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SUNNABY 

Potaezium fluoride in boiling eulpholan reacted readily 

with the title compounds. The course of each reaction was followed 

byzempling,uzinggez chromatography and “gF-NKR spectroscopy ae 

complementary and confirmatory analytical methode. Unlike the 

readtionz of heucblorobenzene and of 2,3,5,6-tetracbloronitro- 

benzene, displacement in the pentachloro- end fluorotetraahloro- 

benzene syztemz im not preparatively useful. Approximate values 

of the individual rate conztents of each etage within each eyetern 

could be obtained fro8 the reaotion atady, and are compered with 

the predictione made from empirical calculation. 

INTRODUCTION 

Fluoride ion exchange has been a poplar preparative method 

for the synthezie of derivative6 of fluorobenzene Cl]. Eexacbloro- 

benzene gives many polyfluorochlorobenzenee in this reaction, 

both in solution [21 and on heating under preseure c31 but the 

analogous reaction6 of pentachlorobenzene hare been less thoroughly 

studied. An early report c41 dezcribed the products of reaction 

under high temperature and pressure, and a later patent @I dealt 

with a mixture obtained by heating potassium fluoride and penta- 

chlorobenzene together in enlpholen (tetremethylene eulphone). 

A recent, semi-quantitative study by Dickerson, Finger end Shiley 

C63 gave zome understanding of the reaction Sk&m diwt41 
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sulpnoxide at 180' for twenty-four hours, but did not allow a 

detailed analysis of the associated rates. Similarly, the reaction 

with nitro-2,3,3,6-tetrachlorobenzene has been reported to give only 

fluoro-2,3,3,6-tetrachlorobenzene [71. 

be now report a more detailed study of the pentachlorobenzene - 

potassium fluoride system in sulpholan, together with a complementary 

investigation of the corresponding reactions of hexachlorobenzene, 

2,3t3,6-tetrachlorofluorobenzene , and of 2,3,3,6-tetrachloronitro- 

benzene. Theae results allowed approximate rate constants for the 

individual processes to be estimated; they also allowed the preparative 

use of the reaations to be assessed. 

BESULTS AND DISCUSSION 

Table 1 shows the relative zonoaatrations of polyfluorochloro- 

benzene6 formed from solutions of pentachlorobenzene in sulpholan 

(initially l.O$ over one hundred ninutes, after which time all 

the starting material had been consumed. All three isomeric 

tetrachlorofluorobenzenes were formed in similar amount, but 

further reaction was mainly confined to the formation of 1,3- 

difluoro-2,4+trichlorobenzene (24-F2): especially earlier on. 

Further reaction of the mixture gave only l,3-dichloro-2,4,6- 

trifluorobenzene (246-F3): At no time does the concentration of 

any tetrachlorofluoro- or trichlorodifluoro-benzene exceed 0.3% 

(24-F22), and the concurrent presence of irarer mskes isolation 

of a pure sample of little preparative value. 

In contrast, hexachlorobenzene gives a preponderance of 

l,Fdifluoro-2,4,5,6-tetrachlorobenzene (Table 21, this undergoing 

further rap&a exchange to give 1.3,~trifluoro-2,4,6-trichlorobenzene. 

This product is kinetically more stable than its isomers resulting 

(*I The abbreviations, in parenthesis , identify only the orientations 

of the fluorine substituents with respect to hydrogen in c6c1 F 
x y-x** 

*s, 2,3,4,5-, 2,3,4,6-, and 2,3,3,6-tetrachlorofluorobenzenee are 

2-F, 3-F. and 4-F respectively, and 1,2-diflaoro-3,4,3- and 1,2-di- 

fluoro-3,4,6-trichlorobenzenes are 2,3-F2 and 3,4-F2. 
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Experimental and calculated compositions of mixture formed from 

KF (1.0 mole) - C6Cl$ (0.10 sole) - sulpholan (100 ml.) at ~a. 245e 

Arene CArenel(IJ at I&% (sec.-') 

t.t 25 min. 50 min. 75 min. ICC min. (ioAion+a) 

2-F'b' exp.: 0.164 

talc.: (0.160) 

3-F exp.: 0.148 

talc.: (0.145) 

4-F erp.: 0.181 

talc.: (0.184) 

23-F2 exp.: 0.000 

talc.: (0.008) 

24-F2 exp.: 0.033 

talc.: (0.043) 

26-~~ exp.: 0.005 

talc.: (0.010) 

3'"F2 exp.: 0.005 

talc.: (0.000) 

35-F;! exp.: 0.005 

talc.: (0.013) 

C6C15E exp.: 0.455 

talc.: (0.413) 

C6C141TF exp.: 0.485 

C6C13BF2 exp.: 0.059 

c6c1_,m3 eq.: 0.002 

0.176 

to.1761 

0.159 

to.1591 

0.207 

(0.210) 

0.022 

(0.026) 

0.146 

(0.145) 

0.025 

(0.029) 

0.043 

(0.039) 

0.030 

to.0331 

0.172 

(0.170) 

0.557 

0.250 

0.025 

0.140 o&Jo 

(0.145) (0.110) 

0.150 0.101 

(0.133) (0.101) 

0.176 0.083 

(0.179) (0.147) 

0.032 0.0% 

(0.042) (0.054) 

0.240 0.347 

(0.242) (0.321) 

0.042 0.0% 

(0.045) (0.059) 

0.071 0.qo5 

(0.030) (0.108) 

0.049 0.093 

(0.052) (0.066) 

0.062 0.00(d) 

(0.070) to.0291 

0.439 0.170 

0.450 0.680 

0.047 0.150 

k2 = IO(C) 

k3=9 

k4 =22 

k23s 1 

d2s 6 

k2f 18 

k% 9 

ic26 =7 

St:." = 1.5 

d5= 8.5 

a' ~-59 

(a> Apparent first-order rate constant for formation per equivalent site 

(b) Measured from I9 F-NMR signal integrals (c) Superscripts as in text 

(d) Measured from g.1.c. trace 

in their preferential removal. The ready attack of positions meta 

to existing fluorine subetituents allows this ion exchange to be user 

in the preparation of both 1,3,5-trifluoro-2,4,6-trichlorobenzene 

c2, 71 md also 1 ,J-difluoro-2,4,5,6-tetrachlorobenzene C81. 
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Nitro-2,3,5,6-tetrachlorobenzene gives only fluoro-2,3,5,6- 

tetrachlorobenaene, with no evidence of fluorodechlorination under 

these conditiona. In contra&, the chlorine and nitro-aubetituenta 

are replaced with eimilar ease by methoxide ion in methanol at 50' 

C81. In aulpholan at these temperatures, both potassium nitrite and 

fluoro-2,3,5,6-tetrachlorobenxene are unstable; the fir& with 

reapeot to the formation OS nitric oxide , and the second with respect 

to ibrther ion-exchange with potassium fluoride. Polyflnorination may 

be ainimiaed by a short reaction time , and side-reactions inrolring 

broom which ariee from the decaposition of nitrite ion may be 

leavened by using a more stable solvent. Thaw, ve obtained 60% 

yield of fluoro-2,3,5,6-tetracblorobensene from the nitro-malogue 

(0.15 mole), potaeeitu fluoride (1.5 mole) end wlpholan (75 ml.) on 

boiling for thirty minutes, whereas 3s yield6 vere obtained in a 

similar reactiolr carried out in dimethylformamide c71. 

TABLE2 

Molar ratio6 of fluorine-containing product6 formed from KF (1.0 mole) - 

C6C16 (0.10 mole) - uulpholan (IOOml.) at* 250' 

Fluoro-arwe klole$ flnoroarene at 

t P IO 20 30 40 50 60 min. 

Fluoropentachlorobennene 85.3 45.9 28.5 0 - - 

1&Mfluoro-2,4i5.6- 

tetraohlorobenzene 12.1 39.8 41.4 19.1 7.8. 0 

1,2-~ifluoro-3,4,5,6- 

tetrachlorobenxene 2.6 12.0 22.8 9.4 5.7 0 

1,4-Mfluoro-2,3,5,6- 

tetrachlorobennene 0 0.2 2.5 0 - - 

1.3.FTrifluoro-2,4,6- 

trichlorobenzene 0 2.0 5.2 48.0 72.2 100 

1.2.3~Triflnoro-4,5,6- 

trichlorobenzene 0 0 0 14.6 10.8 0 

1,2,4-Trifluoro-3,5,6- 

trichlorobenzene 0 0 1.0 9.0 3.6 0 
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Experimental and calculated compo6itions of mixtures formed from 

KF (1.0 mole) - fIuoro-2,3,5,6-tetracflorobenaene (0.10 mole) - 

sulpholan (100 III.) at cr. 260' 

Arene CAronel(~) at 105kl(sec-') 

t P 15 30 45 60 75 min (formation) 

4-Fta) exp.: 0.589 0.3% 0.182 0.101 0.080 ,8> 

caIc.:(O.582) (0.340) (0.198) (0.~5) (0.067) 

24-F2 exp.: 0.323 0.480 0.568 0.594 0.640 24.5 

calc.:(O.326) (O&l> CO.5631 CO.5841 CO.5761 

34-r; exp.: 0.078 0.109 0.137 0.148 0.107 5 

caIc.:(O.O69) (0.110) (0.134) (0.147) (0.1555) 

246-F3 exp.: 0.010 0.054 0.114 0.148 0.161 IO 

caIc.:(0.016) (0.054) (0.101) (0.152) (0.203) 

4-F(C) 0.635 0.322 0.069 0.067 0.052 

c6c13gFg (c) 0.351 0.614 0.807 0.758 0.739 

:;z;F;(l)(d) 8::’ :::: :::: ::k; i:::; 

(a) From 19F-NMR integrals (b) Apparent first-order rate constants 

Cc> from g.1.c. trace cd) Possible reduction product: see text. 

The elucidation of rate constants 

'Ihe concentration of intermediates in the course of these 

ion exchange reactions in controI.led by the rates of formation and 

of consumption of the intermediate; these are in turn influenced by 

the concentrations of precursors and of the intermediate itself, as 

well as by the associated rate constants. In aI the reactions 

studied here, the smount of potassium fluoride greatly exceeds that 

of the aryl halide. The reaction can only show kinetic dependence 

with respect to the aryl haU.de under such conditions, since a.ll 

kinetic terms involving [II are contained in the apparent first-order 

rate constant. This holds whether all the fluoride ion, or only 

that in the saturated solution, is kinetically significant. 
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The consumption of starting materials in each case showed 

first-order dependence upon the concentration of this reagent. 

Rough values of the rate constants aesociated with the further 

reactions of the initial products could be made (a) when relative 

yields of the secondary products paralleled (initial) rates of 

reaction, and (b) when the reacting intermediate maintained a 

stationary concentration. More accurate values could only be 

found by a mathematically rigorous method, shown here for the sequential 

reactiona of pentachlorobenzene (cf. &I). Scheme 1 shone the necesaery 

kw- 
24-F2 

\ 
k2& 

%-y2 
AI 

Scheme 1: Sequential. attack of pentachlorobensene by fluoride ion. 

steps to describe the formation of the observed producta. 

The pseudo first-order rate constant8 are distinguished by 

superscripte which, reading from left to right, indicate the order in 

which fluorine subetituents are introduced into pentachlorobenzene 

(H = I). 

(24-F2) 

Thus, the formation of I&difluoro-$fr4,5-trichlorobenzene 

is controlled by two rate constante: k ia associated with 

attack upon 2,3,4,5-tetrachlorofluorobenzene (2-F). and kw with 

attack upon the 2,3,5,6-isomer (4-F). When a' is the rate constant 

for consumption of the starting material (pentacblorobenzene), 

[C6C15HIt x [C6ClgH3,,.e 
-a ‘t . 

The formation of 2,3,4,_5-tetrachlorofluorobenzene (2-F) is governed 

by the rate constant of formation, k2, and the sum of the rate 

constants aeeociated with its destruction, 3. Thie destruction 

forme 23-F2, 24-F2, and 26-F2, eo that 



477 

a2 z kB + k24 + kS. 

The instantaneous concentration of 2-F reflects these conflicting 

effects: 

[2-F& z CC Cl H1 k2 
6 5 t=C'al- 

F-a2t _ *-a'j 

Analogous terms may be written for the formation of 3-F and 4-F. 

although allowance must be made for the presence of equivalent sites 

before comparing the derived rate constants. 

The subsequent reaction to form 1,2+iifluoro-3,4,5-trichloro- 

benzene (23-F2) involves contributions from two terms, the first 

reflecting the formation of 23-F2 from 2-F end the second reflecting 

the route from 3-F. 

[23-F21+, = CC~C~$I,, a’i -a2t 

- al) a2(a1*- a2) 1 + k32.d 1 - 

t 

9% 3t -a 

a1.a3 a'(J - a') - a3(a1*- a31 

Again, analogous functions can be derived for the other four 

difluorotrichlorobenzenes. 

From this treatment, rate constants for each stage were found 

which were mutually consistent within each system and which 

reproduced the rise and fall in concentration of each intermediate. 

While the results in Tables 1 and 3 were obtained at different 

temperatures, the relative values of rate constants for the same 

stages in each system, although independently derived, agreed. 

Relative reactivities of arvl halides 

The simple additivity calculus already described C81 has 

been successfully aplied to the prediction of shifts in the 
19 F-RMR spectra of many polychloropolyfluorobenzenes, and to 

the estimation of the rate constants for methoxjdefluorination 

of these substrates in methanol at 5C". Table 4 shows the 

comparison between the rate constants calculated by this method 

and the values given by the detailed mathematical treatment of 

the sequential reactions of pentachlorobenzene. 
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TABLE4 

Comparison of calculated and derived rate con&ante in the 

fluorodechlorination of pentachlorobencene at ~a. 245' 

Free enerk 10% (eec.“) 10% (EM.-‘) 
parameter (derived) (calculated) 

20 24 

(1 + l)B 15 

(a + 2)0 8.5 (standard) 

a+B 10 

a + rnp 6 

a + (a + 1)B 3.5 

k4 = u; I$ m 18 

k2 P IO) k = 95 26 - ‘I 

d 3 9; a5 z. 8.5 

$4 - 11 

k 23 = 1 

(*I Calculated rate couetants are those given in Table I; derived 

valuee ace thoee found using the empirical parameters a = 1.85, 

a t -1.50 Kcal.mole-', and B s -0.60 KeeLmole 
-1 

The calculated rate con&ants are in fair agreement with those 

derived by use of the empirical equatione C81. The yields of emme of 

the intermediates, from which the rate constants were calculated, uere 

often emell; this gave rice to disproportionate errore in the rate 

conetanta. These errore are oompouudpd when there is more than one 

route to or from a particular cmpound in the sequence; in some caeee, 

euch as those involving the formation of derivatives of ortho-difluoro- 

benzene, considerable variation of the rate constants could be made 

without marked alteration in the derived product ratio. In view of 

thim, further refinement of the empirical equations, such aa by the 

coneideration of inductive contributions of the halogen eubatituents, 

is unwarranted. 

Further,uork on th4 eubetituent effect4 in fluorodechlorlnation 

of polychloro-arenes is in progress to determine the application of 

these empirical equatique and their limitations. 

EXPERIMENTAL 

Sulpholen @DE) ~44 commercial material, solid at room temperature, 

which wae used without further purification. Potassium fluoride vae 
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commercial anhydrous material, dried at 120' for two hours. The 

organic starting materiale were commercial products (hexa- and penta- 

chlorobeneene, and 2,3,5,6-tetrachloronitrobenzene) which were recrystal- 

lined from ethanol, or obtained by literature methoda [71 (2,3,5,6- 

tetrachlorofluorobenzene). In all caaee, the e.p. were in good 

agreement with literature oaluee. 

Stirred mixtures of potaesium fluoride (1.0 mole), eulpholan 

(100 ml.), and the organic polychloro-erene (0.10 mole) were brought 

to reflux temperature, vhen small amounts of vater were remowd by 

distillation until the still-head temperature exceeded 180'. Stirring 

wan continued ae samples were taken from the boiling reaction mixture. 

These were quenched in water , and the organic products were extracted 

with fluorotrichloromethane and were characterieed by 19 F-NMR spectra- 

TABLE 5 

19 F-W shifts and coupling constants of some polychloropolyfluoro- 

benzenes (shifts, in p.p.m., upfield of fluorotrichloromethane). 

Arene 

2,3,4,5-!L'etrach.lorofluorobenzene 

2,3,4,6-Tetrachloroforobenzene 

2,3,5,6-Tetrachlorofluorobensene 

1,2-Difluoro-3,4,5-trichlorobenzene 

I+Mfluoro-2,4,5Arichlorobensene 

l+Difluoro-2,3,btrichlorobenzene 

1,2-Difluoro-3,4,6-trichlorobenzene 

2,4-Difluoro-1,3,5-trichlorobeneene 

2.4.6~Trifluoro-1,3-dichlorobensene 

~(exp) $calc.) Coupling constant(*) 

109.5 711.2 

110.0 IO9.0 

103.7 109.6 

F,:733.9 135.7 

F2:132.2 133.5 

F,:ll3.0 111.2 

F3:1C6.7 109.6 

107.8 111.2 

F,:135.5 133.5 

~~:128.8 134.0 

112.6 109.0 

F2:110.4 109.6 

FL:111.8 111.2 

F-H, 9.6 

F-H, 7.2 

F-H, 2.4 

F,-F~, 21.6; F2-Es, 7.8 

F,-Q 10.0; 

F-F, 2.0; F,-H, 8.4 

F3-H, 2.0. 

F-H, 9.6. 

F-F, 19.0; F,-A, 7.0 

F2-I?, 2.0. 

F-B, 7.2. 

F2-Ii, not resolved(**) 

F4-H, 7.2; F-F, 2.0 

F-F, 18.0; F-H, 6.0. 

(‘1 He. (**I Reported Cl01 F2 = 110.3 p.p.m., F4 = 111.9 p.p.m. 

(***) Structure suggested by quartet in NNR spectrum, and a retention 

time on g.1.c. only slightly greater than those of polyfluoro-1,3- 

dichlorobeneenes 
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SOOPJ (Perkin-Blmer R12B, 56.4 MEz) and by gas-ck@mmmtsKx!mphF @ye 1041. 

The pcl~fluoro-arenes were identified using the simple method based 

upon the additivity calculus C81, and the structures were confirmed by 

consideration of the F-F and F-H coupling constants. Table 5 list6 

the chemical shifts and coupling constants obtained. 
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