w i t h i n c r e a s i n g a c t i v a t i o n of the 
nucleus).. The most f e a s i b l e e x p l a n a t i o n of t h i s appears t o 
be t h a t once some a d d i t i o n compound has formed,, i t i s easier 
f o r f u r t h e r a d d i t i o n t o take place, so b u i l d i n g up a polyhalogen 
a d d i t i v e product; t h i s involves the assumption t h a t the less 
stable higher b o i l i n g a d d i t i o n compounds were polyhalogen i n 
character, and contained much more halogen than the a d d i t i o n 
compounds a c t u a l l y analysed. I f t h i s were t r u e i t " w o u l d mean 
t h a t the halogen u t i l i s a t i o n could be balanced.in such a way as 
t o leave some hydrocarbon unreacted... 

Experimental t e s t i n g - o u t of t h i s hypothesis could n o t , 
u n f o r t u n a t e l y , be e f f e c t e d , as the higher b o i l i n g a d d i t i o n 
'compounds were so unstable t h a t decomposition occurred w i t h 
e v o l u t i o n of hydrogen ha l i d e s before they could be i s o l a t e d 
and analysed.. 
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( i v ) •Reaction Of Chlorine' T r i f i u o r i d e w i t h Halobenzenes 

i n 'Garb on Tetrach 1 o r i de so l u t i on.. 

The treatment of .chlorobenzene and fluorobenzene w i t h 
0-5 mol.. of c h l o r i n e t r i f l u o r i d e using n i t r o g e n as d i l u e n t 
and carbon t e t r a c h l o r i d e as solvent i n the presence of • 
cobaltous f l u o r i d e c a t a l y s t was seen t o give r i s e t o both 
a d d i t i o n and. s u b s t i t u t i o n as i n the case of benzene i t s e l f . 
I n the case of chlorobenzene s u b s t i t u t i o n predominated over-
a d d i t i o n t o a much l a r g e r extent than w i t h fluorobenzene. 
The l a t t e r compound appeared t o behave e x c e p t i o n a l l y , as no 
n u c l e a r - s u b s t i t u t e d f l u o r o - d e r i v a t i v e could be t r a c e d i n the 
reacti'on products obtained from i t . . 

i summary of the r e s u l t s obtained from experiments, 
c a r r i e d out w i t h these halobenzenes i s g i v e n i n Table V I , " 
the corresponding experiment w i t h benzene being included f o r 
the_sake of comparison. A l l experiments were performed under 
s i m i l a r c o n d i t i o n s and the r e s u l t s may t h e r e f o r e be d i r e c t l y 
compared. 

Generally speaking,, the r e s u l t s obtained are i n agreement 
w i t h the theory t h a t s u b s t i t u t i o n i s o c c u r r i n g by the i o n i c 
mechanism o u t l i n e d i n section ( i i ) , as the e n t r y of the 
second s u b s t i t u e n t i s r e s t r i c t e d t o p o s i t i o n s expected from the 
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accepted d i r e c t i n g i n f l u e n c e of the f i r s t , i . e . p r i n c i p a l l y 
t o the ortho and para p o s i t i o n s i n these eases, ( c . f . Reese, 
Chem.. Rev., 1934, 14, 55). There appears, however, t o be a 
very marked bias i n favour of s u b s t i t u t i o n i n the para 
p o s i t i o n and only i n the s u b s t i t u t i o n of c h l o r i n e i n t o 
chlorobenzene was any ortho d e r i v a t i v e i s o l a t e d , but even 
i n t h i s ease the para d e r i v a t i v e was formed i n large excess 
Csee Table VI f o o t n o t e ) . Observations noted i n the l i t e r a t u r e 
of the l i q u i d phase e h l o r i n a t i o n of chlorobenzene us i n g c h l o r i n e 
under various c a t a l y t i c c o n d i t i o n s (Cohen and H a r t l e y , J.Chem. 
Soc. 1905, 8 7 , 1362;' Van der Linden, Rec. Trav. Chim., 1911, 
30, 328) st a t e t h a t i n a l l cases studied the predominant 
product i s p-dichlorobenzene. The extent of t h i s predominance 
i n these cases i s , however considerably less than i n the 
experiment w i t h c h l o r i n e t r i f l u o r i d e . The c h l o r i n a t i o n of 
fluorobenzerie a t room temperature i n the presence of i r o n ' 
f i l i n g s has been observed t o give r i s e ' e x c l u s i v e l y t o 
p-ch l o r o f luorobenzene (Varma et a l . , J. In d i a n Chem. Soc.,, 
1944, 21, 112). 

The recovery of unchanged s t a r t i n g m a t e r i a l YI&S again 
observed i n the case of chlorobenzene, though t o a less 
e x t e n t t h a n i n t h e experiments w i t h a l k y l benzenes ( s e c t i o n 
( i i i ) ) ' 
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The t o t a l amount of s u b s t i t u t i o n products obtained from 
chlorobenzene exceeds by about 70$ the corresponding amount 
i n the benzene experiment, which i n t u r n exceeds the n e t t 
s u b s t i t u t i o n product from fluorobsnzene by about 50%. The 
r a t i o of s u b s t i t u t e d chloro- t o s u b s t i t u t e d fluoro-compound 
i n the benzene and chlorobenzene experiments i s about the same, 
but i n the case of fluoro-benzene, no d i f l u o r o - d e r i v a t i v e could 
be i s o l a t e d . Analysis of the solvent removed* from the r e a c t i o n 
products i n the fluorobenzene experiment proved the absence 
of any unchanged s t a r t i n g m a t e r i a l or f l u o r i n a t e d d e r i v a t i v e s 
which might have i n t e r d i s t i l l e d w i t h i t . . (c.,f. Found CI 91*9%, 

Calc. f o r C CI 4,92*2%). 

Regarding the absence of difluorobenzenes from the 
r e a c t i o n products of the fluorobenzene experiment, the 
presence of meta- and o r t h o - d e r i v a t i v e s would not be 
expected i n any case from considerations of the halogenation 
of fluorobenzene which has been shown (Varma et al.., l o c . c i t . . ) 
t o give r i s e e x c l u s i v e l y t o para-derivatives.. Furthermore i t 
i s reported ( B e i l s t e i n , Org. Chem., Series E I I , 5, 147) t h a t 
o-difluorobenzene decomposes on standing i n the a i r so t h a t i t s 
n o n - i s o l a t i o n i n the present experiment i s not s u r p r i s i n g . 
I n v e s t i g a t i o n s made on the s t a b i l i t y of p-difluorobenzene 
showed t h a t i t s s o l u t i o n i n carbon t e t r a c h l o r i d e was stab l e 
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a t room temperature t o 0*1 N sodium hydroxide s o l u t i o n , 
saturated aqueous sodium bicarbonate, anhydrous hydrogen 
c h l o r i d e and anhydrous hydrogen f l u o r i d e . When, however, 
a ..solution of p-di fluorobenzene (14 g.) i n carbon t e t r a c h l o r i d e 
(250 ml.) was.treated i n the presence of cobaltous f l u o r i d e 
(2 g.) w i t h 0*5 mol. of c h l o r i n e t r i f l u o r i d e a t G°C using, 
n i t r o g e n as d i l u e n t , copious e v o l u t i o n of hydrogen f l u o r i d e 
occurred. A f t e r f r e e i n g from inorganic i m p u r i t i e s , and 
drying.,, the only product l e f t a f t e r removal of ..solvent (pure 
G G l 4 QD

20 ,1-46;12, found, CI. 92*1%; calc.ClJ2-28 was 0-42. g.. 
of u n d i s t i l i a b l e , brown,, partially-decomposed viscous l i q u i d ; ' 
a sample of t h i s decolourised aqueous potassium, permanganate,, 
and a specimen on immediate a n a l y s i s gave CI 26'3$,. F II*0>+ 

Subsequently, t h i s decomposed completely, g i v i n g a black t a r . 

On the basis of these r e s u l t s i t can t h e r e f o r e be 
p o s t u l a t e d t h a t any p-difluorobenzene which might be formed i n 
the f i r s t place by the r e a c t i o n of c h l o r i n e t r i f l u o r i d e w i t h 
fluorobenzene, would be subsequently decomposed by secondary 
r e a c t i o n w i t h c h l o r i n e t r i f l u o r i d e i n t o products not isolated... 
This would e x p l a i n the absence of any p-difluorobenzene i n ,the 
r e a c t i o n product, and also the f a c t t h a t the recovery of 
organic m a t e r i a l from the fluorobenzene experiment i s lower 
than i n any other case where cobaltous f l u o r i d e was employed 
as c a t a l y s t . 
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I n assessing the t o t a l amount of a d d i t i o n i n each 
case (Table VI,. Col. 1 0 ) , the amount l o s t d u r i n g 
subsequent f r a c t i o n a t i n g processes (Table VI,. Col. 9) 
was t a k e n . i n t o , c o n s i d e r a t i o n as i n the cases of the a l k y l 
benzenes. I t i s seen t h a t t h i s amount i s smallest i n the, 
case of ehlorobenzene, where i t i s about one h a l f the 
corresponding amount f o r benzene i t s e l f , and r a t h e r more 
than one t h i r d of the amount observed i n the case of 
fluorobenzene.. According t o a n a l y t i c a l data, the 
a d d i t i o n products i s o l a t e d , which a l l decolourise aqueous 
potassium permanganate and bromine water, appear t o 
cont a i n a t l e a s t one a d d i t i o n a l ' c h l o r i n e and one a d d i t i o n a l , 
f l u o r i n e atom per molecule. Analyses of these products 
are given i n the experimental section.. 
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(-v> -Re-action of -Chlorine T r i f l u o r i d e w i t h Perhalomethyl-

benz'enes i n 'Carbon T e t r a c h l o r i d e solution.. 

When b e n z o t r i f l u o r i d e and b e n z o t r i c h l o r i d e were caused 
to react w i t h c h l o r i n e t r i f l u o r i d e (0*5 mol..) i n carbon 
t e t r a c h l o r i d e s o l u t i o n i n the presence of co'baltous f l u o r i d e 
c a t a l y s t under s i m i l a r c o n d i t i o n s t o those employed i n other 
i n v e s t i g a t i o n s , both s u b s t i t u t i o n and a d d i t i o n were observed 
t o occur as i n the case of benzene. S u b s t i t u t i o n was i n both 
cases the major r e a c t i o n , and i t occurred t o about twice the 
extent of a d d i t i o n . Replacement of f l u o r i n e f o r c h l o r i n e i n * 
the side-chain occurred t o a small extent i n the case of 
b e n z o t r i c h l o r i d e , r e s u l t i n g i n the .formation of a small 
q u a n t i t y of b e n z o d i c h l o r o f l u o r i d e . 

A summary of r e s u l t s obtained from the experiments i s 
given i n Table V I I , together w i t h comparable data f o r the 
corresponding benzene experiment. Owing t o the close 
p r o x i m i t i e s of the b o i l i n g p o i n t s of the isomers concerned 
i t -was -not possible t o obtain a great amount of d e t a i l e d 
i n f o r m a t i o n regarding the o r i e n t a t i o n of the s u b s t i t u t e d ' 
derivatives;- a l s o , the f l u o r i n a t e d d e r i v a t i v e s were 
inseparable from: unchanged s t a r t i n g m a t e r i a l . The n e t t 
amounts of f l u or o-compound and unchanged s t a r t i n g m a t e r i a l wer< 
estimated i n each case by halogen a n a l y s i s . I n the case of 
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b e n z o t r i f l u o r i d e c h l o r i n a t i o n occurs e x c l u s i v e l y i n the 
meta p o s i t i o n , a f a c t which reasonably concurs w i t h the known 
data regarding the halogenation of b e n z o t r i f l u o r i d e ( c . f . 
Wertyporoch,, Arin.., 1932, 493, 153; Simons and Ramier, 
J. Amer.. Ghem.. S o c , 1943, 65, 389), and supports the theory 
of s u b s t i t u t i o n by the i o n i c mechanism. 

From examination of the b o i l i n g p o i n t s of the f l u o r i n a t e d 
d e r i v a t i v e s of b e n z o t r i f l u o r i d e i t seems u n l i k e l y t h a t any 
ortho isome,r was formed, but the mixture of b e n z o t r i f l u o r i d e 
and f l u o r o b e n z o t r i i l u o r i d e may contain some para isomer i n 
a d d i t i o n t o meta* Hydrolysis w i t h 80%. su l p h u r i c a c i d gave 
only a mixture of benzoic and fluorobenzoic a c i d s . . f r % r which 
no d e f i n i t e i n f o r m a t i o n was obtainable. S i m i l a r i n d e f i n i t e 
r e s u l t s were obtained from the mixture of b e n z o t r i c h l o r i d e 
and f l u o r o b e n z o t r i c h l o r i d e (s) and from the mixture of 
c h l o r o b e n z o t r i c h l o r i d e s which were hydrolysed by a b o i l i n g 
aqueous suspension of calcium carbonate.. I t has been st a t e d 
(Wertyporoch, l o c . c i t . ) t h a t the c h l o r i n a t i o n of 
b e n z o t r i c h l o r i d e using c h l o r i n e w i t h antimony pentachloride 
as c a t a l y s t y i e l d s p r i n c i p a l l y the meta-derivative. 

Generally speaking, as f a r as s u b s t i t u t i o n i s concerned 

i t i s seen t h a t i n both cases, as i n benzene, c h l o r i n a t i o n 

exceeds f l u o r i d a t i o n * though the extent of f l u o r i n a t i o n i s 
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g r e a t e r i n the case of b e n z o t r i c h l o r i d e than i n e i t h e r t h a t 
of b e n z o t r i f l u o r i d e or benzene.. Indeed,, the r a t i o of 
f l u o r i n a t i o n t o c h l o r i n a t i o n i s g r e a t e r i n the case of 
b e n z o t r i c h l o r i d e i s more ne a r l y 1 : 1 than i n the case of -
any other aromatic compound studied. The recovery of 
unchanged s t a r t i n g m a t e r i a l i s also observed i n experiments 
w i t h perhalomethylbenzenes and t h i s i s most marked i n the case 
of benzotrichloride.. 

A d d i t i o n compound i s o l a t e d from the b e n z o t r i f l u o r i d e 
experiment appeared t o have been formed by a d d i t i o n of one 
f l u o r i n e and one c h l o r i n e atom per b e n z o t r i f l u o r i d e molecule, 
and t h a t i n the case of b e n z o t r i c h l o r i d e apparently contained 
r a t h e r more " a d d i t i o n a l " halogen per molecule. D e t a i l s of 
analyses and other p r o p e r t i e s of these compounds are g i v e n 
i n the experimental section. 

The side r e a c t i o n i n the case of b e n z o t r i c h l o r i d e 
i n v o l v i n g the replacement of f l u o r i n e f o r c h l o r i n e i n the 
side chain w i t h the r e s u l t i n g formation of benzodichloro-
f l u o r i d e may be a t t r i b u t e d t o a replacement r e a c t i o n of the 
same type observed when c h l o r i n e t r i f l u o r i d e r eacts w i t h 
carbon t e t r a c h l o r i d e v i z : -

C CI3 ' . C G12F 0 + CI F 3 — * Q 4- 2 Gl F 
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( c . f . C C l 4 + CI F 3 * G C1'3F 2 CI F.) 

A discussion of t h i s type of r e a c t i o n has already been made 
(vide p. 32 e t . seq.). 
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( i ) " Reaction o.f Chlorine : TrxfluWide with Carbon 
Tetrachloride. 

J^parMAs: 

In order to measure the input rate of chlorine 
t r i f l u o r i d e the flowmeter described previously ( E l l i s and 
Musgrave, J. Chem. Soc , 1950 , 3608) was at f i r s t used. 
This was l a t e r replaced tejr a much more e f f i c i e n t type shown 
i n Diagram 1. The chief advantages of t h i s l a t t e r are tha t 
(1) i t can be given f a r greater s e n s i t i v i t y without 
impairing e f f i c i e n c y , and (2) i t i s easier t o clean and. 
maintain, there being no p o s s i b i l i t y of purely l o c a l 
blockage. 

The reaction vessel used f o r experiments carried out 
without catalysts i s shown.in Diagram I I : when a catalyst 
(anhydrous cobaltous f l u o r i d e ) was employed, the modified 
reaction vessel (Diagram I I I ) was used i n order that the 
mixture could be s t i r r e d . The reaction vessel f o r 
uncatalysed work was of approximately 1.2 l i t r e capacity 
and was constructed of mild s t e e l , having a steel head 
carrying input, and output l i n e s of 5/16 H copper tubing. 
The head was fi x e d to t h e c y l i n d r i c a l vessel by means of 
six bolts with a s t e e l to lead knife-edge. seal. 
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The modified reaction vessel 'AA' employed i n catalysed 
experiments was substantially similar to I , but had 
concentric tubes f i t t e d to the l i d so that a sealed s t i r r e r 
could be used. Carbon tetrachloride was employed as the 
sealing l i q u i d . 1 t h i r d vessel, used to contain halogen 
absorbent, was also much the same as, A, d i f f e r i n g only i n 
that i t was somewhat larger ( c i r c a 1«5 l i t r e ) and was 
f i t t e d with an extra i n l e t tube through which nitrogen 
could be blown t o fl u s h the system or to bring about 
fur t h e r d i l u t i o n of the chlorine t r i f l u o r i d e . 

Experimental. 

-The experimental set up i s shown i n Diagram IT. The 
chlorine t r i f l u o r i d e and nitrogen were metered i n t o the 
c i r c u i t by separate lines linked up by a T-piece, and the 
gas mixture conducted i n t o the reaction vessel A v i a a 
brass safety t r a p . The output l i n e of A led to the halogen 
scrubber 1 which i n t u r n was connected t o the pyrex-glass 
product receivers C and D. 

For the uncatalysed experiments dry carbon tetrachloride 
(500 mis.) was- placed i n vessel I and the c i r c u i t connected 
up as i n Diagram IT. The receiver C was immersed.in 
alcohol-drikold contained i n a Dewar fl a s k , and D i n l i q u i d 
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oxygen contained i n . a second Dewar. The vessel B was charged 
with, a solution of'252 grs. of sodium-sulphite heptahydrate 
and' 80 grs. sodium hydroxide i n water ( 1 l i t r e ) and t h i s 
solution acted as halogen absorbent. (Elementary antimony 
and rock sulphur were f i r s t tested as halogen absorbents 
but were found to be of no value, as they exhibited 
negligible action w i t h chlorine t r i f l u o r i d e d i l u t e d by 
nitrogen even at 170°C). 

The passage of chlorine t r i f l u o r i d e (5-7 gr./hr.) 
d i l u t e d by nitrogen (5 l . / h r . ) was then commenced. At the 
half-way stage i n each experiment B was emptied and 
recharged w i t h the same amount of fresh solution* At the 
conclusion of each experiment the receiver Q was immersed 
i n l i q u i d oxygen and the contents of D d i s t i l l e d i n t o i t . 
After sealing up by means of t i g h t l y f i t t i n g rubber caps, 
C and i t s contents were maintained overnight i n a Dewar of 
l i q u i d oxygen, f r a c t i o n a t i o n of the products being effected 
the following day. 

For the catalysed experiments the procedure was . 
s l i g h t l y modified. Dry carbon tetrachloride C500 mis.), was 
placed together with 10 grs* of anhydrous cobaltous f l u o r i d e 
i n the vessel M. (Diagram H I ) which replaced the vessel A 
i n the experimental c i r c u i t (as shown i n Diagram I V ) . 



The sealing device L-M. was:, f i l l e d up with carbon 
tetrachloride so.that the head of l i q u i d i n L above the 
base of the seal was approximately twice the height of the 
carbon tetrachloride w i t h i n the reaction' vessel.- The 
stainless: s t e e l vane-stirrer F was driven, e l e c t r i c a l l y . 
I n order t o r e s t r i c t the p o s s i b i l i t y of back-pressures 
the amount of l i q u i d _ i n the^scrubber (B) was reduced so 
that the end of 'the input tube protraded^omly 0*5M belfw 
the surface of the so l u t i o n . This necessitated changing 
the contents of B four times per experiment., each time 
using 750 mis* of alkaline sodium sulphite s o l u t i o n , made 
up as previously directed. Otherwise the catalysed 
experiments were carried out i n the same way as those i n 
which no catalyst was employed. The c o l l e c t i o n of products 
was carried out i n an i d e n t i c a l manner and they were bulked 
f o r overnight storage i n l i q u i d oxygen previous to 
fractionation,, as before. 

I n a l l eases, d e t a i l s of chlorine t r i f l u o r i d e passed 
are to be found i n Table I (p.29). For experiments at 
Q®f the reaction vessel was maintained in-a bath of ice and 
water: a l l other experiments were carried out at room 
temperature on the day of working ( c . f . Table I ) . 
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PractTo'nat'ion" of t'hg pro'ducts. , 
I n order to separate the reaction products a low 

temperature column constructed on si m i l a r lines to that of 
Ramier and Simons CM. Eng. Ghem. Anal., 1936, ,10,- 648) 
was employed. Instead of using a thermocouple, however, 
as described fey those authors,, temperatures were read o f f 
directly;- with the aid of a pentane thermometer placed i n 
a thermawell f i l l e d with alcohol. A diagram of the 
f r a c t i o n a t i n g apparatus employed i s shown' overleaf (Diagram?). 
Theheating nipple was covered with asbestos paper and wound 
with oxyniehrome tape (6 ohms). I t was placed i n series with 
a 17 ohm rheostat and controlled from a 20 v o l t source, 
currents of 0*9 -1*1 amp being used. 

Operation of the apparatus was carried out as described 
by; Ramier and Simons (loe. c i t . ) , , the whole system^feeiig 
placed inside a large silvered Dewar fla s k . During 
introduction of the sample through the input l i n e of tap. 1 
(Diagram 7) the condenser was charged with l i q u i d nitrogen 
and the reservoir bulb was similarly; coaled; tap 1 was open 
to the atmosphere via a calcium chloride tube. To operate, 
only a small quantity of l i q u i d nitrogen was l e f t i n the 
large outep. Dewar, and the upper part of the apparatus was 
insulated against heat changes by means of cotton-wool 
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wadding.. Cooling, of the condenser was altered to alcohol-
d r i k o l d mixture and heat was then applied through, the heating 
nipple u n t i l the commencement of a r e f l u x . After 30 minutes 
r e f l u x i n g to establish equilibrium tap- A was closed and tap B 
opened to the take-off l i n e leading, to a graduated receiver 
cooled i n aleohol-drikold mixture. These fr a c t i o n s were 
generally collected; "dichlorodifluoromethane (b.p. -28 to 
-26°C), intermediate, and trichlorofluoromethane (b.p. 23 

to 25°0); a residue of carbon tetrachloride was l e f t . 
D etails of the reaction products collected i n each 
experiment are given i n Table I . 

Oharacte'rtsatidh;) of Reaction Products. 

(1) ' Dichlbrbdif Iuor'omethahe 

A 3 mis. sample was taken and d i s t i l l e d onto anhydrous 
magnesium sulphate; a f t e r r e d i s t i l l a t i o n through, the 
column described i t had b.p. -28°G. A sample (approximately 
lOOmgr.) was sealed up and analysed by the sodium fusion 
method of Iksgrave, Smith and Tatlow ( J . Chem. Soe., 1949, 
3026). I t gave Gl 58-% F 31'2fo. (Calculated f o r 
C. ClgFg, CI 58-68^, F 31-41%). 

(2) ' Trichlorofluoro^ethane :-

A 15 mis. sample was "taken, dried over anhydrous 
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magnesium sulphate and re-fractionated through the column. 
" . • - ,, . , 

The- centre-fraction had; fe.p. 24°C and_ n Q 1*3846. On 
analysis i t gave.CI 77' %> F 15*6%. (Calculated f o r C Cl^F, 
CI 77- 45%, F 13' 82%). 
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(it) Reaction of ChTcrrine T r i f l u o r i d e with Benzene i n 

•Qsrfcw Te-traefa.l.orfdef solution. 

Apparatus 

To-'carry out reactions i n the l i q u i d phase a similar 
experimental set-up to that used i n the experiments with 
carbon tetrachloride alone (see Diagram I?) was employed, 
though the halogen scrubber and receivers f o r the c o l l e c t i o n 
of v o l a t i l e products were dispensed w i t h , and a d i f f e r e n t 
reaction vessel was used. This reaction vessel was 
constructed of mild steel and had a screw-on head, carrying 
i n l e t and" outlet tubes and having provision f o r a mercury 
seal to work i n conjunction with a s t i r r e r ( c . f . Diagram I I I ) 
1 lead washer was f i t t e d on the inside of the head. Owing to 
the evolution of corrosive gases i t was not possible t o 
employ an e l e c t r i c a l l y driven stirrer^feead 1, and a water 
turbine type was used; the s t i r r e r i t s e l f was again made 
from stainless s t e e l . For the experiment carried out at 
77° C the s t i r r e r was f i t t e d with a mercury seal (since no 
halogens were observed to be evolved during reactions at 
0°Q) and twio metal condensers, one carrying a water l i n e , 
and^the other containing ice and water were f i t t e d by brass 
u n i o n s t o t h e o u t l e t t u b e of the reaction vessel. Otherwise, 
chlorine t r i f l u o r i d e and nitrogen were metered i n as f o r the 



.experiments i n the previous section, and the gas-mixture was 
conducted t© the reaction vessel v i a a! brass safety trap. 
The glass -flowmeter parts- were protected by perspex shields 
as a f u r t h e r safety precaution. 

Experimental 

A summary of experiments carried out and products 
resulting: i s given i n Tables I I and I I I (pp. 42-44).. I n a l l 
experiments except Nos. 1, 7 and 8, benzene (100 grs.) was 
dissolved i n carbon tetrachloride (500 mis.) to which the 
anhydrous catalyst (10 grs.) had been added, the reaction 
vessel was maintained at Q°C -by means of a bath of ice and 
water, and c h l o r i n e t r i f l u o r i d e was led i n at 10 grs./hr. 
d i l u t e d by nitrogen' (12 L./hr.). Vigorous s t i r r i n g was 
carried on u n t i l approximately 60 grams of chlorine 
t r i f l u o r i d e had been passed. I n Experiment 1, no catalyst 
was used though other conditions were the same, but i n 
Experiment 7 benzeme (75 grs.) i n carbon tetr a c h l o r i d e ' 
(750 mis.) was treated with 45 grams of chlorine t r i f l u o r i . d e 
i n the presence of 100 grams of anhydrous cobaltous f l u o r i d e 
catalyst. The flow rate of chlorine t r i f l u o r i d e was reduced 
to 4 grs./hr though that of the diluent nitrogen stream, was; 

' the same: experimental temperature was also i d e n t i c a l with 
that of the other experiments. The conditions i n Experiment 
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8 were the same as those of Experiment 7 except that the 
chlorine t r i f l u o r i d e flow rate was- rather higher (5 grs»/lur.) 
and the temperature of the reaction vessel during the 
experiment was raised to 77°C. 

I t i s seen therefore, that i n a l l cases one molecule of 
benzene was treated with approximately 0»5 molecule of 
chlorine t r i f l u o r i d e . During the progress of each experiment 
q u a l i t a t i v e tests on the e x i t gases from the reaction vessel 
were carried out at regular i n t e r v a l s f o r (a) free halogens 
(starch-iodide paper), (b) hydrogen chloride ( s i l v e r n i t r a t e 
solution on glass rod) and (c) hydrogen f l u o r i d e (etching 
t e s t on moistened glass rod). Copious evolution of hydrogen 
fluoride was observed i n a l l experiments but only i n 
Experiment 4 were positive tests f o r hydrogen chloride given 
during the passage of chlorine t r i f l u o r i d e . I n no case was 
free halogen ever detected. 

When the required amount of chlorine t r i f l u o r i d e had been 
added, nitrogen alone was allowed to stream though the 
apparatus for a period of 10-15 minutes. The. chlorine 
t r i f l u o r i d e cylinder was then disconnected and the apparatus 
dismantled. The contents of the reaction vessel were poured 
into saturated sodium hydrogen carbonate solution . 
(approximately 0«5 l i t r e ) and the mixture was s t i r r e d w e l l . 
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The reaction: vessel was washed; out with a f u r t h e r 50 mis. 
carbon t e t r a c h l o r i d e , then with water. I t was found th a t 
there was a tendency f o r the insoluble inorganic matter, 
which was: i n t i m a t e l y mixed with quantities of insoluble 
resinous and t a r r y by-products to c o l l e c t at the interface 
between the organic and aqueous layers. To ensure as l i t t l e 
loss of organic product as possible, the procedure adopted 
i n working up was to pour the whole of the mixture int o a 
large separating funnel and separate the bulk of the heavy 
organic layer.. The bulk of the aqueous layer was- then 
removed from the residue by decantation, and rejected. The 
residue, containing any insoluble matter was then f i l t e r e d 
with suction through a Whatman No. 40 f i l t e r paper, and the 
organic layer of the f i l t r a t e was separated and combined with 
the bulk of the carbon tetr a c h l o r i d e s o l u t i on removed 
previously. 

The reaction product, now free from insoluble matter, 
was washed twice mora with saturated sodium hydrogen 
carbonate solution to bring about complete removal of free 
acid, and then with water u n t i l i t was n e u t r a l . F i n a l l y , 
i t was dried over anhydrous magnesium sulphate. The products 
obtained were at t h i s stage generally dark brown, or almost 
black, opaque l i q u i d s . 
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I n a l l experiments except Experiment 9 the following 
procedure was employed to establish the nature of the reaction 
products. The -dried reaction mixture was f i l t e r e d to eliminate 
magnesium sulphate and then d i s t i l l e d through a f r a c t i o n a t i n g ' 
system-until measurements of b o i l i n g .point and r e f r a c t i v e 
index showed that t h e . d i s t i l l a t e was no longer pure carbon 
tetrachloride (b.p- 76>75°C» n D

2 0.1-4615). 

The f r a c t i o n a t i n g system f o r t h i s work consisted of a 
hard-glass column' (27 mm. i n t e r n a l bore) packed with f i n e l y 
elippe;d niekel turnings, and-with, an e f f e c t i v e packing-
distance of 75 cm. I t was f i t t e d at top and bottom with 
drip measures, and had a heated jacket to counteract heat 
losses. The glass column- tube was f i r s t wound with fine 
asbestos rope, over which was f i t t e d a layer of t h i n copper 
f o i l . This, i n t u r n , was covered with a layer of asbestos 
paper, inside which a con t r o l thermometer was f i x e d at the 
top of the column, and again wound with asbestos rope., 
Counterewound on t h i s asbestos rope was the heating c o i l 
consisting of 10 yards of oxyniehrome resistance tape 
(23' ohms^/yard). This was protected by a f u r t h e r binding with 
asbestos rope and lagged on the outside with t h i c k p l i a b l e 
asbestos. The heatex was controlled from a r e c t i f i e d 
215 v o l t A./C. source with the aid of rheostats. 



I n work involving the removal of r e l a t i v e l y large amounts of 
solvent a 500 ml. s t i l l pot f i t t e d with a thermowell was 
heated by means of an e l e c t r i c a l l y controlled o i l bath. 
The s t i l l head was construete'd-in such a way as to allow_ 
p a r t i a l take-off through a tap, of the l i q u i d r e f l u x i n g i n 
the condenser. The d i s t i l l a t i o n temperature was measured by t 

the i n s e r t i o n of a corrected thermometer i n t o a s t i l l - h e a d 
thermowell having a mercury contact. A l l thd necessary 
connections were made with ground-glass j o i n t s , and, t o avoid 
losses during lengthy fr a c t i o n a t i o n s , a carbohydrate grease 
(insoluble i n hydrocarbons and carbon tetrachloride) was 
employed5, i n conjunction with them. 

The^ column was tested by the d i s t i l l a t i o n through i t of 
a standard mixture of normal-heptane and methyl-cyclohexane. 
Comparison of the results obtained with the curve of Becky 

• and Ewell (Ind* Eng. ..Chem. Anal.., 1940, 12, 544) gave'an 
ef f i c i e n c y value of 27 t h e o r e t i c a l plates. The hold-up of 
t h i s column amounted to 14 mis. 

_For_the -removal of carbon tetrachloride from' the reaction 
product a_boil-up rate of approximutely 90 drops per minute 
wasemployed and^a take-off r a t i o of 1 r 50. Af t e r the 
removal of pure carbon tet r a c h l o r i d e as described the residual 
l i q u i d was transferred to a simple d i s t i l l a t i o n apparatus, 
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and r a p i d l y d i s t i l l e d , , f i r s t at atmospheric pressure ( u n t i l 
the d i s t i l l a t i o n temperature 'reached 140°C) then under reduced 
pressure (about 10 mm.) i n order to remove t a r r y material 
(Table IT,, Col. 5). The d i s t i l l a t e s were, combined, the t o t a l 
volume being 80-120 mis. The product at t h i s stage from; 
Experiment 2 contained some free iodine; t h i s was removed 
by washing with aqueous sodium thio-s ulphate, then water and 
drying over anhydrous magnesium1 sulphate. The reeombinei 
ta r - f r e e f r a c t i o n s were then d i s t i l l e d using a second 
f r a c t i o n a t i n g system; 

The column employed i n t h i s second system was construe ted: 
from a pyrex glass tube (15 mm. i n t e r n a l bore) and again 
•"fitted with drip measures.' I t was packed over a distance of 
80 cm. with 4 mm. single t u r n Fenske helices,, and was'f i t t e d 
with a compensating jacket similar to that used with the 
solvent column already described; a s t i l l - h e a d of the same 
pattern as before was used. For use with t h i s system two 
necked s t i l l - p o t s ( i n various sizes) were employed, one neck 
carrying a thermowell and the other f i t t e d d i r e c t l y t o the 
column. I l l connections were again made with ground-glass 
Joints treated with carbohydrate grease. I t f i r s t , s t i l l - p o t . 
heating, was carried out using an e l e c t r i c a l l y controlled o i l 
bath, but i t was l a t e r found to be much more satisfactory and 
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convenient to employ d i r e c t external heating, the s t i l l pot 
being mantled by magnesia lagging,, wound with oxy-nichrome 
resistance tape (approximately 150 ohms-} and insulated by 
a f u r t h e r i " layer of magnesia lagging outside the element. 
The supply of heat was controlled from a r e c t i f i e d A./Q. 
source (215 vo l t s ) with the aid of fixed; resistances and 
rheostats. The e f f i c i e n c y of t h i s column1 was'computed from: 
results obtained by d i s t i l l a t i o n of the,standard mixture 
described ("vide supra*). A value of 22 t h e o r e t i c a l plates 
was obtained? the hold up of the column was also determined 
and found to be 4 mis. 

When the t a r - f r e e product obtained from; the simple: 
d i s t i l l a t i o n was subjected to f r a c t i o n a t i o n through the 
system under s i m i l a r operating conditions to those 'described 
f o r the removal of solvent, the . f i r s t f r a c t i o n to be collected 
boiled over the range 77*2-77• 7°C. This,'from i t s a n a l y t i c a l 
composition, was apparently a ternary azeotrope comprising 
carbon t e t r a c h l o r i d e , fiuorobenzene and a small quantity of 
benzene, and containing approximately IOfo by weight of 
fluorobenzene. 

The residue i n the s t i l l pot was then f r a c t i o n a l l y 
d i s t i l l e d under reduced (8 mm.) pressure through a t h i r d 
column. This was 35 cm. i n length, 11 mm. bore and packed 
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with 4 mm.. F'enske helices: i t had a heat-compensating 
jacket as described f o r t h e o t h e r two columns and was 
equipped with a b u i l t - i n s t i l l head gi v i n g t o t a l take-off. 
For lower boiling? fractions the receiver of t h i s system: was 
cooled i n aicohol-drikold mixture. 

Using t h i s column, chlorobenzene was f i r s t removed .. 
(b.p 22/8 mm), followed by the addition compounds as given i n 
Table I I I . The chlorobenzene was r e d i s t i l l e d through the 
same column, at atmospheric pressure and had b.p. 132»5°C/752 
mm. n ^ - 1*5246. On _analysis t h i s gave CI 31.4$> 
(Calculated f o r CgffgCl,. CI 31* 55$). 

The halogenated addition compound's and halogenated 
diphenyls which follow chlorobenzene i n the f i n a l f r a c t i o n a t i 
were tested for unsaturation by shaking with 
(a) cold d i l u t e aqueous potassium1 permanganate and 
(b) d i l u t e bromine water. Their r e f r a c t i v e indices were 
noted, and analyses fo r chlorine and fl u o r i n e were carried 
out using the sodium fusion method of Musgrave,Smith, and » • 
Tatlow (loc. e i t . ) . The l a t t e r process was adopted f o r the 
analysis of a l l reaction products, with s l i g h t modifications 
i n certain cases which w i l l be noted i n due course. The 
collected data r e l a t i n g to these compounds i s summarized i n 
Table I I I . Only "in Experiments 7 and 9 were they obtained i n 
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•quantities s u f f i c i e n t to attempt f u r t h e r work, w i t h them, but 
i t was found, however, that they underwent decomposition 
upon subsequent attempted r e d i s t i l l a t i o n , , even under reduced 
pressure, with the evolution of hydrogen fl u o r i d e and 
hydrogen e hioride. 

Experiment 9 was worked up rather d i f f e r e n t l y from 
Experiments 1-8 i n order to see i f removal of t a r s and 
most addition compounds at an early stage would improve 
the useful y i e l d by c u t t i n g down decomposition. The dried 
reaction product* a f t e r the completion of the preliminary 
processes, was a l l submitted to d i s t i l l a t i o n under reduced 
pressure i n a simple apparatus having two receivers i n series* 
The f i r s t , of these was cooled i n alcohol-drikold and the 
second by means of l i q u i d nitrogen... By using t h i s apparatus 
a l l the solvent and lower fractions were f i r s t removed (up to-
30°e/40 mm*,) Afte r t r a n s f e r r i n g to a smaller d i s t i l l i n g 
vessel, chlorobenzene and a small quantity of lower b o i l i n g 
addition coDipound were collected (up to 40°C/10 mm). The 
bulk, of the addition products were then d i s t i l l e d over 
(5$:!O5°0/8 mm.) and subjected t o block, analysis. A residual 
reaction t a r was l e f t behind i n the d i s t i l l i n g f l a s k . 

The solvent fractions and chlorobenzene and low-boiling 
addition compound were recombined and fractionated i n the 
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manner described before, except th a t the simple d i s t i l l a t i o n 
following the removal of pure carbon tetrachloride was 
eliminated. I t was found that a f t e r the d i s t i l l a t i o n of 
chlorobenzene the addition-compound remaining'commenced to 
decompose i n the s t i l l - p o t . I t was therefore d i s t i l l e d out 
without using a column and analysed as a mixture. 

Despite numerous e f f o r t s made, i t was not possible: t o 
obtain any pure fluorobenzene from the ternary azeotrope i n 
which i t d i s t i l l e d . I t was observed that no separation could 
be effected by d i s t i l l a t i o n with the columns described; the 
introduction of other components merely set up further 
complications. Attempted separation by freezing was also: 
unsuccessful, as were e f f o r t s to remove carbon tetrachloride 
as the s o l i d product G; Cl^^gSLESHgO* obtained by passing 
hydrogen: sulphide^ through„t£ia*carbon tetrachloride solution 
at -5°C i n the presence of the.theoretical quantity of water 
(De Fore rand, J. Chem. Soc, 1883", 44(Abs.), 961). T r i a l 
experiments indicated that the p r e c i p i t a t i o n of t h i s compound 
i n the presence of fluorobenzene brought about incorporation 
of the l a t t e r i n t o the c r y s t a l mass. 

F'luorobenzene i n the azeotrope was therefore characterised 
in^wo^ways-, (a) conversion to 4-4r*- difluorodiphenyl-sulphane 
(Huntress and Garten, J. Amer. Chem. Soc., 1940, 62, 512)ami 
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(b) conversion into- p-chloroflnorobenzene (Yarma et a l . , 
J. Indian .Cheat, Soc., 1344, 112) . I s o l a t i o n of the 
former compound i s somewhat complicated by the presence of 
benzene i n the azeotrope. 

(a)'' Preparation' o£ 4- 4 7 - i ) i f l T p r p ^ 

The•azeotrope (5 mis. , containing 0»7'5 gi v - o f fluorobenzene by 
analysis) was treated with excess r e d i s t i l l e d ehloro-sulphonie 
acid (3 mis.) and-maintained _at 4GPC for 1 hour i n a f l a s t _ 
f i t t e d with a r e f l u x condenser.; The mixture was then poured 
onto crushed i c e , carbon tetr a c h l o r i d e (5 mis) was added, and 
the organic layer was separated. This was then washed twice 
with water and dried over anhydrous magnesium sulphate. 
Carbon tetrachloride was then removed from the solution by 
d i s t i l l a t i o n under reduced pressure. The o i l y residue was 
dissolved i n absolute alcohol (20 mis.) to which a drop of 
phenolphthalein indicator solution had been added. Any 
benzenesulphonyl-chloride ( o r i g i n a t i n g from reaction of 
chlorosulphonie acid on any benzene i n the azeotrope) was 
then destroyed by t r e a t i n g t h i s solution at. 50°C with d i l u t e 
alcoholic: sodium hydroxide solution u n t i l i t was f a i n t l y 
alkaline.- The mixture was then brought to n e u t r a l i t y by the 
dropwise addition of very d i l u t e hydrochloric acid and any 
precipitated sodium, chloride was f i l t e r e d o f f . The f i l t r a t e 
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was then evaporated to dryness under reduced pressure. The 
product was then washed with water t o remove sodium sa l t s and 
r e c r y s t a l l i s e d from aqueous alcohol. 

P 

Tield^l50_ma;r.; , M.p. 98°C. On analysis found F 14-8$ 
(Calculated f o r G 12 I% 02 S F2 , F 1 5 * ° ^ 

(b) ' Preparation of' p-chlorofluorobenzene. 

To the azeotrope (26 mis., containing 4 grs. fluorobenzene by 
analysis) was added ir o n f i l i n g s (0*4 gr.) and the mixture was 
placed in-a f l a s k f i t t e d with a r e f l u x condenser, k stream of 
chlorine was then maintained through t h i s mixture, u n t i l the 
gain i n weight was 1*75 grs. This allowed f o r the conversion 
of the small amount of benzene present i n t o diehlorobenzene. 
The product was f i l t e r e d and irashed with dilute(2N.) sodium 
hydroxide to remove chlorine and acid impurities. A f t e r 
-washing with -water u n t i l neutral i t was dried (anhydrous 
calcium chloride) and d i s t i l l e d through a small column. The 
f r a c t i o n b.p 129*5 - 130-5°C was collected. 

O + CI Fe 
2 HC1. 

Yield 2*52 grs . Oil analysis found F 14 5% CI 27* 

(Calculated f o r CgH^Cl F, F 14-56%, CI 27-20%). 
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( i i i ) Re'ac't'io'ri 'of Chlorine T r i f l u o ' r i d e w i t h Alkyl-benzenes i n 

Carbon T e t r a c h l o r i d e s o l u t i o n . 

The 'apparatus used f o r these experiments was i d e n t i c a l 
t o t h a t employed i n c a r r y i n g out the r e a c t i o n of c h l o r i n e 
t r i f l u o r i d e w i t h benzene using carbon t e t r a c h l o r i d e as 
solvent. I n a l l experiments the dry a l k y l benzene (100 g r . ) 
was dissolved i n dry carbon t e t r a c h l o r i d e (500 ml.) t o which 
had been added anhydrous cobaltous f l u o r i d e (10 gr..) as 
c a t a l y s t . The r e a c t i o n vessel was kept at 0°C w h i l s t 
c h l o r i n e t r i f l u o r i d e (8-9 g r s . / h r . ) , d i l u t e d . b y n i t r o g e n 
(12 l . . / h r . ) , was passed i n w i t h s t i r r i n g u n t i l the a d d i t i o n 
of 0"5 mol. per mol. of hydrocarbon had been accomplished. 

At i n t e r v a l s during the reaction,, q u a l i t a t i v e t e s t s f o r 
halogens, hydrogen f l u o r i d e and hydrogen c h l o r i d e were c a r r i e d 
out on the e f f l u e n t gases as i n the benzene experiments-. I n 
a l l cases hydrogen f l u o r i d e was detected, but other t e s t s proved 
t o be negative. A f t e r the required amount of c h l o r i n e 
t r i f l u o r i d e had been added, n i t r o g e n alone was allowed t o flow; 
f o r 10-15 minutes t o c l e a r the apparatus of halogens. The 
r e a c t i o n product was then poured i n t o saturated aqueous sodium 
hydrogen carbonate s o l u t i o n and f r e e d from, inorganic i m p u r i t i e s 
i n a s i m i l a r manner t o the products obtained from benzene 
experiments. A f t e r d r y i n g over anhydrous magnesium sulphate' the 
r e a c t i o n product, was i n a l l cases a c l e a r orange coloured 
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l i q u i d . D e t a i l s of the working-up of these r e a c t i o n products 
are submitted below i n s e c t i o n a l form. 

Toluene Experiment. 

A f t e r a t r i a l experiment had i n d i c a t e d t h a t the products 
of. the r e a c t i o n included unchanged toluene.and i t s monofluoro-
and monochloro- s u b s t i t u t e d d e r i v a t i v e s , > i ; t ; was decided t h a t , 
i n order t o obtain any absolute i n f o r m a t i o n regarding such 
products which have t h e i r b o i l i n g p o i n t s so close together, 
i t would, be necessary, at l e a s t in . the f i n a l stages* t o employ 
a more accurate apparatus f o r f r a c t i o n a l ' d i s t i l l a t i o n than any 
already described.. Furthermore,, i t would be e s s e n t i a l , having 
regard t o the q u a n t i t i e s of m a t e r i a l a v a i l a b l e , for.any such 
apparatus t o have as low a hold up as po s s i b l e , thus rendering 
packed columns i m p r a c t i c a b l e . 

A concentric tube f r a c t i o n a l d i s t i l l a t i o n apparatus of the 
type described by Naragon and Lewis (Anal. Chem., 1946',. 18, 449) 
was t h e r e f o r e constructed. The s p e c i f i c a t i o n s of t h i s column 
were::-

Eength of column = 30 cm. 
I n t e r n a l diameter of outer tube (Trubore)* Q±Q'QVnm. 

.External, diameter of i n n t e r tube (Pyrex) - 5±0-l mm. 
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This column was t e s t e d by the d i s t i l l a t i o n through i t 
of a standard mixture of methyl-eyeiohexane and normal 
heptane. . ,The mixture used had a-value f o r tip of 1* 4165. 
and the mol.. f r a c t i o n of n-heptane _was 0» 1638C c f . Bromiley 
and Quiggle, I n d . Eng. Chem., 1933, 25, 1136). • 

The column was used i n conjunction w i t h a mantled s t i l l 
pot as described i n s e c t i o n ( i i ) , the h e a t i n g of which was 
c o n t r o l l e d from' a r e c t i f i e d 215 v o l t l.G. mains source w i t h 
the a i d of a "i r a r l a c " transformer. A charge of 25 mis.: was 
employed and the system.put i n t o e q u i l i b r i u m ( 1 hour) using 
a b o i l - u p r a t e of 75 drops per minute r e t u r n t o the s t i l l 
pot.. D i s t i l l a t i o n was c a r r i e d out using a t a k e - o f f of 
1 ml./hr. and values of n^ were taken a t i n t e r v a l s of 1 ml. 
A curve p l o t t i n g ; volume % ' d i s t i l l e d against mol. f r a c t i o n ^ 
of normal heptane was drawn w i t h the a i d of the r e f r a c t i v e -
index data of Bromiley and Quiggle ( l o c . c i t . ) and a value 
f o r the e f f i c i e n c y of the column was obtained by comparison 
w i t h .the curve of Lecky and Ewe 11 (Anal. Ghem. 1940, 12, 547).. 
The d i s t i l l a t i o n curve i s shown i n graph' I , and the e f f i c i e n c y 
valuetwas computed as 38 t h e o r e t i c a l plates.. The operational, 
hold-up of the system was found t o be approximately 1*5 mis. 
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The column was then employed to investigate the 

poss ib i l i ty of separating ortho. and para- chloro toluenes 

by f rac t ional d i s t i l l a t i o n . . Specimens of pure ortho and 

para chloro toluene were obtained by d i s t i l l a t i o n of stock 

reagents through the 22-pl.ate Fenske-helix-packed column under 

atmospheric pressure using a -boilup rate of 90 drops per 

minute-and a take-off rate of approximately 1 :.. 24. By taking 
O A 

centre-cuts, 0-chlorotoluene b.p 158*9°0, np 1*5261 and 

p-chlorotoluene b.p. ..1.62 G n^ 1* 5211, were obtained. A 

s t i l l pot charge of 2J3 mis of "a 505C" by volume mixture of these 

two compounds was employed, and .submitted to d i s t i l l a t i o n through 

the column under the same conditions as the standard platage-

determining experiment; results- obtained gave rise to Graph I I 

in which values of n-p are plotted against % by volume d i s t i l l e d 

over. 

I t was observed that , though pure ortho and para 

chloro toluenes were obtainable at the beginning and end of 

the d i s t i l l a t i o n , the intermediate f rac t ion exceeded 50% by 

volume of the t o t a l d i s t i l l a t e . In order to see whether ' 

reduction in the take, o f f rate would improve the separation 

the d i s t i l l a t i o n was repeated with a 16 ml. s t i l l pot charge 

and a take o f f rate of 0-5 ml .Arv The results obtained were 

plotted i n Graph I I I and i t was seen that though the 
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separation was s l i gh t ly sharper the intermediate f rac t ion was . 

s t i l l about 50% of the total . . 

I t was therefore decided that absolute separation of the 

isomers from the reaction product could not be achieved by this: 

means* but that characterisation of extreme fractions should 

be possible. As certain d i s t i l l a t i o n s in subsequent work mere 

to be carried out under reduced pressure one fur ther experiment 

was completed with the standard mixture (50% by volume of each) 

of G- and p-chlorotoluenes.. This involved the attempted 

fract ionat ion at 14-mm. pressure, the column system being 

s l igh t ly modified to include (a) a three-necked mantled s t i l l 

pot carrying a f ine capil lary air-bleed i n addition to a 

thermowell and column connection, and (b) a device of the 

'Perkin triangle* type to permit change of d i s t i l l a t e receiver 

without a l terat ion of the equilibrium, conditions through the 

column.. 

Using a boilup. rate of 40 drops per minute and a take­

of f rate of 1 ml . /h r . , figures were obtained from which 

Graph IV was plot ted. The. boi l ing point ranged from. . 

54°C/14 mm., (ortho-) to 57'5°C/14 mm. (para-)* The separation 

was rather less effective than the atmospheric pressure 

d i s t i l l a t i o n , approximately 65^ of the d i s t i l l a t e being 

. .107. • -• 
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collected as intermediate fraction.. 

The reaction product from the toluene experiment with 

chlorine t r i f luor i .de was f i r s t submitted to d i s t i l l a t i o n under 

reduced pressure in a simple apparatus having two receivers 

in series, one cooled in alcohol-drikold'mixture and the 

second in l i qu id nitrogen. A f i r s t , f rac t ion consisting 

mainly of solvent was d i s t i l l e d at temperatures up to 

30°C/40 mm. The residual l i qu id was transferred to a smaller 

d i s t i l l i n g flask and the second fract ion consisting mainly of 

toluene and substitution products, together with a l i t t l e 

lower-boiling addition compound was d i s t i l l e d up to 75°C/1Q mm: 

these two fractions were then recombined. 

There then d i s t i l l e d unstable addition compound as a 

viscous o i l b.p.. 100- 160°C/lQmm. (see Table 17, Col. 8 ) , 

leaving a black tarry residue (see Table IY, Gol., 4) . 

Immediate analysis of a specimen, of the addition compound gave 

CI 23*5^, F 12*8%., (c . f . ' ca lcula ted for GyHgCl F, Gl 24*2%,. 

F 13*086). 

The recombined f i r s t fractions were freed from most of 

the carbon tetrachloride by d i s t i l l a t i o n through the solvent, 

column under similar conditions to those described for benzene 

experiments.. The remaining l i qu id was d i s t i l l e d under the same 

.1Q9.. 
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operating conditions through the 22 plate column packed with 

Fenske helices and gaye-rise"first of a l l to carbon 

tetrachloride b.p. 76*8 C, ng 1*4614. Continuation of the 

d i s t i l l a t i o n gave a f rac t ion b.p. 110-117° containing toluene 

and fluorotoluenes.. 

After these fractions had been collected, the residual 

l i qu id was d i s t i l l e d through the same column under reduced 

(12 mm.,) pressure with t o t a l take-off and an operational 

throughput of approximately 3 rnls/hr. - This d i s t i l l a t i o n gave 

f i r s t of a l l a small f rac t ion b.p. 38°C/12 mm,, n ^ 1*4916-, 

which analysed as C7H?F (Found F 17-1^,, Calculated F 17>28$V 

I t had b.p. 139°C/760 mm. and was therefore concluded to be 

benzyl..fluoride. Subsequently a mixture of chlorotoluenes 

b.p. 5"2-57°C/12 mm. was obtained. A residue l e f t in the s t i l l 

pot, at th is stage (see Table IY, Col. 9) was assumed to have 

arisen from lower-boiling addition compounds which did not 

survive these d i s t i l l a t i o n processes. 

The mixture of toluene and fluorotoluenes (27*2 g r . ) was 

submitted_to d i s t i l l a t i o n through the concentric tube column;, 

with a boil-up, rate of 75 drops per minute, and a take-off 

rate of 1 ml. /hr . From results obtained a graph was plotted 
" • - 2Q " * -' - • - •• . . . . . .. 

connecting Jig with the volume % d i s t i l l e d over (Graph ¥} 

110. 



An estimate of the t o t a l amount of fluorotoluene in the 

mixture had already been obtained by f luorine analysis (see 

Table IV, 'Col. 5..)! 

By th is means toluene (b.p. 110°C) of purdty given by . 

hp 0 1'496.6, to 1-4955 (11 mis..) was f i r s t d i s t i l l e d over and 

collected. The. fract ionat ion then gave rise to an intermediate 
'' ?n -
ng 1-4949 to 1- 4755 (14 mis.) and a, t h i r d f rac t ion 

* " *'2Q 
(fluorotoluene mixture) having nn 1*4743 to 1*4715 (3 5 mis*). 

' 2 0 • " " "• """ A specimen of the l a t t e r having UQ 1-.4715 was analysed and 
gave F17-l%TCalcv for C ^ F , F 17-28%).. Oxidation of th is 

thirds-fraction with aqueous- potassium.permanganate gave rise 

to a mixed fluorobenzoic acid ra.p. 1.58°C' (c.,f. ortho- . -

F.CgH4C02H' m,,.p.. 122°, meta- m.p. 123° and. para- m..p. 182°C). 

D i s t i l l a t i o n of the ehlorotoluene mixture 022*1 gr . ) was 

also effected through the concentric tube column under the 

same operating conditions as for the toluene-'fluorotoluene 

mixture. The course of the d i s t i l l a t i o n was followed as 

before and the results gave rise to Graph VI.. From this 

fract ionat ion three main fract ions were. obtai ned,. v i z : -

(a) O-chlorotoluene, b.p. ..159°C. fi§° 1-5261 to !• 52,60 . . . 4 mis. 

(b) Intermediate, no 0 1*5258..to 1*521.3- . . 11 mis. 

(c) p-chlorotoluene, b.p. 162°C n^ 1*521.2 to 1*5211 ..4-5 mis. 

.111. 
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Iden t i f i ca t ion of the fractions (a) and (c) was completed 

by analysis and oxidation. 

Ca) gave 01. 27*9% CGalc. for C ^ C l , CI 28*06%). and on; • 

oxidation with aqueous potassium permanganate gave an acid, 

ra.p.. 141°, mixed m.p., with Q-chlorobdnz;oic acid 141°C. 

(b) gave CI 28* OH CGalc* for G7H?G1. CI 28' 06%) and by 

permanganate oxidation gave an acid m.pv 241°* mixed m.p.. 

with p-chlorobenzoic acid 241°C. 

. . . . . . . . . ^ o 
The absence of any m-chlorotoluene (b.p. 1.61 • 8-C, 

"18*7 ' \ " ' ' " • -
n-Q 1* 5225) i s confirmed by the absence of i r regula r i t i es 
in the d i s t i l l a t i o n curve (see Graph, VI) and the fact that i t 

was possible to isolate pure head and t a i l fractions from the 

d i s t i l l a t e . 

Ithylbenzene Experiment 

The method used i n working up the products of th i s 

experiment was identical with,that used in the analogous 

case of toluene. Unstable addition compounds (see- Table IV,, ' 

Col. 8) were removed Cb.p. 85-1:28 C/10 mm.) in the primary 

d i s t i l l a t i o n as was reaction tar (see Table IV, Gol. 4 ) . 

Immediate analysis of a sample of the addition product gave 

01 24*0%, F il*2fo ( c . f . Calculated for Coff^Cl F, Gl 22-1%,, 

.113 



F 11*8%), The rest of the reaction product was freed from 

carbon tetrachloride by f rac t iona l d i s t i l l a t i o n as in.the cas 

of toluene and subsequent fract ionation through the 22 plate 

column gave, using a boilup of 90 drops/min. and take off 

rat io of approximately 1 r 30,. a f r ac t ion (31*3 gr..) b.p. 

136-140 C containing ethyl benzene and fluoroethyl-benzenes. 

Continued fract ionat ion through the same column under reduced 

pressure, using t o t a l take-off , as in the toluene experiment, 

gave a mixture of chloroethyl-benzenes (19*8 gr . ) b.,p. 

66-70 C/10 mm. and l e f t a s t i l l pot residue (see Table I ? , 

'Col. 9.)* 

The mixture of ethyl.benzene and fluoroethyl-benzenes 

was submitted to fract ionation through the concentric tube 

column-under the conditions used in the corresponding 

d i s t i l l a t i o n , of the toluene-fluorofeoluene mixture. After the 

removal of,ethyl.benzene (b*p. 136°C) of purity given by 

n D 1*4958 to 1*4943 (19 mis.) the residual l i q u i d was 

analysed and art estimate of the t o t a l fluoro-compound 

present was made (see Table IV, Col. 5) . The fract ionat ion 

was continued and from the results- Graph V I I was constructed. 

I t was not, however, possible to isolate any f luoroethyl-

benzene i n a pure state. 
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The concentric tube column was again employed under the 

same operating conditions to fractionate the mixture of 

chloroethyl-benzenes. This fract ionat ion gave . rise to. t-

(a) Q-chloroethylbenzene b.p. 179* 5°G, n j j 0 1-5214 to 1-5213 
... 4. mi s . 

(b) Intermediate n | ° 1-5211 to 1-5180 6'mis. 

(c) p-chloroethylbenzene b.p. 184-5 G, n$ !• 5175 to, !• 51.75 

. . . . . . . . 6' mis. 

The d i s t i l l a t i o n curve fo r this fract ionat ion is.given by 

Graph VIII . . . 

The ident i t ies of fractions (a) and (c) were Confirmed by 

• analysis and ..oxidation as before.. 

Ca) gave CI 25-2%, Gale, fo r CgH^Cl, CI 25-26%;.- on 

permanganate oxidation i t gave an acid m..p. 141°,. mixed m.p.. 

with O-chlorobenzoic acid 141 C 

(c) gave CI. 25-2%, Calc. fo r CgHgCl, Gl 25-26?;;: on oxidation 

(KMnO )̂ i t gave rise to an acid m.p. 241°, mixed m.p. with, 

p-chlorobenzoic acid 241°C.. 

Inspection of the d i s t i l l a t i o n curve evidences the .absence of 

any m-chloroderivative ( c . f . toluene experiment). 
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Cumene ' Experiment;. 

The reaction product was worked up .by an analogous 

process to those already cited for ethyl benzene and toluene. 

Unstabld addition product (b.p.. 88-110°C/8 mm.) and reaction 

tar were removed at the outset (see Table IV, Cols. 8 and 4 

respectively)... Immediate analysis of. a specimen of the 

addition compound gave CI 22*6$, F 10'1% ( c . f . calculated 

for C 9H 1 2C1 F, CI 20-3%, F 10-9%). , ... 

After removal of the so-lvent,. fract ionation was carried 

out through the 22 plate column under reduced pressure'using 

t o t a l take o f f , with a throughput rate of about 3 mls/hr.. as 
~ " • • • "•" • " • • " ~ • * • • • " * - ~ ~ - . . . . 

in previous preliminary fractionations at reduced pressure. 
'o " * 

This gave rise to a f rac t ion b.p. 43-49 C/1.0 mm. (41-2 g r . ) 

consisting of cumene and fluorocumene ( s ) , and ..also a 

ehlorocumene f rac t ion b.p. 75-78°C/10 mm. (22*2 gr . ) , . leaving 

a small, re-si due (see.Table IV, Col.. 9) . 

The. mixture of cumene and fluorocumene(s) was f rac t iona l ly 

d i s t i l l e d through the-concentric tube column at atmospheric 

pressure under the normal operating conditions as previously 
described. Cumene (b.p. 152° C) of purity given by njj° 1-4910 • 

to 1-4896' was removed (35 mis . ) , arid a sample of the-residual 

l i qu id was analysed in order to give an estimate of the t o t a l 

fluorocompound present. The d i s t i l l a t i o n was continued and 
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the results were plotted (see Graph: IX).. I t was not, however, 

possible to isolate any fluorocumene free from cumene. 

The chlorocumene f rac t ion was submitted to d i s t i l l a t i o n 

through the concentric tube column under reduced pressure 

(15 mm.) wi th a boilup rate of 48 drops per minute and.a take 

o f f rate of 1 ml. /hr . The d i s t i l l a t i o n curve from th is 

fract ionation is shown, in Graph X., "The. process gave rise to 

2 mis. of l i q u i d h..p. 8G°C/15 am, n^ 1*5102 to 1*5111 ; 

followed by p-chlorocumene b.,p>. 81 C/15 mm., U-Q 1*5118 to 

1-5120. This l a t t e r was characterised by analysis (Found 

01 23* 1%, G'aled.. fo r OgH^C'l, CI 23*0%) and oxidation U an 

acid m.p. 241°C which had an unchanged m.p. when mixed with 

p-chlorobenzoic acid. The f i r s t f rac t ion on oxidation gave an 

acid m.p.. 236° which a f te r 2-recrystallisations rose to 241° 

and gave a mixed m.p.. of 241 G with p-chlorobenzoic acid. 

I t seems to be highly probable that this f r ac t ion was also 

p-chlorocumene, but that i t contained traces of some impurity 

Y/hich depressed the value of the refractive index. 

1 
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Civ) Reaction of Chlorine' Tr i f inor ide with Halo-benzenes 

i n Garb on Tetrachloride so lu t i on . ' 

Fluorobenzene was prepared from aniline as described 

by Flood (Org. Synth. (Col l . ) I I , . 295').. Experiments using 

chlorine t r i f l u o r i d e were carried out in the same way as 

those involving a lky l benzenes (see previous sect ion). 

Qualitative tests on the ef f luent gases during the progress 

of the reactions gave positive results for hydrogen chloride 

More copious evolution of hydrogen fluoride was observed' in 

the case of fluorobenzene than with any other compound 

studied.. Preliminary working up of the reaction mixtures 

was carried out as i n the alkylbenzene experiments,, and 

the products,,, a f te r drying, were transparent orange coloured 

l iquids . 

ChlorobenzSne Experiment. 

D i s t i l l a t i o n to remove reaction tar and addition 

compounds (Table ¥ 1 , Cols. 4 & 8 respectively) was carried 

out in a simple.apparatus as f o r the experiments i n the 

preceding section. The addition product was rather more 

stable than the corresponding products', obtained from a l k y l 

benzenes, and i t d i s t i l l e d at 88-92°C/8 mm. without 
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decomposition., ..It had 1* 5172 and on analysis gave 
CI 46'»352, F 13* 2%. Small'quantities were found to 
decolourise aqueous potassium permanganate and bromine water,; 
and from a n a l y t i c a l figures i t seems possible that i t was a 
mixture of C6H5C12F (Calc CI 4£-6%, F' 11-4%) and 
C 6 H 5 C l 3 F 2 C C a l c * 0 1 4 8'^ 0' F 1 7 * ^ * 

Carbon tetrachloride was removed from the reaction 
product by fr a c t i o n a t i o n f i r s t ..through the solvent column,, 
and subsequently through the 22 plate helices-packed column 
as i n previous experiments. Continuation of ..the d i s t i l l a t i o n 
through the l a t t e r column gave a f r a c t i o n (32*7 g»; b.p.. 
130.-133 C) containing chlorobenzene and chlorof luorobenzene.. 
The product which remained was then d i s t i l l e d under reduced 
pressure through a hard glass column 85 cm. i n length, 14 mm. 
in t e r n a l bore, packed w i t h 4 mm. single t u r n Fenske helices 
and having a compensatory heating jacket as described for the 
other packed columns- This column had a b u i l t i n s t i l l - h e a d 
g i v i n g t o t a l take-off, and was.used i n conjunction with a 
mantled s t i l l - p o t . . Using a throughput of 2 mls./hr. 
fr a c t i o n a t i o n gave rise t o :- . -
(a) _38*7 gr„ p-dichlorobenzene b.p. 62°C/10 mm, m.p..53°G 
( s o l i d i f i e s i n receiver). On analysis t h i s gave CI 48'3% 
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(Gale, f o r G6H4C12, GI. 48*3%).. A mixed m.p. with a 
specimen of pure p~dichlorobenzene was also 53°C.; 

• • ' • • • • • ' o. ' 20 ' '• " " 
(b) 2*1 gr.. o-dichlorobenzene b.p.. 69 C/10 mm, ,1*5511.. 
Analysis:- found CI 48-2%, Gale, f o r C ^ C l g , Gl 48*3%, 
The ID.p.. was determined as 180°C/755 mm, and f.p. -15*5°G. 
With a 'sample, of o-dichlorobenzene f.p.. -16»5°C a mixed 
f.p.. of -16"°C was observed. 

(e) An -undistiliable residue remained in. the s t i l l - p o t 
(Table V I , Co1.9). 

The mixture of chlorobanzene and chlorofluorobenzene 
was submitted to d i s t i l l a t i o n through the concentric, tube 
column a f t e r a n a l y t i c a l determination (CI 29*2%, F 7*99$) 
to arrive at the amounts of fluoro-compound and unchanged 
s t a r t i n g material present i n the mixture (see Table 71). 
Using a boil-up rate of 75 drops per minute and a take-off 
rate of 1 ml./hr. results were obtained from which Graph XI 
was plotted. The d i s t i l l a t i o n gave rise to three f r a c t i o n s : 

( i ) 9 mis.,,, ng 1*5010 - 1-5055,. enriched i n chlorofiuoro-
compound.. 

9 mis.., n D 1*5065 - 1*5148, intermediate f r a c t i o n . " 
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• • • • 2 0 ' 
( i i i ) 8 tals., RQ' 1*5155 - 1*5173, enriched i n chlorobenzene 
The f r a c t i o n ( i ) was recycled through*the concentric tube 
column under the same conditions as before, the results being 
plotted on Graph XIIa- This d i s t i l l a t i o n gave two fractions:-

20 • 
( i v ) 1-5 mis.,. .RQ 1 - 4 9 6 7 - 1-4972, p-chlorofluorobenzene, 

b.p. 129"8°G/754 mm. 
'• " ' "20 " ' • ' •' " ™ ' " " 

(v) 6*0 mis..., n-Q 1*4978 - 1*5083, mixture of p-chlorofluoro 
benzene and "chlorobenzene. .. . • 

On analysis f r a c t i o n (iv).gave Gl 27*4$ F 14*4%, calc. f o r 
0J1..C1 F, CI 27*2%, F 14* 55% 
6 4 

To f r a c t i o n ( i i i ) was added 4 mis. pure o-dichlorobenzene 
(b.p. 180°C) to act as d i s t i l l a t e , chaser and t h i s mixture was 
submitted to d i s t i l l a t i o n through the concentric tube column 
as before.. The results of t h i s f r a c t i o n a t i o n are plotted i n 
Graph XITb,; two fractions being collected 

20 * • • ' ""• • - : ' • -
( v i ) 6*0 mis. n^ 1* 5098 - 1-5223, mixture of chlorobenzene. • 

and p-chlorafluorobenzene 
20 '' ' ' ' " '"" ' 

( v i i ) l'O ml., .n D- 1* 5237' - 1-5243, chlorobenzene,. 
. b.p. 132* 2°C/76'2 mm., 

On analysis f r a c t i o n ( v i i ) gave CI 31*4%,. calc. f o r C J U J 1 , 
6 5 ' 

C I 31*5 5°/S 
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The absentee- of ortho- and meta-chlorofluorobenzenes 
(b.p.,'s 13?-6° and 127-6V respectively) from the reaction 
mixture i s confirmed by the absence of i r r e g u l a r i t i e s . i n the 
d i s t i l l a t i o n curves and the b o i l i n g points and. refractive.. • 
indices of pure extreme fractions. (b»p„*s 129*8°and 132*2°G). . 

- Fluorobenzerie Experiment. 
The. reaction product was dealt with i n an i d e n t i c a l 

manner to that from the chlorobenzene experiment, reaction 
t a r .and addition products being removed i n preliminary 
d i s t i l l a t i o n s . , (See Table VI).. Addition product was collected 
i n two fractions from the simple d i s t i l l a t i o n , the lower-' 
b o i l i n g f r a c t i o n being the more stable. These were :-
(a) 2-4 gr;-_ b,p. 63-67°e/10 mm. ,*: n|° l ' 4652. 

Analysis gave CI 27*1%, F 23-<$ 
' ' " " ' ' o ' "20 " " " 

(b) 9-7 gr;. b. p. 90-135 -C/10 mm.;. _ n;D 1* 5153 . ; 
Analysis gave CI .21*2$, F 26»4%. -This f r a c t i o n decomposed 
a f t e r standing, fo r 1-2 days. 

Specimens of fractions (a) and (b) were shown- to decolourise 
aqueous potassium permanganate and bromine water and analyses 
show a halogen content comparable with that, of the..cyel.o-
hexadiene derivative C_H1F CI (Calc. CI 23*6%, F 25*3%). 
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Solvent, which was removed" i n the same way as f o r the 
chlorobenzene-experiment was carbon tetrachloride of p u r i t y 

'on ' \. 
given by n^ . 1* 4615 and analysis gave CI 91*9% (C'alc. for 
C 01^, CI 92»2%). Neither unchanged fluorobenzene nor 
d i f luorobenzene were traceable i n t h i s ..solvent f r a c t i o n . 
Subsequent f r a c t i o n a t i o n through the 22 plate column gave. 
only chlorofluorobenzene b.,p. 13Q°C, leaving a s t i l l - p o t 
residue (Table V I , Col. 9).. 

,£s a check,, the chlorof luorobenzene f r a c t i o n was 
d i s t i l l e d through the concentric tube column with a boil-up 
of 75 drops/mi nr..-and take-off • of 1 ml./hr. I t d i s t i l l e d 

o 20 uni.fcrraly at- 130 C and had .values of from 1*4960 to 
1*4964. Analysis gave CI 27*0%, F 14*7% (Calcd. for 
C6H4C1 F, CI 27«2fo, F 14-59J0. On the basis of the 
physical properties the f r a c t i o n was concluded t o be pure 
p-chlorof luorobenzene.. 

. 1 2 7 . 



Investigations on the s t a b i l i t y of p~difluorobenzene. 

p-Difluorobenzene was synthesised from p - n i t r a n i l i n e by the 
series of reactions outlined below :~ 

Nff. 2 

N 0 2 

Diazotise-in 
~HBF4 so In. 

-CD 

^.Heat dry. 

F ( I I ) 

N 2BF 4 

NO. 

Heat--with 
sand 
(ID 

F 

Reduce 
Sn+KCl 

( I I D 

F - • : F 
, diazotise' i n 
^ HBF4 solrr. l ^ j l 

N 2BF 4 ( I I I ) 

References t- .CD Starkey, Org.. Synth.. ('Cbll.,) IT, 225.. 
CID Schiemann, Ber.., 1929, 62, 3041. 

( I l l ) Dunker and Starkey, J.Amer.Chem.Soc., 
1939, 61, 3005. 

By use of these processes 350 gr. p-rnitraniline yielded 17 gr. 
r e d i s t i l l e d p~difluorobenzene b.p.. 89°C, n§° 1-4420. 
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S t a b i l i t y - of' p^GgH^Fg' in" C" C I 4 ' to.' aqueous- bicarbonate.-

p-Difluorobenzene. (2-32 g.) vsras dissolved i n carbon 
tetrachloride (78-64 g.).. The mixture was shaken with aqueous; 
sodium-bicarbonate solution,, then with water u n t i l , neutral.,, 
and dried (anhydrous l̂ .vSÔ .. I t was t h e n ' d i s t i l l e d through 

the 22 plate column using a boil-up of 90 drops/min. and 
take off approximately 1 : 30. D i s t i l l a t i o n occurred, uniformly 
at 77*4 G,. leaving...no residue. Analysis of the d i s t i l l a t e 
gave .-01 89*5$, F 1-0% (Gale, for o r i g i n a l mixture Gl. 89-6%, 
F0*9?%)., I t i s thus seen than p-difluorobenzene dissolved 
i n carbon tetrachloride, i s -stable to hydrolysis by aqueous, 
bicarbonate,: and that i t i n t . e r d i s t i l s azeotropically with 
carbon tetrachlor ide. • 

S t a b i l i t y of- P-G'gĤ F̂  in' C CI4 to- cold' dilute- a l k a l i . . 

p-Dif luorobenzene (0*4 g.) was dissolved i n carbon . ' '. •;, • 
tetrachloride (25 ml.,) and to the solution was added .0*1 R -
NaOff ( 5 0 ml.). _The mixture was. continuously; shaken at 20°C 
and 5 oil. aliquots of the aqueous layer were t i t r a t e d with 
standard acid at half-hourly i n t e r v a l s . After 3 hours.the 
t i t r e per aliquot had f a l l e n by only 0*03 ml. of 0*1048 N 
hydrochloric acid showing that hydrolysis was negligible under 
the conditions described* 



S t a b i l i t y - of - p-CgH^Fg in- £'• Qlg tor anhydrous- acid- gases. 

Azeotrope from: * above (5 mis..) was saturated, at Q°C with 
anhydrous hydrogen ..chloride. The mixture was stoppered',, 
allowed to a t t a i n 20°C and shaken for one hour. I t was then 
washed with aqueous sodium bicarbonate, then water u n t i l 
neutral and dried. (anhydrous % S % ) . A f t e r . r e d i s t i l l a t i o n 
analysis gave CI 89*4%, F X»€fiS, the mixture of organic 
products apparently being unchanged. 

Azeotrope .(5..mis.,') was saturated" with anhydrous hydrogen 
flu o r i d e at 20°C,. and the above experiment repeated. Unchanged 
azeotrope (found CI 89-4%, F 1*0%) was again recovered., 

Reaction' o f chlorine' t r i f l u o r i d e ' with' p-Cg-K̂ F*?' in' C; CI4 solution-

p-.Difluorobenzene (14 g.) was dissolved; i n carbon tetr a c h l o r i d e 
(250 nils.) and anhydrous cobalt o.us fl u o r i d e (2 g.) was added. 
Chlorine t r i f l u o r i d e (6 gr.= 0*5 mol...) was passed i n nitrogen: 
(12 l . / h r . ) at 0°C over a period of l i hours. Copious 
evolution of hydrogen fl u o r i d e was observed during the process, 
but t e s t s f o r hydrogen chloride and" halogens i n the e f f l u e n t 
gases proved negative. The r e s u l t i n g product was washed with 
aqueous' sodium bicarbonate, then with water u n t i l n e u t r a l , 
and dried (anhydrous MgSQ4).. The product was a deep-yellow 



coloured liquid'.; Most of the carbon tetrachloride was 
removed by d i s t i l l a t i o n , t h r o u g h the solvent column under the 
normal operating conditions.' The l a s t 20 mis. was 
fractionated through the 22 - plate helices-packed column 
under the same conditions as for the CgH^Fg - C CI4 

azeotrope.. When a l l carbon tetrachloride had been removed 
the residue amounted t o only 0*42 gr. of u n d i s t i l l a b l e matter. 
,This dec-olourised aqueous potassium permanganate and a 
specimen on immediate analysis gave 01. 26* 3%% . F 11* 35^L 
The carbon tetrachloride d i s t i l l a t e had n^ 1*4612 and on 
analysis gave CI 92-1% (Gale, for C C l 4 , "CI 92-2%), proving 

that no fluoro-compound was contained i n i t . 
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( T) "React ran 'of •Chlorine Tri-fluoride- with Perhaloniethylbenzenes 

i n Carbon Tetrachloride- solution. 

The chlorine t r i f l u o r i d e experiments were carried out 
i n the same way as f o r investigations with other substituted 
benzenes (see sections ( i i i ) , ( i v ) ) . The e x i t gases contained 
as before hydrogen flu o r i d e but no hydrogen chloride or 
halogens* Reaction products were freed.from inorganic 
impurities by the general method (described i n section ( i i ) ) 
and, a f t e r drying,, were • transparent,, yellow l i q u i d s . 

BenzotTif ludride ' Expe'riment. 

Removal of reaction t a r and addition compound (see 
i " " • • - - • - . • - - - - . - . - • 

Table ¥11) from the product was brought about by simple 
d i s t i l l a t i o n under reduced pressure as described for.previous 
experiments.. The addition product d i s t i l l e d at 63-88 C/14 mm. 
and was similar .in nature to that obtained from chlorobenzene* 
I t decolourised';aqueous..potassium permanganate and bromine 
water and had n^ 1*4352 on analysis i t gave CI 18* 1%,, 
F_3?-'6%. _This compares with CI 17'7%, F 37*95% calculated 
f o r the cyclohexadiene derivative C^H^Cl F^. 

Slight modification was necessary f o r the halogen 
analysis of benzotrifluoride and benzotrichloride derivatives 
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by the sodium fusion method.. To ensure complete conversion 
to. sodium halide i t was essential to fuse fo r 2 i hours a t 
750-800°C'. 

After the removal of solvent from the reaction-product 
as i n previous experiments, f r a c t i o n a t i o n through the 22 
plate helices-packed column gave rise to i-

( i ) Fraction d i s t i l l i n g 100-104° C (21»4 g..) Y/hich was a 
mixture of fiuorobenzotrifluoride with.unchanged 
benz-otrifluoride.. Analysis gave F 41 •8%..whence i t was 
estimated that the mixture contained 13»2 g. 
benzotrifluoride.and 8'2 g. of fluoro-derivative. 

( i i ) Fraction d i s t i l l i n g 136-138°C (26.2 g.), containing-
chlorobenzotrifluoride. 

Fraction ( i ) . . d i s t i l l e d unchanged, through the concentric 
tube column at 102*5 C, -having 1»4Q76.. Hydrolysis ' 
of a sample by r e f l u x i n g 6 hours at 130°c with 80% 
sulphuric acid led only to .the formation of a mixture of 
carboxylic_.acids, m.p, 108°G (probably mixed benzoic and 
fluorobenzoic acids). 



Fraction ( i i ) . d i s t i l l e d uncHanged through the concentric 
tube column at 158*-5" C, having n D 1-4464-1-4467. On 
analysis i t gave CI 19*5%, 1 31'7% (Calc. for C^C'l F 3, 
CI 19-66%, F 31-58%). On hydrolysis by the method described 
"" ' " " ' "" . " " """" o 
above a sample of it-gave an acid m.p., 156 C, mixed melting 

' " " " ' " '" ""' o '. '" ~ point with m-chlorobenzoic acid m.p., 156 C. Fraction ( l i ) 
was therefore concluded to be m-chlorobenzotrifluoride. 

Benz o t r i chloride Exper ime nt.. 

As'in the previous experiment,-: reaction t a r and addition 
compounds (see Table VI I ) were removed by preliminary reduced 
pressure d i s t i l l a t i o n . , The addition compound boiled i n the 
range. 145-155 (J/10 mm, had n^ 1-5352, and on analysis gave 
CI 54-2%, F 13- 0%. I t i s seen from a n a l y t i c a l figures that 
t h i s had an average composition of abput three "additional" 
halogen atoms per molecule of benzotrichloride. * 
( c . f . C 7 HKC1 a F> Calc. CI 56-8%, F 7-6%? C I CI F , Calc. 

. ' ,J ^ . . 7 5 4 3... 
CI 49-3%, F 14*256; C?H4C14F2, Calc. CI 53*0^., F 14*2%; 

C^gClgF , Gale. CI 58*2%,. F 12-955). Further-.separation of: 

the mixture of addition compound's did. not prove possible.. 

After.removal of solvent by methods previously described, 
f r a c t i o n a t i o n of the product remaining was carried out through. 
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the helices-packed reduced pressure column described i n 
connection with the' chlorobenzene experiment ( s e c t i o n ( i v ) ) . 
Under similar conditions to those described there, 
f r a c t i o n a t i o n gave rise, to :-

- •*• • * -• • • - Q •" * 2 0 
Ci) Fraction (1-2 g.) b..p. 65 0/8 mm. , n n .1*5170. This had 

' o ' " ; ' " ' ' ' '. ' b.p. 178 C/760 mm.., and gave on analysis CI 39* 6%, F 10" 7% 
(Calc.. for C7H'5C13F, CI 39-66%, F 10*61%. Hydrolysis of a 

sample with sulphuric'acid (dens. '1*85) by..heating at 70° for 
i hour,, led t o formation of-an acid sr.. p.. 122°, mixed melting 
point with benzol© acid 122°C. The f r a c t i o n was therefore 
concluded to be benz:odichlorofluoride. 

( i i ) Fraction (53*0 g.) b.p-.. 91-96 C/10 mm.,; which was a 
mixture of, benz:otriehloride and f luoro-derivative. Analysis 
gave CI 52*4% F 2*6%, whence the amount of fluoro-compound was 
assessed at 1.5*4 g. and unchanged benzotrichloride 37*6 g. 
This'fraction d i s t i l l e d unchanged through the concentric tube 
"". " " " " " " o "" 20 ' 
column, b..p.. 1.00-5 C/15 mm.,, n^ 1* 5507. Hydrolysis of a 
sample by refluxing-with an aqueous suspension of calcium 
carbonate as described by Schiemann and Baumgarten (Ber.., 
i-37, 70* 1419) gave ris e t o a mixture of carboxylic acids -
m.p.. 1.02°C', probably containing benzoic and fluorobenzoic 
acids. 



( i i i ) Fraction ( 1 7'Og. ) , ID*p.- 1 2 0 G / 10 mm, which was. a 

mixture of chlorobenzotrichlorides. On d i s t i l l a t i o n througj 
the concentric tube column i t was recovered unchanged, 
b.p. 1 2 5 0 / 1 5 mm, n^ 1 - 5 7 1 7 . Hydrolysis- of a sample by 
the method described above gave a mixture of chlorobenzoic 

... Q 

acids m.p. 146 C 

A** ~ ' ' 
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I N' D S X 

Addition compounds, . ~ 
from reaction of CI F-z with benzene; 40', 43-44, 54, 55-56, 

° 97, 98.. 

" " " wit lr alkylbenzenes; 57, 58, 61, • ' 
62-65, 109,, 113, 
117. 

!' " " with halobenzenes: 66',.' 67, 71, " 
120-121, 126. 

" " ' . with perhaloraet.hylbenzene''s;'' 72, 73, 
75, 132-134. 

Benzene, az.-e.otr.ope... with. GCl^: andjC^HgF;; .."'.."." . 53,:. 96. 
" , ehlorination of, using"gaseous"chlorine; 2', 3. 
" , fluGirination of , in vapour p h a s e ; ' 1 1 - 1 3 . 
" -, mechanism of attack on molecule of, by • 

halogen "molecule;- 46-48. 
" , reaction of CI F„ with, catalysed'" and 

^ uricatalysed,"' -
' experimental;: w 89-101.. 

mechanism of;" 48-53, 54-56. 
" « • , iig F catalyst; 39, 40-41, 42, 

• - ' 44. -. 
, GoC'l2 " ; 39„ 41 , 42,44. 

" " , CoFo » ; 39, 41, 42,44, 
' „ ' 45, 58, 61,67; 

, HgCl2 » ;• 39, 41 , 42,43., 
" " > I p " 5 39," 40-41, 42, 

43 
> " , SbF* '« ; 39; 41, 42,44, 

u ""- ' • 45 - -
" » " " u n c a t a l y s e d ; 39 , 40 , 42 , 43.' 

, reaction of I F g wi th; 20 
Benzodichlorofiuoride; 72,, 75 135. 

Benzoic acid,, by hydrolysis of benzodichlorofluoride; 135. 
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Benzotrichloride, chlorination of;- 74. 
* 

" , reaction of ClFg with, C0F2 catalyst; 72-76. 
11 t i 

experimental; 132, 
134-136. 

Benzotrifluoride, halogenation of; - ' .74., 

" , reaction of CIF^ with,. G0F0, catalyst; 72-76. 

, experimental; 
_ 132-134.. . ' 

Benzyl f luor ide ; 58 , 59 , 110. 

Bromine monofluoride, disproportl'onation of; 15 , 27. 
"• " , preparation of;'' 1.4. 

Bromine pentafluoride, preparation o f ; " • 1 . 5 . 
" " , reactions, with" inorganic 

compounds; 15-18 . 
" , " o r g a n i c ' 

compounds; 1 9 - 2 3 , 27 . 

Carbon tetrachloride, : reaction of Br F- with; 22 , 27 . 
.0 

" , reaction of CI Fg with.,. .. 
; catalysed and 

uncatalysed," 
experimental; 77-88 . 

. , COF 2 • 
. . / catalyst; 28-31., 

" H It J 

» } » 

, p o s s i b l e " ~ • " * 
mechanism- for ; 37 -38 . 

> ' . " , tin- — • - • 
catalysed; 2 8 - 3 1 . 

proposed" ' - •• " 
mechanism for ; 31-37* 

(i 

Carbon tetrachloride, reaction of Fg with? 2 5 , 2 6 . 

" IF 5 ' M , " -21,26* 
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Chlorination of aromatic compounds, general methods of; 2-5. 

Chlorine monofluoride, preparation o f ; " " " 14. 
" , reactions, with inorganic" " ' • ' ' .. 

"c'dmpounds; 15- IS. 
» , " , " organic " ; 19-20. 

Chlorine t r i f luor i .de , preparation o f ; • 14.. 
" , reactions, with i n o r g a n i c ' 

"compounds;' • 1.5-1.8. 
" ' , reaction.-with CFgBr N Q g . ; - 1,19; 
" . , reactions, with other" organic ' \ 

' - compounds;: 19-20,23-24. 
(also see under organic compound concerned).. 

Chlorobenzene, chTorination of; , "" ' 68. 
" , fro.m reaction of CI F-z with benzene; 40-42, 

/ ' 0 ' - 50-53., • ' 
" , reaction of C1F„ with, CoF„ catalyst; 66-71. o 2 ii H t i -

experimental; 120-126. 

Chlorobenzoic acid,, meta-;" 
" , "ortho-; 
" ' ' - , , para-; 

. . . - l M t 

• 113,116. 
113,116,119. 

Chlorobenzoic acids, mixtures of; 74,136. 

Chlorobenzotrichlorides, mixture^ of; 74,136. 
Chlorobenzotrifluoride, meta-; 74,134. 

Chlorocumene, para-; 59,119. 

Chloroethylbenzene, ortho-; 
" , para ;. 

59,116. 
59,116. 

Chloroethylbenzenes, mixture of; 115-116.. 
Chlorofluorobenzene, para-; 53-54,, 

" , mixture 
67-69; 101,. 124-126, . .1.27.. 
of,, with chioro-

benzene; • 122-125. 
Chlorotoluene, ortho-; 

, para-; 
59,105,111,113. 
59,105,111,113. 
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Chlorotoluenes, mixtures of;. 105-109, 112. 

Cumene; c'hlorinalti'on of;. ' ' *' 59; 
" , reaction of Gl Fg with, CoFg catalyst; 57-65. 
« n i* -

experimental.;' '102, 
- ~ - ' 117-119. 

" , substitution into,, steric. hindrance i n ; ..59-60. 

Dichlofobenzene, ortho-;- 67,. 68, 122, 124. 
i i , para-; 67, 68, 121-122. 

Difluorobenzene* o r t h o - - ; 6 9 . 
" ,. para-; preparation of;... 128. 
" , " , reaction of CIFT. with,: " ' 

CoFo catalyst; 70 
• - • ^ 130-131. -

" ,. " , s t a b i l i t y to acids and alkalies'; 69-70, 
* , ... 129-130. 

Difluorodichloromethane, from CGl^ and Gl F^; 28-38,. 87. 

Difluorodiphenyls-ulphone, 4-4 : ; 53-54, 100-101. 

Diphenyl derivatives, from reaction of CIFT. with'benzene'; 40, 
. _ 42, 55, 97. 

Ethyl benzene, reaction of ClFg with, C0F2 catalyst; 57-65. 
I ! I I It 

> > J 

experimentsjl; 102, 
113-1.16.-

" , substitution into; , 60. 
Fluorobenzene, chlorinatron of; •• - • 68; 

: " , reaction of ClFg with, CoFg catalyst,* 66-71. 
» H it 

experimental; ' 
120 , 126-127.. 

Fluorobenzoic'acids, mixture" of >' ' 60? I l l ; 
_ ." • , mixtures of, with benzoic acid; 74,133; 

Fluorobenzotrichlorides,, mixture of, with benzotrichloride; • • 
72 y 135*. 
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Fluorobenz-otrif luorides, mixture of, with benzotrifluoride-;' 
72, 133. 

Fluorocumenes, mixture, o f , -w i th curnene; 117-119.: 

Fluoroethylbenze.nes, mixture of, with ethylbenzene; 114-1.15.. 

Fluorination, general methods of; -5-13. 
Fluorotoluenes, mixture of; ' " ' '60,111; 

" •. , " , with toluene; 110-111, 112. 

Heptane, normal,, d i s t i l l a t i o n of mixture with • " 
methyl-cyc.lohexane; 94, 96', 104. 

Iodine heptafluoride, preparation o f ; ' ' " 14.. 
' " , reactions, with i n o r g a n i c ' • .. ' 

" c o m p o u n d s ; 15-18. 
. " , organic •"" ; 19-20. 

Iodine pentafluoride preparation"of; ~ '14.. 
reactions, with inorganic ~ - ' ' • .; * 

" ' ~ c o nip o und s; 1.5-18.. • 
" organic " ; 19-23, 

; ; ; . - 26. 

Me'thylr;cyclohexane See n-heptane. 

Toluene, chlorination of; .' •• ' 2,.-60. 
" , reaction of CIF^-with, CoFg catalyst; 57-65. 

expe rime nta'T; * 102, 
... . 103-11.3.,; 

TricKlorofluoromethane, from GC14 and G1F'3; 28-38, 87-88. 
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