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Abetme-The fluorination of &nzcuc with c&urn tctra&mfothallatc and of pyridine br henxo[bl fman with 
caesium tctrafluorocobfdtatc gives soqucnces of poly@oroammutics with ui& ~~w~Iws. Polynuclear aromatics 
arc fhmrinatcd by cacsium or potassium tetmtluoro&nW c to give products containing little or no hydrogen, 
whereas the stronger ~~ agent cobalt triiluorkk gives products which contain much hydrogen. These two 
pnviuusly unexpiainui features are rationalized by a mechanism which involves l&uigrations of Ruorinc in 
cyclohexadicnyl-type radicals or cations, and is hacked up by CNDO/2 calculations. This rationalization implies 
&Scantly different rates of atom or ion migrations through the kttticcs of the different solid lluorinating agents. 

Fluorination of organic compounds with high valency 
transition metal tluorides (HVMFs) has long been stu- 
died.‘” Much early effort3 went into the study of 
tkrorination products from benzene, and in particuku the 
reaction with cobalt tritluoride was carefully in- 
vestigated. Even in this simple case, about 20 products 
are commonly found. An early ratiom&xation3 of these 
products postuiated that the maior fluorination pathway 
went via repeated M-additions of fluorine atoms to the 
benzene ring, and later evidence,‘> including the isola- 
tion’ of 1,1,4,~t~~uo~yciohe~-l,~ene (I), sup- 
potted this. 

Extensions of this work to the fluorinations of various 
substrates, e.g. tetrahydrofuran~ thiophen,’ and l$- 
~~~u~~thyl)~~~ and to the use of diflerent 
reagents, e.g. ceriumfIV) fluorideP mangane&IID 
lhroride?” potassium tetrafiuorocobaltate(III)‘*” and the 
related lithium salt all suggested,” or now suggest, the 
generality of this pheno~~n in fl~~~~ns of aroma- 
tic substrates. 

More recently,‘*‘2 the proposal that such reactions go 
via an electron abstraction from the aromatic r-system, 
leading to Cain-edict species which are posttdated to 
be important product determining intermediates, has led 
to a rationale for this sequence of I&eactions, at least 
for monocyclic aromatic substrates and reactive 
reagents, and has provided a theoretical framework for 
the study of fluorination mechanisms, drawing on anal@ 
gies with well-understood reactions such as aqueous 
oxidations with high oxidation state transition metal 
species and el~~he~~ oxidations. 

In the first paper’ ofT?Zs, we presented several 
possible ~h~srns within the cation-~~~ frame- 
work for the fluorination of aromatic compounds with 
HVMFs. The route that fitted the experimental data most 
closely is exemplified with pdithrorobenzene and cobalt 
triftuoride in Scheme 1. In this and similar ~~~~on 
pathways, fluoride ion always attacks the radicalcations 
and cations at the carbons witb the highest positive 
charge densities, as calculated by tbe CNDO12 method. 

There was, however, a major feature that neither this 
nor any of the other routes could accommodate: poiy- 

Scheme 1. Reaction of pdifhuxobc~~~~nc and cobalt trifhmride. 

nuclear aromatics-naphthaIene,“S’3 anthracene,‘“” 
phenanthrene,‘4~‘5 pyrene”*“+ave little, if any, H- 
containing products when fluorinated with reagents such 
as KCoF4 and CsCoK but gave large quantities of such 
compounds when treated with the apparently s&urger 
Ruorinating agent, cobalt trifluoride. It was as if the 
KCoF4 and CsCoF. fluorinations were proceed@ lar- 
gely via the ~~n~~ ~uo~~~tics.” None 
of uur pathways permitted this and most involved the 
intermediacy of compounds of, for example, type I or II. 

F2 F2 

Removal of all the hydrogens from these would be quite 
dUBcult, and it is likely that fluorinations with cobalt 
trifiuoride proceed via such compounds: indeed, 
fhrorination of diene I with cobalt triftuoride gives the 
same product distribution as fluorination of benzene 
itself.’ 

In this paper we offer a possiile ~~~ for the 
paucity of H-containing products in the KCOF&SCOFC 
poIynuclear aromatic reactions. 

Before doing this, we present three examples of an+ 
ther apparent anomaly which also cannot be accom- 
modated by any of the mechanisms we discussed ear- 
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Scheme 2. Products (wt. 46) from the benz~ne/CsTlF~ reaction (remaining nnidenti6ed pmducts were ati minor). 
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Scheme 3. Products (wt.%) from the CsCoFJpyridine reaction (the remaining unidentified products were all minor). 

her,’ but which is rationalizable within the framework 
described later in this paper. 

The 6rst example is the benzene/CsTIFI reaction.‘6 At 
500”. the products were those shown in Scheme 2: all are 
known compounds. The most striking feature here 
concerns the polyfluorobenzenes, the majority of which 
form a pattern in which o&o-fluorines are successively 
introduced (monofluoro + 12difluoro + 12$trifluoro 
+ 12,3,4_tetroduoro --) pentafluoro + hexatluoro). 
There seems to be little formation of aromatics which lie 
outside this pattern. This is to be contrasted with the 
cobalt tritluoridel’ and KCoF&mzene’ reactions, which 
gave smaller amounts of polylluoroaromatics and which 
appeared to proceed mainly via compound I. in accord 
with the favoured fluorination mechanism.’ 

The second example is the pyridine/CsCoF, reaction.‘4 
At 310”. the products were those shown in Scheme 3: 
most are known compounds and the structures of the 
rest followed quite straightforwardly from their ‘T and 
‘H NMR spectra. It is possible to rationalize the formation 
of the perfluoro (N-methylpyrrolidine) and the open chain 
azine by the routes described in our first paper:’ the major 
intermediate is the diene (III): 

F2 
\ 

0 

III 
\ 

N F2 

This same intermediate can also lead to almost all the 
products from the KCOFI and cobalt trifluoride fluorina- 
tions of pyridine.‘* Similar calculations have been car- 
ried out by I)urham workers” on pentalluoro and 
polyfluorochloropyridines; their conclusions were 
similar to ours. Once again, however, most of the 
aromatic products from the CsCoF, reaction do not fit 
this pattern; instead they appear to belong to a sequence 
(2-F + 2,3-F2 + 2$,4-F, -P 2,345-F. + 2,3,4,5&F,) 
where fluorines have been successively introduced into 
positions o&o to existing fluorines; the reaction begins 
with fluoride ion attack on the pyridine cation-radical at 
C1, which is calculated to be the position of highest 
positive charge. 

The third example is the benzo[b]furan/CsCoF~ reac- 
tion8” At 380”, the products were those shown in 
Scheme 4. Here again, as with the first two examples, 
most or all of the aromatic products show the pattern of 
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S&me 4. Products (wt.%) from the CsCoF~~~ naction (remaining unidcntitied products were minor). 

otiho-fluorination (V 3 VIII + VII --) --) IV). If the We now suggest that, besides being oxidized, the cyclo- 
fhrorination first gives V and VI, and CNDOl2 cal- hexadienyl radical (XII) can, in circumstances to be 
culations of the type given in our first paper’ certainly discussed later, reanange by 1,2migration of fluorine, 
support initial attack on the furan ring, then subsequent followed by oxidation and loss of a proton, either before 
“0~~0-flu~~tion” would lead to VIII (F o&o to 0) or after further proton migrations, to give 1,2ditIuoro- 
and so on. Ftuorinations with KCoF+ and cobalt benxene:- 

trifluoridez’ follow the same patbway up to V and VI; 
after this the paths divide and all the CoK and KCoK 
products can be rationalized if the dienes X and XI are 
intermediates, and formation of these is wholly in accord 
with the favoured mechanism’ 

X iI 
To summarixe then, tbe second feature we will discuss 

occurs with at least two caesium-containing fluorinating 
agents and shows itself in the production of sequences of 
fluoro-aromatic compounds with successive fluorines in- 
troduced viciiy. 

To exemplify the central point of our rationalixation of 
these two anomalous features, we turn to the fluorination 
of fluorobenxene. In tbe favoured mechanism,’ this pro- 
ceeded thus: 

Con~~on of this-attack of F on a F-bearing carbon 
in the cation-radical of odifh~orobenzene, followed by 
1.2-F migration-would lead to 1,2,34ifluorobenxene 
and so on. Analogous reactions might also, or alter- 
natively, occur with the cyclohexadienyl cation (XIII). 
We will now justify this suggestion and then show how it 
can account for the two anomalies described above. 

Arguments for l&fluorine migrations in &#I radicals 
(e.g. XII) and cations (e.g. XIII) can be sustained for ail 
the fhmrinations discussed in thii paper, except for one 
pytidine case [marked with an asterisk in Scheme 9, 
where the cation route is perhaps doubtful. 

The arguments can be divided into two parts: the 
~~s of &&rations, and their kinetics. 

There is no direct experimental evidence for the rela- 
tive stabilities of cyclohexadienyi radicals of the XII and 
XIV types. CNDo/2 calculations, however, indicate that 

both migration steps (‘X’_.rX”+“X”) are 

alwags exothamic for a variety of F-contaimng ben- 
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T&e 1. Eucrgks (Hartrae) of ~i~~iurn ious and radi& 

FF 

FF 

F H 

HH 

HH 

Cotlon bdicol - - 

tot .4168 tot .7714 

101.5120 101.8107 

128.4061 128.7594 

128.4X8 128.7676 

128.4938 128.7958 

F 

HH 

F 

HF 

HH 

cotton lwlcol -- 

t28.4953 128.8mo 

128.4365 128.7740 

128.4815 128.7w4 

zcnes and ~pb~en~ (Tabks 1 and 3), and usually so, 
of only slightly (< 64 kJ mole-‘) cndothcnnic for tie 
containing pyriditms and antiuacencs (Tabks 2 and 4). 

Forthecations,thereseemstobenodoubtthat,in 
solution, F-containing cyclohcxadicnyl cations arc most 
stable when the tetrahedral carbon is a CHrgroup rather 
than a CHF. Okh d al.- have reported many cxam- 
pks of the protonation of polyfkoro-aromatics and the 
protoaisalwaysaddadataH_~carbonaadneverat 
aF-~C~~~~~~~~~~ 
radicaIs, both migmtion steps {f*-FxH-HK) 
arc alwayr exothermk for benxmms’and naphthaknes 
(Tables 1 and 3) and usually so for pyridines and anth- 
racencs (Tables 2 and 4). It is in the pyridincs that the 
d&rcncc between n&a&s in radicals and m&rations 
in cations may he invest&tat&; some of the I/-fluorine 
shifts that woufdbe rcqdred by our reaction paths am 
endothermic for radicals and not for cations, and some 
vict-vtma. 
Some support for the rehabiIity of the CNDO/2 caI- 

c&ions is a&&cd by results’ on pro&mated 1,2- 
difluorobcnxcne where the 4-protonated form is cal- 

culated to be sligtttly more stable than the 3, in accord 
with the experiment& ~s~~~le amounts of 
both forms are present at -50” in superacid sohttion with 
the Qform bei favored (protonation at the F-bearing 
position is not observed and would not be expected on 
the basis of CNDO/2 calculations): 

& @5&y 9 
124.3 7.3 H 

0.0 

Calc. energy 
diff. (kJ mole-‘) 

1,2,4-T-e is predicted to protonate at the 
S-position, which is what occurs in superacid medh~&~ 
and in a mom complex example, the aphid derived 
cation XV is calculated to be less stable than its isomer 
XVI by 10.9kJ mok-‘: Russian worker? have shown 
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that XV isomer&es to XVI on being treated with SbF, at 
40”. 

gJ&“3 @$L3 
F F 

xv XVI 

We conclude that the dincctions of the postulated 
migration (e.g. XII --* XIV and the cation analog@ are 
almost always thermodynamkaUy favoured for both 
radical and cationic species; the few exceptions are only 
slightly ~~the~~ (~33 kJ mok-‘) for the radicals, but 
may be strongly so (> 130 kJ mole-‘) for the cations. 

We now turn to the kinetics of I&&ations. General 
l,2migrations of Br and Cl in radical specks have been 
widely reported,~ and exampks in cyclohexadienyl sys- 
tems are known; there is a recent &in?’ for a similar 
migration of F, although on a simplistic view of orbital 
symmetry rules, such a migration is forbidden. 13 
Migrations of H atoms are unknown; indeed they are 

definitely forbidden by orbital symmetry rules. However, 
they are not nefzessary to the success of the mechanism 
discussed in this paper: n@ration of F (fromFflto 
FM, followed by hydrogen loss is all that is 
reqm&+o hydrogen migrations are needed. 

The situation with cationic species is rather more 
diflicult. l&Proton migrations are well-known and their 
kinetics need not be discussed further; they are not, in 
fact, essential to our mechanism, as discussed above. 
There are no clear examples of 12-F migration in cations 
and so it might be argued that although the migrations of 
this type that we require are usually thermodynamically 
favourabk, their rates may be too small to render them 
observable. There has been a claim- for a 1.2-F shift 
or for a lo-fluo~~um ion, but the experimental data can 
be more easily explained~ in a way whiih avoids such 
features. F~he~~, there is no evidence for rate 
enhancement by neighbouring &nine in solvolytic 
reactions, whereas this is well-knowu with the other 
halogens?’ It therefore seems that fluorine forms 12- 
fluoronium ions-which are necessarily intermed&s or 
transition states in Il-lhsorine migrations-either not at 
all or only with great difficulty. 

Tabk 2. F&&es (Hartr@ of &tluompyridinium ions and radicals 

CotIon Rodicol - - 
Cotrom RaJIcnl - - 

105.1895 105.5693 159.1420 1595384 

F 

62 " 105.24csJ 105.5660 

F 
105.2886 

F 

F F 
159.1908 159.5315 

132.1780 132.5358 

186.1269 186.5214 

F 

'(is: ci 186.0996 186.5067 
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Tabk 3. Energies (Htutree) of polytYuoronaphthaknium ions and radiwfs 

lS.Sl29 lsa.a3s 

msd 

13l.aa2 

_ 

. 

13w7oo 

136.11)80 

Nevertheless, there can be no ov~we~~ objection 
in principle to 1,2-F ~tion or bridging in cations. 
Bridging does occur with other halogens3’-the same 
group-and neighbouring group participation is known 
with oxygen3’-the same period. Furthermore, it is 
difficult to avoid Peterson and Bopp’s conclusion33 that a 
1,44uoronium cation occurs during the solvolysis of 
S-fluo~~nt-I-yne, so that quote baby, albeit not of 
the l&type, can occur. 

Rough calculations on the basis of existing data show 
that 1.2-F migrations in cations could conceivably occur 
under the rather high temperatures (200-SOOT of 
fluo~ation, even though they may not be observable 
under more usual laboratory ~ondit~ns. For example, 
the neighbouring group accelerations, in a particular 
SNI-type reaction, due to iodine, bromine, and chlorine 
were3’ 3 x to”, 810, and 3, respectively. These ligures can 
be taken as measures of the ease with which these 
halogens form bridging halonium species. A figure of 
10” for fluorine on the same scale would not seem to US 

to be unreasonably high (this IO4 has, of course, no 
meaning in terms of neighbouring group participation 
rates; it is merely a measure of the ease of 1,2-bridging 
by fluorine compared to the other halogens). Russian 
workersy have measured a half-life of about 1O-‘-1O-2 
sec. at -60” for a 1.2-CI migration in a phenanthrene- 
based cyclohexadienyl-type system. This leads to a half- 
life of about iti- sec. for the equivalent 12-F migra- 
tion; this is much longer than experiments are usuahy 
run for, and therefore could explain why Russian wor- 
kers have never reported F migrations in their extensive 
work3’ on polyUuoronaphthaleniium and -anthracenium 
ions, even on species that might have been expected to 
undergo such isomerisations. Now, if for the purposes of 
rough Mlcuiation, the rate of 1,2-F migration is taken to 
double for every lo” rise in reaction temperature, then at 
the temperatures of fluorination the half-life for migra- 
tion drops to well below tbe millisecond range, which is 

quite fast enough to accommodate our needs (the resi- 
dence time of a molecule in a fluo~ation reactor is of 
the order of hours). 

In addition to this, there are some a6 i&o cd- 
culations on a fhroronium species of the type we are 
discussing. Hehre and Hibertp have calculated that the 
ion XVIII lies about 170 kJ mole-’ above the ion XVII: 

These calculations give too high an energy difIerence 
between the corresponding protonated specie? (i.e. 
replace F by H in XVII and XVIII)-about 85 kI mole-’ 
compared to the experimental value 3a of about @-and 
so 170 is probably too high for the diierence between 
XVII and XVIII. However, even this figure of 170 might 
just about do for our purposes: at about 4W, this gives 
the half-life for a fluorine migration of less than a 
second. 

There is a further and dtematiV8 possibiiity which 
may be available for 1.2-F migrations: the metal ions of 
the fluorinating agent might intervene in some way to 
facilitate migmtions. Metal ions are knowt? to bring 
about carbon skeletal belts which do not 
otherwise occur. 

Nevertheless, whatever the mechanistic background is, 
the facts of the fluorination experiments seem clear- 
abmmnally huge amounts of aromatic products with 
vicinal fluorines are formed with caesiumcontaining 
fluorinating agents. In these cases some sort of process 
whereby fluorine can migrate around a ring from a F- 
&ring carbon until it reaches a H-bearing one seems to 
us to be inescapable. In this paper we elaborate both 
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likely pathways--radical and catiot+and, while both 
may occur, the former can involve much higher energy 
barriers than the latter in at least one case-pyridine. 

Our views on the major routes by which pyridine and 
betux@Jfuran are fluorinated to aromatic products are 
outlined in Schemes 5 and 6. 

All the migration steps (fluorines or hydrogens) are, 
accord@ to CNDO/2 calculations (Table 2), exothermic 
or sliitly endothermic in the pytidinium radical case. In 
the analogous sequence of steps with cationic inter- 
mediates, one of the steps (*) is markedly endothermic. 
The initial additions of the extra F atoms are predicted, 
by the methods elaborated in our previous paper,’ to 
take place as shown. 

The bcnzo[b]furan route is based on analogy with the 
benxene and pyridine cases; the only calculation we have 

carried out shows that attack of fluorine begins in the 
furan ring. 

The first anomaly mentioned in this paper--the higher 
degree of fluorination of polynuclear aromatics with the 
apparently weaker fluorinating agents-can also be 
resolved by a mechanism involving 12 shifts of F and H. 

The sequence for naphthalene is outlined in Scheme 7; 
once again all the suggested migmtions amongst the 
manifold of possible isomers are calculated (Table 3) to 
be exothermic, this time for all radical and all cationic 
steps. A pen’-migration also seems possible and this is 
indicated in the Scheme. Experimentally, KCoF, and 
naphthalene gavel3 XX, XXI, and XXII, whereas 
CsCoF, gave only the last two.” As mentioned earlier, 
the CoR fluorination appears to take a diierent course’ 
with the difluoronaphthalenium cation XIX reacting with 

Table 4. Energies (Hartree) of polyfhnmmnthracenium ions and radicals 

Coticm 
F F 

fbdicol 

F H 

161.4736 161.7860 

161.5042 161.7917 

161.5111 161.7687 

161.4541 161.7668 

@a&J: 161.5123 

@I&$ 
F 

188.4768 

161.7922 

188.7843 

@&?J 188.4473 188.7594 

F 
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Scbcme 5. Major routes for aromatic formation in the pyridinc/CsCoF, reaction. Fms arc energy differences 
(kJ mol-‘1 between radical isomers with the most stabk isomer being placed at 0.0. Fms in parentheses arc for the 

corraponding cations. 

6chcmc 6. Major route for aromatic formation in the bcnz@lfuran/CsCoF~ reaction. A similar scheme can be written 
for radical specks: 
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$J&.. ;M;-;&; 
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xx XXI XXII 

Scheme 7. Major routes for the ftuorination of naphthaknc over KCoF, end CsCoF,. Fws .as for Scheme 5. 

fluoride ion instead of wura&ng: this sequence finally 
leads to the triene (II) and then to saturated Humtaining 

racene, and hence the products actually found” in the 

products as elaborated in our eark paper.’ where the 
KCoF. fhktation, is available via a se&s of mi@ions 
in either species. We have not been able to extend the 

argmwnt for the formation of ditluoronaphthalenium calculations to more highly Ihmkted molecuks 
radical (XIX) from naphthalene can also be found. 

Calculations on anthracenium species (Table 4) show 
because of computer limitations. 

that pui-migrations of tines are mildly endothermic 
It is also possible to get the required perkm+ 

for radicals and cations in the early stages of fluorination 
polynuckar aromatics by an extension of the following 
seauence: 

(Scheme 8) and so a plausiMe route-to perlluoroanth- ’ 
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Scheme 8. Early stages in the fluorination of antluaccnc over KCoF, or CsCoF,. Figures as for Scheme 5. 

There are a number of variations of this which have the 
same essential feature in common-an equilibration be- 
tween species like XIX and XXIII. Even if XXIII almost 
always reacts with fluoride ion to give XIX (and our 
calculations’ suggest it should), the reversibility of the 
step would allow the occasional formation of XXIV or 
XXV and this would become irreversible by loss of 
hydrogen. This sequence does not, of course, explain the 
other anomaly (vicinal fluorines) we have been discuss- 
ing in this paper, and we abandon it on the argument of 
Occam’s razor, although it is otherwise attractive. 

The final point that requires explanation is why the F 
migrations should take place only with caesiumcontain- 
ing HVMFs for benzenes and pyridines, and with KCoF, 
as well for polynuclear aromatics, but not with CoK. We 
believe that this is associated with the structure of the 
solid lluorinating agent and the migration of ions or 
atoms through it, and also with the stabilities of the 
radicals or cations which undergo rearrangement. 

In the favoured mechanism of our first paper,’ we 
argued that benxenium ions of type XIII would react 
with a fluoride ion, and that radicals of type XII would 
be oxidized by electron abstraction. However, in order to 
do this a fluorine species (ion or atom: even electron 
abstraction is likely to take place via a F atom bridge 
between a Co3+ ion and the organic radical, although it 
could occur directly to a Co’+ ion) must be available 
on the surface of the HVMF, and this may not always be 
so. In the local environment of the radical or cation, as it 
forms, there may not be a fluorine species of the required 
type in the vicinity and so some sort of movement will 
have to occur within the HVMF lattice to bring one to 
the surface. (Almost all the available fluorine, e.g. one 
per COF~. can be used in a fluorination, so the reaction is 
not a removal of a surface layer only-there has to be a 
way of getting at the fluorines in the interior of a CoK 
particle.) It is our thesis that the time required to bring a 
fluorine to the surface is different for the different 

fluorinating agents: if this process is slow, radicals of 
type XII or cations of type XIII would have longer 
lifetimes and hence a greater opportunity to undergo the 
type of migrations discussed in this paper. This appears 
to be the situation with the benxenes and pyridines and 
CsCoF4 and CsTIFI. The ions or radicals (e.g. XIX) from 
polynuclear aromatics-naphthalene, anthracene, 
phenanthren+would be more stable, relative to their 
aromatics, or their quenched products, than the hen- 
xenium species (e.g. XII) because of greater delocaliza- 
tion, and so would be longer-lived even in an environ- 
ment where fluorines were more freely available; once 
again there would be time for F (and H) migrations to 
occur and we suggest that this is what happens over 
CsCoF, and KCoF,, but not over CoF, where the F 
atom or ion flux is still too great and quenching of the 
ions occurs faster than migration. 

Exactly what type of atom movements occur within 
the HVMF lattices is a matter for speculation. In COFS, it 
is reasonable to suppose that once the surface COFS has 
been converted into, formally, Co% the small Co*’ ions 
would migrate through the fluoride lattice into vacancies 
in the interior and so leave an effective layer of CoFS on 
the surface again; this could be very fast. With KCoK 
CsCoF, etc., it is more ditIicult to suggest what might be 
happening. These compounds have layered structures 
(two-dimensional layers having the empirical formula 
CoF,-, with the potassium or caesium ions placed be- 
tween them): the obvious mechanism now for getting 
fluorine to the surface of a particle involves, at some 
point, F atom or ion movement between the layers, 
across the gap occupied by the K or Cs ions. This would 
be slower for CsCoF. than for KCoF, because the gap is 
larger (the c spacing’ is 12.49 A in CsCoF, and 1 I.53 A in 
the isostructural KCoFJ. and hence there would be more 
time for the 1,2migrations of fluorine to occur with 
CsCoF, than with KCoF,, as is observed. 

The migration mechanism discussed in this paper is 
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not restricted to fluorination. 124vIigrations of nitro- 
groupsQ and alkyl groups (the dienone-phenol rear- 
rangement) have been reported in cyclohexadienyl 
cations; indeed migrations of deuterium, phenyl, and 
bromine have been reported” in a Ce” oxidation reac- 
tion where the proposed mechanism involved cation- 
radicals simitarly to our fluorination mechanism. 1,2- 
Migration of CI and Br in a benzenium radical was 
~ntion~ earlier.26 It seems to us possible that 1,2- 
migrations are more general than has hitherto been sUg- 
gested and that high oaks-substi~tion in an aromatic 
reaction might always indicate some intervention by such 
a mechanism. For example, anodic acetoyxlation and 
cyanation42 sometimes give abnormally high o&o-reac- 
tion, as do a number of free-radical aromatic sub- 
stitutions.” 

We wish to emphasise that we are not abandoning the 
favoured mechanism of our first paper’ (e.g. Scheme I) 
in favour of the migration sequences discussed here. We 
suggest that for a given substrate both sequences can 
occur, the predominant one beii determined by the 
av~lability of fluorine at the surface of the HVMF and 
the stability of the ~~e~urn or sin&r radicals or 
cations. The two routes divide at species of the type 
XII-&f&r oxidation and then quenching with fluoride 
ion or l&nigration of fluorine (or the equivdlent with 
cations like XII&and since similar species occur 
several times along either route, neither is forced to be 
the sole pathway until quite late in a fluorination; fur- 
thermore the stabilities of particular types of radicals or 
cations might well change with the degree of fluorination 
and so it is possible that a fluorination might even change 
from being predominantly of the If-migration type to 
the “favoured scenario” type or vice-uersa during a 
Ihrorination. 

These have been carried out on the University of 
Bi~~arn ICL 1W6A computer using the well-known 
CNDOI2 method. The geometries for the benzenes, 
naphthalenes, anthracenes, and ions and radicals derived 
from them, were as in Part I.’ For the pyridines and 
pyridinium ions and radicals, the bond lettghs (A) were: 
all C-F= 1.33; all C-H = 1.08; N,-C2= 1.24, C& = 
1.395; c3-C.1 = 1.394. The bond angles were: Nr-C&& = 
123.90; G&-C. = 118.5”; C,c4-CJ = 118.4”; C&N,- 
C2 = 116.8“. The exocyclic C-F (or C-H) bonds were 
placed so that they made equal angles with the two 
vicinal C-C (or C-N) ring bonds. The angle between the 
C-X bonds (X = H or F) at the tetrahedral position (CX2) 
in the py~~~urn ions and radicals was taken as 1O9.5o in 
all cases. 

‘Part I. J. Burdon aud I. W. Parsons. Tctmhednx~ 31, 2401 
(1975). 
3. D. Fowler and others, Ind Engryl Chem. 3), 292 (1wT) 
and following papers. 
‘M. Stscey and J. C. Tatlow, AL FIwinc Ghan. I, 166 (MO). 
‘P. L Coe. R. G. Plevey, and J. C. Tatlow. 1. Chun. SC. C, lM0 
(1969). 
‘I. J. SalIon& Ph.D. Thesis, University of Bii (193). 
6J. Burden, G. Chivers, E. F. Moouey, and J. C. Tatlow, i. 

Cha. Sot. C 1739 (1969); J. Burdon, G. Chivers. and J. C. 
Tatlow, Ibid 2585 (1969). 
‘J. Burdoo, I. W. Parsons, and 1. C. Tatlow, I&! C 346 (1971). 
“I. W. Parsons. 1. BInorinc Chem. 2.63 (19721. 
9A. G. Hudsoo; A. E. Pedler, and J; C. Tatlow, Tetmhed~n 25, 
4371 (1%9); A. G. Hudson aud A. E. Pedler, Ibid 26, 3435 
(1970). 

%. J. P. Fear and J. Thrower, J. A&. t&m. S, 333 (1955): E. J. 
P. Fear, J. Thrower, and J. Veitch,‘fbid p. 589, R &&ns, J. 
C. Tatlow and E. H. Wiseman. f. Chem. Sot. 148 (1959). 

“R. G. Pkvey, I. J. Sallomi, A. J. Edwards. and J. C.‘Tatlow, 
ibid. Chem. comm. 1028 (1972). 

lzJ. Burdoo. I. W. Parsons aud J. C. Tatlow. Tctmhedron Z%. 43 
(1!?72). . 

“P. L Coe. R. M. Habib, and J. C. Tatlow, 1. I?uotinc Chum 5, 
19 (1975) aod by these authors. 

“J B&on, J. R Knights, I. 
Tcrmhedron a,3499 (1974). 

W. Parsons, and J. C. Tatlow. 

“D. Harrison, hi. Stacey, R Stephms, and J. C. Tatlow, Ibid 19, 
1893 (1%3). 

‘6G. Nangreve, MSc. Thesis, University of Birmingham (1975). 
‘?R. W. Reodeil, Ph. D. Thesis, University of Biiingham (1974). 
IuP. L. Coe, J. C. TatIow, and K Wyatt, J. them. Sot. Perk. I. 

1732 (1974); A. Holtoo. Ph.D. Thesis, Univessity of Birmingham 
(1974). 

lsR. D. Chambers, D. T. Clark, T. F. Holmes, W. K. R Mus- 
Brave, and I. Ritchie? 1. C/tan. Sot. Perk. I. 114 (1974). 

‘OJ. Bailey, R G. Pkvey, and J. C. Tatlow, Tetnzhe.&on kiters 
869 (1975). 

*‘J. Bailey, Ph.D. Thesis, University of Birmingham (1977). 
YG. A. Olah and Y. K. MO, Ado. Fl~oti Chan. 7.69 ( 1973). 
=G. A. Olah and Y. K. MO, J. Am, Chart. Sot. 94,X241(1972). 
w. A. Olah sod T. E. Kiovsky, f&d 89,S692 (1%7). 
q. V. Chuikova, A. A. Shtatk, and V. D. Shteingarts. 271. Org. 

Khim. IO, 132 (1974). 
xR. Kh. Freidlina, Adv. Fm Rod Chem. 1, 231 (1965); J. 0. 
Traynham, Tct&cdnm L&&s 2213 (1976). 

“V. L Salenko, L. S. Kobrina, and G. G. Yakobsoo. a C&g. 
Khim. 14,1646 (1978). 

“D. T. Clark in @e&t L.&w of tkr XxIIf faced 
Connrus of Pare anti ~~~~ cisanirtrv Vol. 1. o. 31. Butta- 
woribs, L&ion f 1971). _ _ 

. 

% A. Olah and J. M. Bdlin8er. 1. Am. Cha. Sot. 89.4744 
(1%7x 

“Xi. A. Olah. Hatonium ions, Chap. 7, Wily (1975). 
“S. Winstein, E. Gtuowald, and I... L Ingraham, 1. Ant. than 

Sot. 79, 821 (1948): E. Grunwald, Ibid 73. 5458 (1951); A. 
Streitwieser, Jr., Chem. Reos !S, 571 (1956). 

IS. Winstein and R. B. Henderson, J. Am. Cha. Sot. 65, 21% 
(1943); S. Winstein. C. R Iindemeo. and L L Inmaham. Ibid _ _ 
75, 155 (1953). 

33P. E. Peterson and R J. Bopp, IBid 89.1283 (1%7). 
yV. F. Loktev, D. V. Korchmtina. V. G. Shubm. and V. A. 

Ko&qt, zli Og. Khim. 13,2i3 (i977). - 
“B. G. Oksenko and V. D. Shteingasts, Ibid IO, 1190 (1974); Yu. 
V. P~y~o~ch and V. D. Shte&atts, Zbid 13,191l (1977); 
A. A. Shtark and V. D. Shteinllatts, Jbid I$1662 (1977). 

=W. J. Hehre and P. C. Hibetty, .I. Am. Chem. Sot. 96, 7163 
(1974). 

nW. J. Hehre and J. A. Popk, Ibid 94.6901 (1972). 
w. A. Oh& R H. Schkxbeqt, R D. Pata, Y. K. MO. D. P. 

Kelly, and G. D, Mateescu, fbid 94.2934 (1972). 
-. D. Mango, Ado. Catalysis a, 291 (1969); i Cassar, P. E. 
Eaton, and J. Hal~em, J. Am. C&m. Sot. 92,3515 (1970); L. A. 
Paouette, Act. Chcm. Res. 4,280 (1971). 

9. B. Mocdie and K. Scholield. f&d 9.287 (1976). 
“M. Periasamy and M. Vivel&&a, &&d& J%&S 2357 
(19n). 

“N. L Weinberg and H. R Weinbeqt, Cha Rem 68, 449 
(1968). 

uD. H. Hey, Ada. Eke Rod. #iem 2,47 (1%7). 


