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Mechanisms for Reactions of Halogenated Compounds. Part 3.l Vari- 
ation in Activating Influence of Halogen Substituents in Nucleophilic 
Aromatic Substitution 

By Richard D. Chambers,* Deborah Close, and D. Lyn H. Williams,* Department of Chemistry, Univer- 
sity, Science Laboratories, South Road, Durham DH1 3LE 

Rate constants are reported for reactions of polyhalogeno-pyridines and -benzenes with sodium methoxide in 
methanol. Relative activating effects of individual fluorine and chlorine atoms at positions ortho, meta, and para 
to the reaction site are determined and compared with orders determined from reactions involving ammonia in 
aqueous dioxan. The results are remarkably similar. Additional support is provided for earlier explanations of the 
activating effects of ortho-fluorine and -chlorine. Activation parameters, determined for reactions of polyhalo- 
genopyridines with ammonia in aqueous dioxan, clearly demonstrate that differences in reactivity along the series 
arise mainly from changes in activation energy. 

IN Parts 1 and 2, we established the separate activating 
effects of fluorine and of chlorine as substituents in 
nucleophilic aromatic substitution. We have presented 
evidence earlier for the normal two-stage addition-- 

The kinetic results for reaction of a variety of fluorin- 
ated pyridines with methoxide ion in methanol are shown 
in Table 1. A comparison of the rate constants, for 
attack at  the 4-position, for different pairs of compounds 
allows the activating influence of fluorine atoms ortho 

Nuc ha1 Nuc and meta to the reaction centre to be deduced. Similarly, 
comparison of the rate constants for attack at  the 2- 6 2 6 + hat- position in compounds (5) and (6) allows the effect of a 
para-fluorine to be deduced. 

6 + Nuc- - 
k-1 

elimination mechanism, with the first stage being 
effectively rate limiting. For reactions of polyhalogeno- 
pyridines with ammonia, in aqueous dioxan, the 
activating order of both fluorine and chlorine as 
substituents is ortho > meta $ para, with respect to the 
point of nucleophilic attack on the ring. The activation 
by ortho-substituents is more difficult to explain than the 
effect of nzeta-substituents. Therefore, in this paper, 
we probe the importance of this ortho-effect with change 
in nucleophile and substrate as a test of the generality 
of our earlier findings and, more importantly, of our 
explanation of this ortho-eff ect. 

Ammonia in aqueous dioxan was used for the previous 
study because this system gave rate constants for 
reactions with highly halogenated pyridines, that are 
convenient to measure. In  contrast, sodium methoxide 
in methanol presented difficulties but we have now been 
able to measure rate constants of acceptable accuracy for 
reactions of highly halogenated pyridines with this 
system, at -7.60 "C. 

TABLE 1 
Rate constants for reactions of halogeno-pyridines with 

sodium methoxide in methanol at -7.60 "C 
Position of 

4 
4 

F5 (1)  
2,3,4,6-F, (2) 

2 
2,3,4,5-F4 (3) 4 
2,3,5,6-F4 (4) 2, 6 
4-Cl-2,3,5,6-F4 (5) 2, 6 
4-C1-2,3,6-F3 (6) 2 
2,4,6-F3 (7) 4 

2, 6 

Pyridine attack k/l mol-1 s-l 
1.90 

2.42 x 10-2" 
0.03 x 10-2 
6.42 x 
3.47 x 10-5b 
2-09 x 10-3 * 
6.37 x 10-3 

5 x 10-5 b 

6.28 x 

a Separate k values calculated from n.m.r. and g.1.c. integra- 
tions. b Corrected for statistical factor. 

Attack at the 4-position : 
k(l)/k(2) = k ( F ) / k ( H )  ortho = 79 

K(l)/k(3) = k(F)/k(H) nzeta = 30 
Attack at  the 2-position : 

Therefore, we are now able to sunimarise and compare 
values obtained from reactions involving ammonia with 
corresponding values involving sodium methoxide. 

k(5)/K(6)  = k(F)/K(EI) PUTU = 0.33 

F-Pyridine derivativts : 
ortho meta para 

(NH,; aqueous dioxan; 25 "C) 
31 : 23 : 0.26 (relative to  H) 

(119 : 88 : 1 )  (relative to the pula-position) 
(MeO-; MeOH; -7.60 "C) 

79 : 30 : 0.33 (relative to  13) 

These values are quite remarkably close, considering the 
difference of nucleophiie, solvent, and reaction tem- 
perature. 

Reactions of several polyfluorobenzene derivatives 
with sodium methoxide in methanol have been studied 
previously ; we have determined rate constants for 
compounds (8)-(12) at 58.00 "C and the values, con- 
tained in Table 2, do not differ to any significant degree 
with the values determined earlier. However, the 
activating influence of fluorine atoms at different posi- 
tions in the benzene system may be deduced from these 
values by appropriate comparisons with the statistically 
corrected value for hexafluorobenzene. 

(239 : 91 : 1) (relative to  the para-position) 

Benzene system : 
k ( 9 ) / k ( 1 0 )  = K(F)/ 'K(H) ortho = 57 

k(9)/k(ll) = K ( F ) / K ( H )  
k ( 8 ) / k ( 9 )  = k ( F ) / k ( H )  

meta = 106 
para = 0.43 
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TABLE 2 It was suggested that, in the transition state for sub- 
Rate constants for reactions of polyfluorobenzenes with 

sodium methoxide in methanol at 58.00 "C 

Compound k /  I mol-' s-' 

c6F6 ( 8 )  1 * 2 9 ~ 1 0 - ~ '  

F 

F 

(10) 

F 

( 1 1 )  

H 

2.57x 1 O-Oa 

H 

( 1 2 )  
a Corrected for statistical factor. Position of substitution 

indicated by an arrow. 

Therefore, we are able to compare the activating 
influence of fluorine, as a substituent, in the benzene and 
the pyridine systems, for reactions involving methoxide. 

F ortho meta para 
Benzenes 57 : 106 : 0.43 (relative to H) 

(133 : 246 : 1) (relative to the para-position) 
Pyridines (239 : 91 : 1) (relative to the para-position) 

The most important feature of this comparison is that, 
indeed, fluorine which is ortho or meta to the reaction 
centre is very substantially more activating than para- 
fluorine, in both systems. I t  is interesting, however, 
that the relative importance of activating ortho- and 
meta-fluorine atoms depends on the system; in the more 
reactive pyridine derivatives, ortho-fluorine is more 
activating than meta-fluorine , whereas this is reversed in 
the benzene system. This is significant because it adds 
substance to an explanation of the ortho-activating effect 
that we have advanced previously. 

Nuc F 

stitution represented by (13), fluorine atoms ortho to the 
site of attack by the nucleophile, enhance the electro- 
philic nature of the carbon atom under attack [(13a)]. 
On this basis, a more reactive system should lead to an 
earlier transition state (Hammond postulate 4, , which 
means a greater contribution from (13a) to the structure 
of the transition-state. In turn, this implies a greater 
importance of ortho-, relative to meta-activation , which 
has been observed. 

We have commented previously on the surprising 
additivity of fluorine substituents in the pyridine system 
and this is no less so in benzene derivatives. A rate 
constant for (12) may be calculated from the observed 
value for hexafluorobenzene, allowing for the replacement 
of one fluorine atom ortho and one fluorine atom meta to 
the reaction site, i.e. 1.29 x 10-4/57 x 106 = 2.1 X lo-* 
1 mol-l s-l (cf. observed value of 2.57 x 1 mol-l s-l). 

Rate constants for the reaction of various chloro- 
fluorobenzenes with sodium methoxide in methanol at  
-7.6 "C are given in Table 3, from which the relative 

TABLE 3 
Rate constants for reactions of chlorofluorobenzenes 

with sodium methoxide in methanol a t  - 7 . 6  "C 

Compound k /  I mol-' s-' 

c6F6 ( 8 )  8.94 X ~ o - B *  

F 

Cl 

(15) 

F 

(16)  
a Corrected for statistical factor. Position of substitution 

indicated by an arrow. 

activating influences of chlorine us. fluorine at different 
positions may be derived : 

K(16)/h(14) = K(Cl)/K(F) ortho = 3.2 

K(15)/k(14) = k(Cl)/K(F) 

K(14)/k(8) = K(Cl)/K(F) para = 35 

A comparable set of factors has been obtained from 
reactions of ammonia in aqueous dioxan,l i.e. ortho ca. 3, 

meta = 0.69 



780 J.C.S. Perkin I1 
meta ca. 1, para 27. The main point to conclude, there- 
fore, is that the order of activating influence is not, 
apparently, very dependent on nucleophile or solvent 
and, indeed, the factors are quite surprisingly similar €or 
these quite different systems. 

From the studies described in this paper, we may 
derive the following conclusions concerning the effects of 
halogens as substituents in nucleophilic aromatic sub- 
stitution. (a) Fluorine substituents that are ortho and 
meta to the position of nucleophilic attack are strongly 
activating whereas a para-fluorine is slightly deactivating 
with respect to hydrogen at  the same pmition. This 
situation has now been demonstrated with ii neutral and 
a negatively charged nucleophile and €or both l~cnzeiie 
and pyridine systems. Therefore, it seeins reasonable to 
accept the explanations of orientation of ni~leopliilic~ 
aromatic substitution, advanced to be 0 1 1  a 
sound general basis. (b) The relative activating in- 
fluence of ortho- relative to nzetn-lialogcii will vary 
slightly, and will increase with the reactivity of tlic wb- 
strate. (c) The activating influence of rlilorine is in tlie 
order ortho > meta > para for both tlie 1)y-idiiitl aiicl 
benzene series. 

These findings put on a soun(1 basis a bod37 of ciualita- 
tive observations, referred to earlier,5 but it remains to 
demonstrate that these activating iiifluences that we 
have described do, indeed, originate in changcs in c??~irg-y 
of activation. Activation parameters for reaction of f i \ r c l  

halogenopyridines with ammonia in qu t tous  diosari m. 
recorded in Table 1. Kate constants were deterniiiitd at 

TABLE 4 
Activation parameters for reactions with animonia i n  

aqueous dioxan 
EJk J xiiol -l Pyndine 

( 1 )  
(2) 
(3) 

LSt/J I.; 1 mol ' " 
52 3 1 0 1 - 157 2 
6 7 1 f 5  -98 2 18 
6 7 8 1  2 - 112 !I 

-145 I 8 47 6 + 2 
3,5-C1,-2,4,6-F, (18) :38 8 f 2 - 167 { 10 
5-C1-2,3,4,6-F4 (17) 

The LS* vnlues reter to  898 I<. 

four temperatures : 288, 298, 308, and 318 K .  Thc g-i \ -cw 
errors in the activation energies E:, and the entropies of 
activation AS: are those computed by least-squares 
analysis. I t  is quite clear that the reduced reactivity 
of the two tetrafluoropyridines (2) antl (3) (conilmwl 
with pentafluoropyridine) arises mostly from the incwasc 
in the activation energy ; similarly t tit. enliniic.e(l 
reactivities of 3-chlorotetrafluoropyridiiie ( 1  7 )  and 3,fi- 
dichlorotrifluoropyridine (18) are due to quite large 
reductions in the activation energieq, witli rt.lati\rely 
little change in the AS: term along the series. The 
sign and magnitude of the AS: values are as expected €or 
a bimolecular substitution reaction of this type, ant1 tliere 
is no evidence of any trend along the series d.uclit.d. 

EXPERIMENTAL 

19F N.1ii.r. spectra were recorded b v i t l i  a Varian A5(i/tiOl) 
spectrometer; cheniical shifts are quoted lvitti reference to 
esternal CFCl, (upfield positive). 

Malerials .-Polyhalogenopyridines used are known com- 
pounds and were obtained by methods developed in these 
labora tor ie~ .~~ 2p  Polyhalogenobenzenes were obtained 
froni I.S.C. Chemicals Ltd. and Bristol Organics Ltd. 

Product ~dentz,fication.--Proclucts were all isolated by the 
same general procedure. After the kinetic runs were com- 
plete, the remaining mixture was poured into an excess of 
water and then extracted with ether. The ether fraction 
was washed several times with water, dried (MgSO,), and 
then distillation of the ether left the product residue. 
Before further purification, products were analysed by g.1.c. 
and n.ii1.r. to determine the number and relative amounts of 
any isomers forined. I'entafluorosnisole was identified by 
comparison of tlie 1i.ni.r. spectrum with that of an authentic 
specimen .' 

(a) Fvowr chloro~e~ztafi7uorobenzene. IJnlike earlier 
 worker-^,^ w h o  dctectetl two isomers in a reaction carried out 
a t  a higher teniperature, in a reaction conducted a t  - 7.6 "C 
only 4-cli1orotetr;tfluoroaiiisole was observed (Fo~i~id : C, 
39.2; H, 1.5%; figk, 214. Calc. for C,H,CIF,O: C, 39.15; 
H, 1.4:4;  Adb, 314); SF 138.8 (3,5-F,) ancl 156.2 p.p.ni. 

(b) I:voi/z 1,2-dic/iZorotetrap?torobenze~ze. The isolated 
product, 3,4-diclil~~1-otri~uoroanisole * (Found : C, 36.5; H, 
1.4.  C ; k .  for C,H,C12F,0: C,  36.35; H, 1.3:<,) had f i F  

( c )  I;rom 1,3-dic/iZorotetraf7uovobenz~ne. 'Ilie isolated 
product was ~,4-tlicIilorotrifluoroanisole (Found : C, 36.4; 
11, 1.4:/,)); f i ~  119.3 (3-F), 137.4 (5-19, antl 156.7 p.p.in. 

Raie IlIensz~rei;lie~~ts.-r;or the reaction with sodium 
metlioxide in methanol equal concentrations of the sub- 
strate ancl inethoxide were used and tlie second-order rate 
constant (leterntined froni the plot of I / ( n  - x )  ueysz.ts time. 
l'orlio~is weie M itlitlrawn at  appropriate intervals, quenched 
bj' dilution, i~iid titrated witli standard acid. A sealed-tube 
technique was used for the reaction at 58 "C. Good linear 
plots nere obtained generally over a least two half-lives of 
tlie reactioii and the rate constants were reproducible 
uitliin f30/,,. 

ActiLration parameters were obtained froni rate nieasure- 
nients with the animonia-aqueous diosan system, a t  the 
four ternpcratures: 15, 25, 35, and 45 "C. The rate 
constants were obtained as has been described earlier.2 

(2,G-F,). 

l 3 l . I )  (A- l ' ) ,  138.8 (5-1'), ;t11d 152.2 p.P.tI1. (6-I?). 

(6- F) . 

[9/1337 Kccrived, 21st August, 19791 

Pxrt 2 ,  TZ. D. Chambers, D. Close, \N. I<. K. Slusgrave, J .  S. 
\Yatu-liousc~, and  I). J,. H. Williains, J.C.S. P e y k i n  I / ,  1977, 1774. " It. I). Cliamtws,  J .  S. Waterhousc, and L). I,. H. Williams, 
J . C .  . S .  Pcrkin [ I ,  1977, 585.  

J .  Hurdoii, W. H. Hollyhead, C.  R.  Patrick, and K .  V. Wil- 
son 1. Chrun. Soc., 1965, 6375. 

See 0.g. 12. I). Chambcrs, ' €;luorine in  Organic Chemistry,' 
Wiley-1 nterscience, New York, 1973, and references therein. 

Sce 0.g.  R .  D. Chambers, I;. G. Drakesmith, and W. K. H. 
Llusgravcx, ./. Cliwi .  Soc.,  1965, 5045, and earlier parts of the 
st' ri c>s. 

J .  Lawrenson and 13. G. Jones, J .  Chcm. Snc. ( B ) ,  1967, 797. 
N .  Ishika\vn ant1 S Hxyaslii, NiPpo?z Kugakit  Zasshi ,  1968, 

,; - 
r .  S. Hammond, J .  Arrwv. Clzmz. Soc., 1955, 77, 334. 

89. :{21 ( ( . / / ~ , I H .  . . lb~. ,  1968, 69, 67021).  




