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SUMMARY

Some Fluorine comgounds of eridine

Part I The Preparation of Highly Fluorinated Pyridines

The chlorination of pyridine with phosphorus pentachloride
in a stainless steel autoclave at elevated temperatures has been
developed to give good yields of pentachloropyridine, together
with some tetrachloropyridines.

Halogen exchange beiween pentachloropyridine and anhydrous
potassium fluoride in the absence of solvent produced chlorofluoro-
pyridines, and, at a reaction temperature of 48000, pentafluoro-

pyridine.

Pert IX The introduction of Functional Groups into the

Polyfluoropyridine nucleus

The Grignard reagents from 3-chlorotetrafluoropyridine and
3, 5~dichlorotrifluoropyridine have been prepared in diethyl ether
solution but yields were low. Preparation of the Grignard reagent
from 3-chlorotetrafluoropyridine in tetrahydrofuran at low
temperature, followed by carbonation produced 2, 4, 5, 6-tetra-
fluoronicotinic acid. The use of Grignard reagents for the
introduction of functional groups into the 3-position was severely
limited by their tendency to polymerise via nucleophilic attack at
the 4-position by the tetrafluoropyridyl anion formed from the

Grignerd reagent itself.



Chlorofluoropyridines and pentafluoropyridine have been
catalytically reduced with hydrogen to hydrofluoropyridines.

The hydrogen in these compounds is sufficiently acidic to undergo
metallation by exchange reaction with alkyl lithiums and the
resulting polyfluoropyridyl lithium derivatives have been shown
to be useful intermediates in the synthesis of variously
substituted polyfluoropyridyl compounds.

In this way, several polyfluoropyridine carboxylic acids
have been prepared, their pKa values determined and relative
acid strengths discussed.

Bis (2, 4, 5, 6-tetrafluoropyridyl) mercury has been prepared
by decarboxylation of mercuric perfluoronicotinate, and the
perfluoropyridyl mercurial shown to form a neutral coordination
complex with 2, 2'-bipyridyl.

Preliminary investigations into the existence of trifluoro-
pyridyne have indicated that this intermediate is formed by
elimination of lithium fluoride from 3-lithio-tetrafluoropyridine,

although this has not been categorically proven.
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PART I

THE PREPARATION OF HIGHLY FLUORINATED

PYRIDINES

Chapter I
HISTORICAL INTRODUCTION




INTRODUCTION

Investigations into the effects of replacing hydrogen by fluorine
in compounds of pyridine have been promoted not only by the interest in
the chemistry that such compounds might possess due to their heterocyclic
aromatic nature, but also by the fact that the pyridine nucleus is often
part of biol&gically active com]pouncls.lI The current hypothesis which
attributes the antimetabolite activity of such compounds as sulphanil=-
amide and pyridine-3~sulphonic acid to the structural similarity but
functional dissimilarity of these compounds to essential metabolites
suggests that various fluorine substituted pyridine derivatives such
as nicotinic acid or nicotinamide may possess physiological activity.
Of interest in this connection is the observation2 that 3-fluorotyrosine
and 3—fluorophenylélanine act as gro;th inhibitors for Neurospora
Crassa 8815-3a. Many other examples of how the replacement of hydrogen
by fluorine in biologically active compounds causes significant changes
in the level of this activity have been reported.3”+’5
It will be obvious from a history of developments in the fluorine
chemistry of pyridine that this has run parallel with the chemistry of
the fluorobenzenes and in many cases it willhbe shown how a major

advance in the latter has been reflected by a similar step with pyridine.

MONOFLUOROPYRIDINES.,

The earliest attempts to prepare aromatic fluorides were based on
the decomposition of diazonium salts in aqueous hydrofluoric acid. Thus

in 1870, Schmitt and von Gehren6 synthesised p-fluorobenzoic acid by

RN N
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diazotising the corresponding amine in 40% hydrofluoric acid.

Ar.NH, %——) APNIF ——>  ArF 4+ N
NaNO, 2 2

In an analogous manner, Chichibabin and Rjazancev prepared 2-
fluoro-~5-nitropyridine and 2-fluoropyridine in 25% yield.7’8

Several years later,9 Binz and Rath reported the preparation of
3-fluoropyridine in 22% yield using the same technigue.

The obvious disadvantage of this wethod lies in the fact that
decomposition of any diazonium salt in aqueous solution leads to the
formation of hydroxy compounds with consequent reduction in the yield
of the desired fluoro=derivative. More recently,1o anhydrous hydrogen
fluoride has replaced the agueous acid with considerable success in
most aromatic systems, although when this method was applied to hetero-
cyclic aromatic compounds,11 Ferm and Vanderwerf reported, without giving
definite figures, that only very poor yields of the corresponding
fluoro derivatives were obtained. However, this work was repeated when
Beaty diazotised 2-aminopyridine with sodium nitrite in anhydrous
hydrogen flucride and decomposed the diazonium salt "in situ'! at 40°¢
to obtain a 20-22% yield of 2—fluoropyridine.12

A significant discovery was made in 1913 when Bart succeeded in
isolating benzene diazonium flu.orobm‘aﬂ:e,’]3 as well as p-chloro and
p-nitrobenzene diazonium fluoroborate. He noted the great stability
of these compounds and claimed them-to be useful intermediates in the
preparation of therapeutic agents and dyes, but did not prepare

aromatic fluorides from them, It was not until 1927 when Balz and


http://sa.lt

3.

Schiemann14 published their work on the controlled decomposition of
diazonium fluoroborates that it was shown.possible to obtain good
yields of aromatic fluorides from these salts,

The method involves two steps: first the preparation and isolation
of a dry diazonium fluoroborate, and second, the controlled decomposition

of this salt by heat to yield an aromatic fluoride, nitrogen and boron

trifluoride.
\| =" 1 i -
061{51\.1{2 + HNo2 + BF,  — C6H5N2BF4 + H,0 + OH &)
Heat
CEHNBF, =—> C(H.F + N, + BF, (2)

Since the original publication, Schiemann and 6thers15 have applied
the method to a large variety of amines and overall yields as high as
70% are not uncommon.

In 1947 Roe and Hawkins16 published their work on attemptits teo
extend the scope of the Schiemann reaction by investigating its useful-
ness in the preparatign of heterocyclic fluorine compounds., The first
compounds they studied were the tﬁree aminopyridines. Preparation of
2- and 3-fluoropyridine from the corresponding amines in overall yields
of 34 and 50%, respectively were achieved. However, in contrast to the
diazonium fluoroborates of most aromatic compounds, which are quite
stable, both 2~ and 3-pyridine diazonium fluoroborate were reported to
be quite unstable, thus necessitating modification of the usual
Schiemann technique.

Attempts to isolate 2~-pyridine diazonium fluoroborate were un-

successful because the compound decomposed as fast as it was formed.
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2-Fluoropyridine was obtained in 34% yield by diazotisation of 2-amino-
pyridine with sodium nitrite in 40% fluoroboric acid solution with the
temperature maintained below 10°C. After warming the product was

isolated by neutralisation of the reaction mixture with sodium carbonate

1. NaNO., L40% HBF o° :
2 P, <0 A
-

oo
2 W, 2, 20°%-37% steanm dis- Sl 280

2 F
tillation N

followed by steam distillation, and distillation. Decomposition of 2-
fluoropyridine was indicated by the appearance of a jellow colour after
several days, and the formation of a white precipitate on lenger
standing. The lability ‘of 2-fluoropyridine was further demonstrated by
Bradlow and Vanderwerf when they studied the acid hydrolysis of a-
halogenated pyridine compounds.17

Isolation of 3-pyridine diazonium fluoroborate was accomplished by
diazotising 3=-aminopyridine with ethyl nitrite18 in ethanol-fluoroboric
acid solution; addition of ether when diazotisation was complete caused
precipitﬁtion of Z-pyridine diazonium fluoroborate. This substance is
stable when moist with ether below about 10°C, but decomposes
spontaneously when the last trace of ether is removed. It decomposes
smoothly, however, when a suspension of it in high boiling petroleum
ether is allowed to stand at 15-20°C. A 50% yield of 3-fluoropyridine
was obtained by Roe and Hawkins in this manner. Efforts by these
workers to isolate 4-fluoropyridine using similar techniques were un-
_ successful. Solutions containing 4-pyridine diazonium fluoroborate

started to decompose at about 1500 and pure 4-fluoropyridine was never
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obtained as this appeared to be unstable. As Rce and Hawkins point

out, the instability of L4-fluoropyridine is not surprising in view of
the fact that 4-chloropyridine starts to decompose a few hours after its
formation, and L-bromopyridine is even less stable. They suggest that
the 4-fluoropyridine is formed in the reaction but immediately reacts

with itself to form N(4'-pyridyl)-b-fluoropyridinium (1) fluoride

OO0 — OO

Fh

&) (2)

which ig readily hydrolysed to N(4'-pyridyl)-i4-pyridone (2). A picrate
of this ketone was obtained in several of the attempted preparations of
4—fluor0pyridine. This is analogous to the reactions of 4-chloro-
pyridine and 4-bromopyridine with themselves as reported by Wibaut and
Broekman.19

in 1958 Wibaut and Holmes—KammingaaO reported the preparation of
an impure sample of 4-fluoropyridine by diazotising b-aminopyridine in
hydrogen fluoride and worlking up the reaction while maintaining the
reaction product at a iow temperature.

Although most of the work carried out on the preparation of organic

fluorides by the decomposition of diazonium salts has been done with

fluoroborates, in a number of cases diazonium salts of other complex
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acids have been used. Lange and Muller21prepared 4 -3ifluorobiphenyl

in low yield from the corresponding diazonium fluorophosphate, and

Wiley22 has described the preparation of several diazonium fluorosilicates

together with that of p-fluorobenzoic acid (12% crude yield from the

diazonium salt), and the décomposition of benzene diazonium fluorosilicate

by heat, but, in the last case, did not isolate any product and made no

further attempt to use the diazonium fluorosilicate for purpose

other than the preparation of dyes.

Hawkins and Roe23 prepared the diazonium fluorosilicate of methyl

S5-aminonicotinate by the reaction of ethyl nitrite with-a suspension of

the methyl 5-aminonicotinate fluorosilicate in glacial acetic acid. The

dry diazonium salt was suspended in toluene and heated until decomposition

was complete, giving methyl 5-fluoronicotinate in poor overall yield.
Cheek, Wiley and Roe,‘?'L'L applied this method of decomposing the

dry, solid diazonium fluorosilicate to the preparation of several

aromatic fluorides. In all cases except one their yields were lower

than those from the fluoroborates, and attempts to prepare 2-fluoro-

pyridine failed completely, it being impossible even to prepare the

diazonium salt.

Later, Beaty and Musgrave25 showed that 2- and 3-fluoropyridine

could be prepared by decomposing the diazonium fluorosilicate either in

suspension in organic liquids or in solution in inorganic acids. The

best results for 2- and 3-fluoropyridine ( 40% yield) were obtained by

diazotising the corresponding amines in aqueous fluorosilicic acid (30%)

and decomposing the diazonium salts "in situ'. The amount of 2-fluoro-



pyridine (42% yield) obtained in this way was appreciably greater than
that obtained from the Schiemann method16 (34%) , but when the same
procedure was applied to 3-aminopyridine the reverse was true (i.e.
36% yield compared with S50% yield from the Schiemann method).

The inherent disadvantage of this method is due to the fact that in
the diazonium fluorosilicate there are-two diazonium groups in the
molecule whereas in the diazonium fluoroborates there is only one, and
if either a free radical mechanism or an intramolecular rearrangement15
is postulated for the decomposition of [ﬁNa]BSiFG, then the two groups
R may be in closer arrangement than for the decomposition of RNZBF4.

If this were the case then one would expect more side reactions, such as

polymerisation, to occur.

1T L

Sie
Xy 1

1

In fact, Beaty and Musgrave report the formation of a bipyridyl in one
of the reactions.

In 1953, Gruber26 compared three of the possible methods of
preparing 2-fluoro-5-ni§r0pyridine from 2—amino-5-nitr0pyridine; He
obtained the fluoro derivative in 20-30% yield by the diazotisation of
the amine in 60% hydrofluoric acid, but only tracé amounts of the fluoro-
pyridine by the decomposition of the diazonium fluoroborate and the

decomposition of the diazonium fluorosilicate. Attempts to prepare either
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2=fluoro=3-nitropyridine or ﬁ-fluoro-}—nitropyridine by any of these
methods failed.

Some 2—fluoronitropyridines were prepared in good yield by Finger
and Starr when they accomplished halogen exchange in the a-position with
2=-chloro=-3-nitropyridine, 2-chloro-5-nitropyridine and 3-bromo-2-chloro-
S=nitropyridine, using anhydrous potassium fluoride in dimethylformamide

as solvent.,.

NO KF/dimethyl-
N2 formamide 2 "o, 6%
Al 0°C 6 hrs. F N
N 12 s N7

No fluoropyridine was isolated by the reaction of potassium fluoride with
2-bromopyridine, 2-bromopyridine-N-oxide, 2-chloropyridine or 2-chloro-
pyridine hydrochloride in dimethylformamide.
| However, using dimethylsulphone or tetramethylene sulphonez as
solvent, 2-chloropyridine was heated with potassium fluoride at 200°-210°
for 21 days to produce 2-fluoropyridine in approximately 50% yield. In
a similar fashion, 3~chloro-2-fluoropyridine, 5~-chloro-2-fluoropyridine
and 3,5—dichloro;2-fluoropyridine were prepared.
In their investigations into the effect of substituting fluorine
for hydrogen in nicotinic acid, isonicotinic acid and amides of these
acids on thg bi%%ical activity of these vitamin-B type compounds, Roe,
. Hawkins and co-workers prepared a large number .of the possible mono-
fluoro-isoners.

The general method of preparation started from the methylamino-

pyridine and involved the initial diazotisation of the amino-group in
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aqueous fluoroboric acid and conversion to the fluoro-compound, followed
by oxidation of the methyl group to the carboxylic acid. Chlorination

with thionyl chloride and reaction with ammonia yield the amide.

X M5 o, Xy H3 ag. 00 X\ CO0H
—= | — 3N 49
1 NHE LO% HBF AT L nrs. re- AF
4 N N
flux
48% 50012 reflux
' 45 nrs.

CONH 2 B
enzene
67- SM [;q bubble in
\

Using this technique, they prepared 2-fluoro nicotinic acid, 6-fluoro-
nicotinic acid,29 2-fluoroisonicotinic acid, 6-fluoropicolinic acidBO
and 5=fluoronicotinic acidaa3
VWihereas Hawkins and Roe failed to prepare 5-fluoronicotinic acid
by the Schiemann reaction from the 5-amino acid and ester because of the
s0lubility of the diazonium fluoroborate, Beaty and Musgrave31 suc-
ceeded in the preparation from the amino acid by diazotising in aqueous

fluoroboric acid and decomposing the diazonium fluoroborate '"in situ'.

Z2-Fluoronicotinic acid was prepared in a similar way.

DIFLUOROPYRIDINES .
32=35

Finger showed that several fluorine atoms could be introduced

into the benzene ring by applying the Schiemann technique in a stepwise

manner. Thus fluorobenzene can be nitrated and then reduced to form the



10.

amine, this on diazotisation and treatment with fluoroboric acid gives
the monofluorophenyl diazonium fluoroborate; which gives the difluoro-

benzene on careful heating. This was repeated to give tri- and tetra-

F - F F - F
0, NH, F
—_ —_— —_—
F F F F
F T F F

fluorobenzenes. A large number of substituted fluorobenzenes have been
isolated in this manner. When 1,2,4,5~tetrafluorobenzene was nitrated,
oxidation occurred, and instead of the nitro compound being isolated,

fluorine was eliminated, and a difluoroquinone was formed.

0
F F H,80, F
=ty

F FHO; F

Thus pentafluoro- and perfluorobenzenes cannot be synthesised using
the Schiemann technigue.

When Roe attempted to prepare a difluoropyridine from 2,6-diamino-
pyridine, by the simultaneous introduction of two fluorine atoms into

36

isolated.
o . . . 37,38
However, again using a stepwise approach, Finger and co-workers
showed that two fluorine atoms could be introduced into the pyridine
ringe.

Starting with 2-amino-6-fluoropyridine and 3-amino-2-fluoropyridine,

diazotisation in aqueous fluoroboric acid and warming produced 2,6-
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difluoropyridine and 2,3~-difluoropyridine, respectively. All attempts
to Erepare 2,5-difluoropyridine by diazotising 2=-fluoro=5-aminopyridine
failed. The amino-fluoropyridines were obtained, by, first preparing
the fluoropyridine carboxylic acid by the Hawkins and Roe technique and
then degrading the acid hydrazide using the Curtius method, or the acid
amide using the Hofmann reaction. |
Using anhydrous potassium fluoride in dimethyl sulphone,39 2,6~

difluoropyridine has been prepared in 52% yield from the corresponding

dichloro compound by halogen exchange.

KF/dimethylsulphone . R

P o i '
W Cl 200°, 100 hrs. FA 2T

52%

When 2,3,5,6—tetrachlor0pyridine28 was heated with anhydrous
potassium fluoride in dimethyl sulphone, 3,5-dichloro=-2,6-difluoro-
pyridine was obtained in 3% yield after only twenty four hours,

demonstrating the activating influence of the adjacent chlorine atoms.

Highly Iluorinated Pyridine Derivatives.

In the quest for highly fluorinated pyridine derivatives, the
methods of fluorination used in the preparation of fluorocarbons from

hydrocarbons have been applied to pyridine.

Elemental Fluorine.

Thus, fluorine itself, usually in the presence of a ''catalyst" has

been used in the fluorination of hydrocarbons with considerable success

4o, 41, 42

by several workers.
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This reaction inevitably destroys the aromatic system of the
starting compound and gives rise to saturated fluorinated
derivatives.

Bigelow43

prepared a number of highly fluorinated products
when benzene was reacted with elemental fluorine in & copper
vessel. No unsaturated compounds were isolated and considerable

break-down of the carbon skeleton occurred.

|= N i2__> CF, + C,Fg + CiFg + C,F 0 + CoFy ) + Py,
s 4—C6HF11 4—c12F22 major product
Similarly, Grosse, Cady et 31.44 using copper turnings coated with
metallic silver as a catalyst, investigated the reaction of
fluorine on several hydro-carbons including a number of aromatic
compounds. In this way perfluorocyclohexane was prepared in 58%
¥ield from benzene. 1t is likely in this system that the fluoro-
carbons are produced by the action of the fluorinating agent silver
difluoride upon the hydrocarbon and that the supply of silver
difluoride is maintained by the reactions-
2AgF + F, —>  2AgF,

When similar techniques were explored using pyridine as starting

material45 only very poor yields of the expected product, per-

fluoropiperidine, were obtained.

| Xy F,/au/cu

_ » ¥ 0°3
/ 280°¢ . %

F
Haszeldine conducted the reaction between pyridine vapour and
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fluorine, both diluted with nitrogen, in a steel tube, packed
with gold plated copper turnings, heated to 280°C. Breakdown
of the pyridine nucleus occurred resulting in a yield of only
0.3% of undecafluoropiperidine. He reasoned that the yield was
low due to the formation of a non-volatile hydrofluoridé by the
pyridine in the critical initial stages of the reaction and
suggested that fluorination of heterocyclic compounds already
containing fluorine would give much superior yields. This
argument, however, is open to the criticism that the quaternary
salts would in all probability be highly dissociated at the high
temperature involved and their formation, therefore, considered

46

unlikely. In fact, more recently, other workers have performed -

the direct vapour-phase fluorination of 2-fluoropyridine, using a

o v
- 160" and reported ex-

Bigelow '‘cool-flame" burner,47 at 150
tensive breakdown of the pyridine skeleton and the isolation of

undecafluoropiperidine in less than 0.1% yield..

F,/N
mF _5_55%? NFy 4 CFy+ CoFgt- CqFg +- c4F10-l- n-CgFy,
7 a4 '
N 3GHF61'3 + 02F5.CHF2 +CF3NI-2 (CF3 )ENF

-+ (CF3)2NH+ CF,N=CF, -+ CF,N=CFCF, +- (c:1?'3)21\11\'r(c11‘3|)2

| e
+ CF3(CF2)2CF-‘—-NCF3 +CF2(CF2) ;NCF

+ oF

=L 2
3 + CF2(0F2) 4NF

Of interest in this content of the reaction of pyridine with

48

elemental fluorine is the report by Simons that fluorine forms
a molecular addition compound with pyridine at low temperature.

This material decomposes at -40o to 0°C. 4 similar complex, which
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is stable at room temperature, is formed by 2-fluoropyridine and
fluorine, and is a potent fluorinating agent.

48a ;s shown that

Further investigation into this reaction
when fluorine, diluted with nitrogen, is bubbled into a solution
of pyridine in trichlorofluoromethane at -8000, a well defined

colourless solid is precipitated.

Py 4 F, == Py.Fy— Py.F'F™ ::_"\[Pyli‘]rl—F_
This has been shown to be an inner complex formed by reaction
hetween one atom of pyridine and a molecule of fluorine. It is
suggested that polarisation of the fluorine molecules in the presence
of pyridiné occurs. The electron sextet of the fluorine cation is

then stabilized by the lone-pair of electrons of the pyridine

nitrogen atom to produce the ionic complex formulated above.

THE METALLIC FLUORIDE PROCESS.

An important group of fluorinating agents is the high-valency

49

metallic fluorides. The most important member of this group

50

of fluorinating agents is cobalt trifluoride. Silver difluoride,

51

manganese trifluoride, cerium tetrafluoride”” and lead tetra-

52

fluoride” have also been used to some extent. On account of its
easy and economical preparation cobalt trifluoride has become a
favourite fluorinating reagent for the production of polyfluoro=-

and perfluoro-derivatives either from saturated, or unsaturated

compounds., It is able to accomplish the addition of fluorine across

double bonds and aromatic systems as well as the replacement of
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hydrogen by fluorine.
The fluorinating action of cobalt trifluoride and the sub-
sequent regeneration of the reagent may be expressed as follows:-
:CH- + 2cor, =:GF- + WP + 2CoF,
2CoF, - F, = 2CoF,; AH473o = -52 keals/mole
From the experimentally determined value of the heat of re-
generation equation (52 kcals/mole),53 it can be computed that,
during the reaction of the organic compound with cobalt trifluoride,
only approximately one half of the total reaction heat of the
fluorination of the organic compound with elemental fluorine (102-
104 kcals/mole) is liberated and hence less breakdown occurs.
:CH= + F, =:CF- -+ HF; AH298 = -104 kcals/mole
The organic vapour, with or without nitrogen, is passed over the
heated metal fluoride in a suitable reactor. Two types of reactor
have been used, both of which will be briefly described.

In the first, or static method, the fluorinating agent is
spread in a thin layer on the bottom of a long reactor tube. (Often
a number of such tubes are connected in series of increasing
temperature). No attempt is made to agitate the metallic fluoride,
hence the term "static",

The other type of apparatus is a tubular reactor with a
central rotating shaft with paddles which stir the reagent inside
the reactor and improve the contact with the organic vapours. The

reactor is usually made of nickel and is surrounded by several
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heating segments which allow heating to different temperatures
along its length. This type of reactor was originally used by
1,53 54

Fowler et a and workers at Du Pont and Co., in the large

scale fluorination of hydrocarbons, and was subsequently adopted

55

by Barbour, Barlow and Tatlow, who demonstrated that in the
fluorination of a large number of hydrocarbons on a laboratory
scale, smoother reactions occurred and higher yields of fluorinated
products were obtained than with the static method.

Thﬁs, fluorination with cobalt trifluoride is a roundabout
process which exposes the organic compounds to only half the thermal
stress of direct fluorination. This usually brings easier handling
and higher yields. Obviously, with this in mind, Haszeldine45
attempted the fluorination with cobalt trifluoride of pyridine
and its derivatives. He used the static method with a reactor 48"
long and 2" in diameter. The fluorination of the organic compound
was conducted at 350°C using nitrogen as a diluent. When all the
pyridine had been added, the temperature of the Vessel was raised
to 4500 and the apparatus shaken vigorously for two hours while a
current of nitrogen swept out the fluorinated products. In this
way he obtained perfluoropiperidine in 0.2% yield. Extensive
decomposition and breakdown of the pyridine nucleus occurred.

56

Using a similar technique, 2:6 Jutidine’” was fluorinated to

give a product reported to be perfluoro-2:6-dimethylpiperidine

5T

in about 5% yield. However in a later paper, Haszeldine suggested
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that in fact the product from the reaction of 2:6 Butidine with

cobalt trifluoride gave an incompletely fluorinated compound.

Halogen Fluorides.

Halogen fluorides, such as chlorine trifluoride bromine tri-

fluoride and iodine pentafluoride, have been used as fluorinating

58,59

agents, although their reactions with organic compounds are

often vigorous and complicated, so limiting their application.

60, 61 have shown that chlorine trifluoride reacts

Musgrave and Ellis
with benzene in carbon tetrachloride solutiony the main reaction

being one of substitution although small amounts of addition

compounds are formed.

F
AN 01F3 X . ~ BN s
- —3 . _4_ + __ngdltlon_
y 0014, 0’c P I\/_ y 2.6%
7.5% 2.5%

Beaty62 investigated the reaction of chlorine trifluoride on

pyridine in carbon tetrachloride solution. He performed the reaction
in a mild steel vessel at 0°C and diluted the fluorinating agent with
nitrogen. Again, the main reaction was oné of substitution, re-
sulting in the formation, in poor yields, of 2-fluoropyridine and
3-chloropyridine. A number of catalysts, such as CoF2, AgF, SbF3
were used, and were found to increase the yields coﬁsiderably
provided that the hydrogen fluoride produced during the reaction was

adsorbed, as it was formed, by potassium fluoride. The ratio
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of fluoro- and chloro-pyridines were shown to depend to some extent

on the catalyst employed

| Ny O1F;, ocl, %c . U:j§i] + ﬂ:j§ij cl
. > F
¥ corz/KF NZ N

20.5% 3.0%

Electrochemical Fluorination.

Very many organic substances dissolve readily in anhydrous
hydrogen fluoride to give conducting solutions. When a direct
current at low voltage (4-8 v.) is passed through such a solution, or
through a suspension of an insolﬁble organic compound in hydrogen
fluoride made conducting by the addition of an electrolyte, hydrogen

" is evolved at the cethode and the organic material is fluorinated.

+3

his process, known as the electrochemical method of fluworination,
was first used to any extent by Simons and his associate§. They
showed that when pyridine, dissolved in anhydrous hydrogen fluoride,
was electrolysed in such a way that thée potential difference across

the cell never reached that required to produce free fluorine, some

[y

B
2=fluoropyridine was produced. - It was demonstrated later that

64,65

. . .6
the electrochemical fluorination of pyridine and its derivatives

led to fully fluorinated saturated compounds.
7N
H F
Z

' !
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Two groups of workers in Britain used this method to prepare un-
decafluoropiperidine and found it was poassible to defluorinate this
compound to give the aromatic pentafluoropyridine. These results

67,68

were reported almost simul taneously.

69

The workers at Manchester -~ prepared the undecafluoropiperidine
by electrolysing a 3.35 mole % solution of pyridine in anhydrous
hydrogen fluoride at 25 amps and 5.5 v. The product was obtained in
8% crude yield; final purification being effécted by large-scale
vapour phase chromatography. The yield from this stage was later70
increased to 13% by using 2—f1uoropyridine,13 prepared by the Balz-
Schiemann reaction from 2-aminopyridine, as starting material. The
replacement of an o-hydrogen atom by fluorine before electrolysis
probably reduced the amount of fission of the C-N bénds during
fluorination. The saturated compound was then defluorinated in a
complex piece of apparatus by passing the vapour over & clean iron
surface at 580° - 610o under reduced pressure ( 1 mm. Hg) with a
contact time of about one second to give pentafluoropyridine in

264 yield. The Birmingham workers prepared pentafluoropyridine

X
. 6%
HF 25 amps. 600° Iron H:ji:] e
y 8 1 mm.Hg/ -

505 Ve F

1l sec.
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in 12% yield by defluorinating perfluoropiperidine with nickel at
56000 under atmospheric pressure.

This defluorination process at reduced pressure is interesting
in that the defluorination of alicyclic Ffluorocarbons requires the
use of long contact times (10-~30 mins.) at atmospheric pressure.71’72
Thus, octafluorotoluene is produced in 25% yield by defluorination of
perfluoro(methylcyclohexane) at 500°C at atmospheric pressure with a
long contact time, whereas Haszeldine and co-workers have shown that
perfluoro(methylcyclohexane) is recovered unchanged after contact
with iron at 7oo°c for 1 sec. at 1 mm. Hg pressure. Clearly, it
Qould seem in the aromatisation of undecafluoropiperidine to penta-—
fluoropyridine the N-F bond appreciably facilitates defluorination.

Farther evidence7o for this theory was furnished when un-
decafluoropiperidine was heated with mild steel wool to 500°C for
2 hrs. at atmospheric pressure. The products were pentafluoropyridine
(6%), perfluoro-2,3,4,5-tetrahydropyridine (40%), and a mixture
(20% yield) consisting of perfluoro(l-methylpyrolidine) and perfluoro- -
{(¥-butylidenemethylamine}. No compounds containingzgarbon—carbon

double bonds were isolated.

mild-steel R
F wool 5 | F/ 4= F + F +CF3(CF2)2GF=NCF3
¥ 500° 2 hrs. N v v

P 1l atm. 6% 40% &F

3 ,
20%
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Undecafluoropiperidine is unaffected by agueous sodium hydroxide or
hydrochloric acid at 70°C, but it reacts with an excess of warm
hydriodic acid or aqueous potassium iodide, to liberate iodine almost
quantitatively and is converted into hexafluoroglutaric acid.
c5F10NF+ 21+ 4E,0 —> (CF2)3(COOH)2+' I,+ NH ,F
+ 2HF +2F
Perfluoropiperidine also reacts smoothly with ethanol at 100° to form
diethyl hexafluoroglutarate as the main produect together with
acetaldehyde, diethyl ether and ethyl fluoride.

Perfluoro~2,3,4,5-tetrahydropyridine has been shown to73

combine
readily with hydrogen fluoride at 40°C to give 1H~decafluoro=

piperidine in 63% yield.

m"—nr —:-—‘)-

~
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This lH=-decafluoropiperidine, which was the first secondary

perfluorocycloalkylamine reported, has been nitrated to give deca-

fluoro-l-nitropiperidine in 41% yield.

RING SYNTHESES

A well known synthesis of the pyridine ring system involves
the reaction of pent-2-ene-l:5-dienes with ammonia. e.g. glutaconic

dialdehyde and ammonia react as follows:-
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!
H,C~— ° ==CH | o~
| | <4 Ng, —>
Hﬁ I(';H 3 NZ
0 0

During his investigations into the formation of stable polymers,
Brown74 found a similar reaction occurred when liquid ammonia reacted

with perfluoroglutarodinitrile, forming the cyclic imidine.

Hexafluoroglutarimide, prepared by cyclising the diamide of hexa-
fluoroglutaric acid,77'has been used in the preparation of perfluoro-
l-piperideine., Chlorination of hexafluoroglutarimide with phosphorus
pentachloride gave 2,2,6-trichloro-3,3,4,4,5,5~hexafluoro-1~
piperideine. This was fluorinated into silver fluoride to produce

perfluoro-l-piperideine in good yield.

B
PC1 F F
e
e
0 0 O 0P014—POCI3 c
H

The direct jet fluorination of fluorinated aliphatic dinitriles was

76

investigated by Bigelow et al. when they showed that the dinitrile

of glutaric acid reacted with fluorine to produce the cyclic products,
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decafluorocyclopentane, monafluoro-l-piperideine and perfluoro-
piperidine as well as many linear unsaturated and breakdown products.

Workers at Birmingham78 have shown that hexafluoroglutarimide
is reduced by lithium aluminium hydride to 3,3,4,4,5,5-hexafluoro-
piperidine, which, on treatment with sodium fluoride at 420o yields
a mixture of polyfluoropyridines by pyrolytic dehydrofluorination.

F

L1A1H XN F F X\F
F, Fo 2774 o NeF

N0 Hy 420
ﬁ major product

The 3,4,5-trifluoropyridine was treated with hydrazine hydrate and
the product, a difluorohydrazinopyridine, reacted with Fehlings
solution to give an unknown difluoropyridine, presumably 3,5-di-

flucropyridine
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THE CHLORINATION OF PYRIDINE.

As none of the approaches hitherto reported provided a
practical route to highly fluorinated pyridines in any significant
yield, it was decided to approach the problem from a different
direction. Thus, it seemed likely that, provided an.efficient
method of preparing pentachloropyridine could be achieved, it would
be possible to convert this to highly substituted fluorine compounds
by one or other of the techniques already used for analogous
situations.

The introduction of chlorine into the pyridine nucleus has been

studied in considerable detail by a large number of workers, and a
review of the literature in this field revealed the most promising
methods ot obtaining highly chlorinated pyridines and the chlorinating
agents available for this purpose.

The most obvious method of chlorination is that in which
elemental chlorine is the chlorinating agent. Wibaut and co-workers1
have studied the gas phase chlorination of pyridine intensively. The
reaction was performed in a heated glass tube packed with granulated
pumice, the pyridine being introduced as a vapour diluted with dry
nitrogen.

The position of substitution by chlorine was found to vary with
temperature, thus as observed in the bromination of pyridine,2 there

was a specific temperature effect on the type of substitution which
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occurred, although in the chlorination, the temperature limits for

both types of substitution were less divergent than those in the

270 c
01 01 Cl O c1™

bromination.

N 012 :
I gas phase
&

‘N

When the reaction was conducted at 270°C a good yield of 2-chloro=
pyridine, together with a small quantity of 2,6-dichloropyridine

' was obtained. The presence of 1-(2-pyridyl)pyridinium chloride
was indicated by the isolation of Z-aminopyridine from the reaction
products upon hydrolysis.

Chlorination in the gas phase, it was reported, took place
only very slowly at 200°C; at this temperature 3p5-di§hlor0pyridine
was obtained together with 3,4,5=trichloropyridine.

When the reaction temperature was increased to 400°C, extehsive
decomposition occurred and main product, in poor yield, was 2,6~
dichloropyridine; suggesting that even with vigorous conditions
this method was not likely to produce highly chlorinated pyridines
efficiently.

The same workers explored the chlorination of fused pyridine
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hydrochloride at 17000 when they showed the main product to be
3,§-dichloropyridine. Small unspecified amounts of 3,4,5-trichloro-

pyridine and pentachloropyridine were also produced

RN c 01 X C1 c1 0101 \
| , HCl (fused) ——-> I\
N7 170°¢C

3 and Seyfferth,4

5

Following the early investigations of Sell
the chlorination of picolines has been studied by McBee et al,
Substitution of the side chain took place first, but if sufficiently
vigorous conditions were employed, chlorine was introduced into the

nucleus.

: ¢l
“/\ Cl,.H,0 ‘ \ c1 o \ o1 01/\01
)ccl

N /’“H light ,) LCl | /J
N3 e Cc13 CCl

The structures of these products were determined by hydrolysis to
the corresponding picolinic acids.

Recently this reaction has been pa.tented,6 when photochlorination
of 2 picoline at 50° - 150°C in the presence of a small proportion

of water was reported to give a mixture of 2-trichloromethyl-

dichloropyridines and 2-trichloromethyl-3,4,5-trichloropyridine,
which was further chlorinated under anhydrous conditions at 110° -
160°¢ to 2,3,4,5~tetrachloro-6-trichloromethylpyridine. This route,

F although it might prove tedious to separate the various substituted

! products, could possibly be used as a starting point in the exploration
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of the chemistry of the fluoropicolines, provided, of course, that
a suitable method of replacing the chlorine by fluorine could be
found.

As early as 1898, Sell and Dootson7 investigated the reaction
of phosphorus pentachloride with pyriding, The reaction was con-
ducted in sealed glass tubes at a temperature of 210° —‘220°C for
15 to 20 hrs., the tubes being frequently opened to allow the escape
of hydrogen chloride. Although no actual figures were quoted, the
product obtained iﬁ greatest yield was reported toc be pentachloro-

pyridine, together with smaller amounts of less chlorinated pyridines.

PCl
C.H-N C.H,C1,N + C.H,C1l.N 4+ C_HC1 N 4 C.C1_N
55 p10°-220® 93 2 5203 TS 4 TS
15-20 hrs.

Obviously the reaction deserved further inspection, especially
as no reports of its development since the early publication have
appeared in the literature.

Even before their work on the chlorination of pyridine itself,
the same workers had studied the chlorination of a derivative of"
pyridine, cifrazinic a.cid8 (2,6-dihydroxyisonicotinic acid) with a
mixture of phosphorus pentachloride and phosphorus oxychloride. When
the reactants were refluxed together a mixture of products was obtained
including pentachloropicoline, pentachloropyridine and chlorinated
derivatives of isonicotinic acid. The significance of this reaction

is more historical rather than its importance as & route to highly

chlorinated pyridines, not only because of the complicated nature of
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the products but also due to the relative inaccessibility of the
starting material, citrazinic acid.

The same chlorinating agent (PCls/POCI3) has been used in
reaction with 3-pheny1-2,6-pyridinediol9 to produce a tetrachloro-

substituted pyridine

\ c H 1 ) Cl CcH
| @ 6"5 POCl, + PC 5, .OCGHS . h 675
HO N\ y= OH - reflux g\ # ¢l \N7Cl

Cl

Such reactions are interesting as they may possibly provide a route
to substituted fluoropyridines which are difficult to obtain other-
wise.

The thermal decompositiop of_pyridine hydrochloride perchloride
leads to nuclear chlorinated products. An aqueous solution of
pyridine hydrochloride slowly absorbs chlorine to form & gémi-solid
perchloride., When this compound is heated rapidly to 160° - 180°C,
gome chlorination occurs. In this way, McElvain and Goese reported
obtaining 3-chloropyridine and 3,5-dichloropyridine, each in about
4% yield,

In & somewhat analogous manner, Sell and I)ootson8 treated a
solution of pyridine, saturated with hydrochloric acid, with chlorine
for a period of one week, forming 3,5-dichloropyridine along with the
main product 2,3,4,6-tetrachloropyridine. The very low degree of
conversion to highly chlorinated pyridines precludes this method as

an efficient route to the desired compounds.
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Thionyl chloride has been used as a chlorinating agent with
lpyridine,11 and, although no highly chlorinated compounds are
produced, the reaction is interesting in that the main product
is 1-(4-pyridyl)pyridinium chloride hydrochloride suggesting the

intermediate formation of 4-chloropyridine

P
e

100°C 3 hrs.

cl _ N

N m |+, -
@ socl, O X7 N7 1
I N
NF N

. HC1

The use of pyridine l-oxides ag starting materials for the
preparation of chlorine substituted pyridines has been investigated
by several workers, although the direct reaction with chlorins has
apparently not been reported.12 Other chlorinating agents with
pyridine l-oxides often give rise to otherwise difficultly avéilable
chloropyridines.

Bobranski and co-workersl3 reported that pyridine l-oxide and
sulphuryl chloride gave a 65% yield of a mixture domprising 5T%
2-chloropyridine and 43% 4-chloropyridine, and a small amount of

pentachloropyridine.
Cl Cl

50,C1 R Cl y Cl
Z sealed tube P ‘N/ Cl ¥ Ccl

VHCL 2 hrs. 120°¢ N
0
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With phosphorus pentachloride, pyridine l-oxide is said to lead

14 although later work in these laboratories15

to 4-chloropyridine,
has shown that more highly chlorinated pyridines can be obtained
from this reaction.

Since 4-nitro§yridine l-oxide can be readily prepared by

nitration of pyridine l-oxide,16718

- 1 hr. 90°C

2

HNO./H,S0 .
S 3/24:|\) 95%
~

O3 .

it has been used as a starting material in the preparation of a
number of halopyridines.
When heated with sulphuryl chloride, 4-nitropyridine l=oxide

loses the oxide function and the main product is 2y4-dichloro-

pyridine together with some 2,3,4,5-tetrachloropyridine.19’ 20
N
%2 cl cl
! ——=- a +
‘%’I' 1\7{ ~NF Cl
0 35-40% trace

The obvious disadvantage of this method as a practical route to
highly chlorinated pyridines is not only the poor yields obtained
but also the fact that the starting material itself is not readily

available but requires two reaction steps in its preparation from
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pyridine.

Very recently, a new synthesis of pentachloropyridine has
been reported21 in which the starting material was hexachloro-
eyclopentehone. Reaction of the .he x achloropent-l-ene-3-one
with liquid ammonia in ether solution gave the amide of pentachloro-
penta=2,4-dienoic acid.

Further chlorination of this in benzene solution followed by
heating, to eliminate hydrogen chloride and phosphorus oxy-
chloride, gave pentachloropyridine in approximately 58% overall

yield. Some perchloro-2-pyridone was also produced.
Ccl

cl
c
c1 c1 <N CN:
a—y wEy Gl Tp-0l Pcl,  c1e” Nea 0101
cl c1 Cl,¢ 0= 1” e |
23 RN -HC1 Cle-Cl c-0PCl,  m + o
J , HN N
’ \) py 1
v H OPCl,
’ -HC1
/I —POCl

3
Ccl ’ c1
cl [:f§> €l Hy0 [j4§j Cl_~
cl NJ:O OPCl, 01@ c1

This preparation of pentachloropyridine is very convenient
and no doubt it will be used in these laboratories as route to the

fluoropyridines in future studies.
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THE CONVERSION OF PERCHLORO-AROMATIC COMPOUNDS TO PERFLUORO-AROMATIC

COMPOUNDS

Highly chlorinated compounds have been used in many cases as
starting materials in the preparation of perfluoroaromatic compounds
in both the carbocyclic and heterocyclic series, but notadbly in
the conversion of hexachlorobenzene to chlorofluorobenzenes and
perfluorobenzenes by several techniques. It was argued from this
that, if it were possible to modify one of the methods of chlorination
of pyridine to produce pentachloropyridine in good yield, then it
should be possible to prepare perfluoropyridines by applying one of
the fluorination techniques.

The methods of converting hexachlorobenzene to highly fluorinated
benzenes can be divided into two main groups.

The first group includes those methods which involve the
formation of halogenated cyclohexanes and cyclohexenes, by reaction
with reagents such as fluorine, halogen fluorides and metal fluorides,
followed by debalogenation to give the desired fluoro-aromatic
derivatives.

Reactions of the second group provide a more direct route to
the fluorine containing compounds and involve the_génefal principle
of halogen exchange between the original chloro-compound and,

usually, a metal fluoride.
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GROUP I

Hexachlorobenzene and Fluorine

Bigelow and Pearson1 reported the isolation of hexachloro-
tetrafluorocyclohexene and hexachlorohexafluorocyclohexane in small
quantities by the reaction of hexachlorobenzene, as a suspension
in carbon tetrachloride, with elemental fluorine. When the solid
had disappeared into solution, the solvent was removed leaving an
0il. This was further fluorinated at 0°C in a copper vessel.

06016 + F2 — C6C16F4 + 06016F6
The amount of known product isolated was only a very small percentage
of the fluorinated product. Later, Fukuhara and Bigelow2 reacted

hexachlorobenzene with fluorine in the vapour phase, using a copper

acetic acid, and on fractionation yielded twelve definite chemical
entities. The properties of these were reported but.no structures
were assigned..

More recently,3’4 Musgrave and co-workers have reacted hexa-
chlorobenzene as a slurry in 1,1,2-trichlorotrifluoroethane with
elemental fluorine to give a mixture of saturated chlorotfluorocyclo-
hexanes. Dehalogenation of these gave a good yield of a mixture of

hexafluorobenzene and chlorofluoro benzenes.
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C¢Fg 22%
C.Cl, + 3F i shidaat [c el n'] - . R .Zéégfzfe
6°°6 2 6°76°6] 330% C¢CLF 4 12-5% gona—
90% 06613 3 3% tion)

Hexachlorobenzene and Bromine Trifluoride.

Prior to the work in these laboratories described above, McBes,

Lindgren and Ligett5’6’7 reacted hexachlorobenzene and bromine
trifluoride in a stirred nickel tube heated to 150°C. The mixture
of products from this reaction corresponded to the approximate
molecular formula 063r2014F6. This was further fluorinated with

antimony pentafluoride at IOOOC, and a solid product formed of

approiimate molecular formule GéBrc14F7;
150°¢ Squ
] rCl F

No attempt was made to realise its constitution and it was de=
halogenated using zinc and ethanol,8 giving the aromatic compounds,
C6F6 and C6CIF5 in small yield, and the cyclic unsaturated compounds
CGFS’ 0601F7, 06C12F6, 06613F5 and u,ul Pa, C,v13F7 The total
halocarbon product corresponded to a 53% yield bvased upon starting
hexachlorobenzene. The physical properties of the products were

reported, but there was no attempt to determine their configurations.

Hexachlorobenzene and Chlorine Trifluoride.

9

Workers in Durham” have studied the reaction of hexachloro-
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benzene with chlorine trifluoride in the liquid phase at 240°C.

The principal products were a mixture of chlorofluorocyclohexenes,
CeFrCl10-n (where n is mainly 4, 5 and 6). When a very large excess
of chlorine trifluoride was used, saturation was achieved with
difficulty to give chlorofluorocyclohexanes, CGF‘nCllz_n (where n

is mainly 5, 6, 7).

Aromatisation of the cyclohexenes at 250o - 300o gave mainly
chloropentafluorobenzene and dichlorotetrafluorobenzene, with some
hexafluorobenzene and trichlorotrifluorobenzene. This was a very
much more complex mixture of products than that obtained by the
dehalogenation of chlorofluorocyclohexanes, since preferentiai
elimination of chlorine from the saturated compounds took place.
Preferential elimination of chlorine from ths cyclohexenes did
not readily occur as this would require migration of chlorine

attached to a carbon on a double bond.

Hexachlorobenzene and Antimony Pentafluoride.

This reaction was first reported by licBee et a.l.,10 who heated
hexachlorobenzene and antimony pentafluoride to 125°C and obtained
1,2-dichloro-octafluorocyclohexene in up to 60% yield:. Later
workl1 revealed that at 15000 the yield was increased to 87%.

Stilman12 on heating hexachlorobenzene with antimony penta-
fluoride at 25006; reported the isolation of a chlorofluorobenzene,

06012F4, together with the unsaturated cyclic C6012F6, prolonged
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reaction gave the fully saturated cyclic C6F12’ CGClF11 and
06012F10. This is the only report of an aromatic compound found
in this reaction and althougﬁ an analysis was quoted, no physical
data were given.

More recent work on this reaction has been carried out by
Leffler,13 who reacted hexachlorobenzene with antimony pentafluoride
at 160°C. A careful control of the temperature was maintained, as
an exothermic reaction occurred at 160°G which resulted in loss of
some of the product. The structure determinations were made by infra-
red and N.M.R. spectroscopy and the products were shown to be
l1,2-dichloro-octafluorocyclohexene, 1,2,4~trichloroheptafluoro-
cyclohexene, 1,2,4,4-tetrachlorohexafluorocyclohexene and 1,2~

dichlorohexafluorocyclopentene.

c1 c1 . C1
20-30% Pl 5%
cl Cl

¢l cl cl——C1
r/;\ﬂ 20% ‘ F ! {14
N

e

160°

————

CcCly + SOFy

-~ Gl

As previously described, compounds of this type, are not
easily dehalogenated to simple mixtures of aromatic compounds
because preferential elimination of chlorine cannot take place

because of its presence as a substituent on a double bond.
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Hexachlorobenzene and Metallic Fluorides.

The reaction between cobalt trifluoride and hexachlorobenzene,
investigated in these laboratories,14 produced a large range of
chlorofluorocyclohexanes. The hexachlorobenzene was vapourised and
passed over cobaltic fluoride at 350°G in a cylindrical stirred
reactor, to give good yields of the cyclohexanes of general formula

C6clnF12_n. (Where n = 1-6). The chlorofluorocyclohexanes were

dehalogenated easily by passing over hot iron gauze at 43o°c to give

good yields of hexafluorobenzene.

15

McBee and co-workers used a static reactor to fluorinate

hexachlorobenzene with cerium tetrafluoride at 27500. Cyclic

C6cl was obtained in good yields; recycling the product produced

F
39
the fully flucrinated cyclic 06F12=

Lindgren and McBee16 similarly fluorinated hexachlorobengene
with plumbic fluoride at 300°C to give cyclic C4C1,Fy in 8% yield.

GROUP II

Halogen Exchange

Halogen Exchange was accomplished by Ma.ynardl7 when he reacted
hexachlorobenzene with potassium fluoride at elevated temperature
using N-methylpymrelidone as solvent to give a

°6°13F3 23%

CCly + XF N-methylpyrrolidone _ C(CL,F 34%

4

C6CIF5 small
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mixture of chlorofluorobenzenes.

18, 19

A number of Russian workers have investigated this
halogen exchange reaction between hexachlorobenzene and potassium
fluoride, both with and without solvent. Vorozhisov et al. heated
hexachlorobenzene with anhydrous potassium fluoride in an autoclave

at 450° - 50000 to produce good yields of mixtures of highly

fluorinated aromatic compounds.

o
. CF_Cl 20%
6°5
kP 450°-500°¢
C.Cl, 4 KF i
6776 no solvent c6F4'cl2 14%

F_Cl 1
CeF3Clq 2

Many variations of this method have appeared in the patent
literature as it will obviously lend itself to industrial applica-

tion.

Chlorinated nitrogen containing aromatic heterocycles have
been used as starting materials in the preparation of the
corresponding fluoro-—compounds.

Thus, Kober and Grundmann2o reported the preparation of sym.
trifluorotriazine by the reaction of SbF3.Sb015 with the "active"

chlorine atoms in sym. trichlorotriazine.

N SbF,.SbCl

3 S ' 3¢
cl K:‘N/‘Gl 160°-180° \,_N%‘ %

24 hrs,
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The same starting material has been treated with potassium fluoro-

sulphinate (KSO2F)21 as fluorinating agent to produce a mixture

of substituted products.

c1 c1 F P .

N/\N KSO,F NAN\N NANN NANN
—-——>

01‘\ ,1:1 LN)F + ci\ I + \NJF

3% 11% 31%

Perfluoro-aromatic heterocycles containing two nitrogen atoms
per molecule have been prepared by.the reaction of chloropyrimidines

with silver fluorides.22’23

Cl F
N7 H H Agﬁ
/E_s_,
cl \\N ¢l reflux FL\‘ F

76% 30%

The chlorine in the trichloropyrimidine was replaced by
halogen exchange with sjilver fluoride, and the hydrogen in the
trifluoropyrimidine replaced by reaction with silver difluoride.

As mentioned earlisr, lightly fluorinated pyridines have been
prepared by Finger and others by halogen exchange between a number
of chlorop&ridines and potassium fluoride in the presence of

24,25

solvent.
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C1\.g# €1 ~ 200°, 100 hrs. 7 52%

C1 x 1 Cl 7~ Xy C1
I KF/dimethylsulphone I 33%
a QAo 24 brs. FUy2F
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DISCUSSION OF EXPERIMENTAL WORK

As outlined in the historical introduction, none of the direct
methods of fluorinating the pyridine system met with success; in
most cases yields of highly fluorinated pyridines were very poor.
Thus, in order to apply the indirect route to perfluoropyridines via
the correSpoﬂding chloro-compounds, it was necessary to develop one

of the existing methods for the preparation of pentachloropyridine.

CHOICE OF CHLORINATION METHOD

Since the indirect approach woﬁld necessgitate more than one
step in the preparation of highly fluorinated pyridines it would
obviously be advantageous to keep the number of such steps'to a
minimum on account of both overall yield and economy.

Such consideraztions preclude the application of chlorination
methods starting with compounds themselves several reactions distant
from pyridine, e.g. the reaction by den Hertog of 4—nitropyridine-
l-oxide with éulphuryl chloride;l’2 and the chlorination of
citrazinic acid with a mixture of phosphorus pentachloride and
phosphorus oxychloride. 3

Ideally, the chlorination would involvé the reaction of
pyridine, which is readily available, and a simple chlorinating
agent.

Unfortunately, the simplest chlorinating agent, elemental

chlorine itself, does not react with pyridine to give good yields
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of highly chlorinated pyridines.4 When the temperature of the
reaction is raised, in order to introduce more chlorine into the
pyridine ring, extensive breakdown occurs and tar is produced.
Other chlorinating agents, such as thionyl chloride,5 with

pyridine tend to give lightly chlorinated pyridines. However the
report by Sell and Dootson6 that the reaction between pyridine and
phosphorus pentachloride gives, as well as lower chloro-compounds,
an appreciable yield of pentachloropyridine has led us in these
laboratories to develop this method as a practical and efficient
route to highly chlorinated pyridines. Phosphorus pentachloride
is both plentiful and cheap and lends itself to application on a

relatively large scale.

THE REACTION OF PYRIDINE WITH PHOSPHORUS PENTACHLORIDE

Dry pyridine has been heated with phosphorus pentachloride
in a large autoclave. Throughout the development process stainless
steel autoclaves varying in size from 3 litres to 5 litres capacity
have been used.

The results of early experiments have already been reported7
and it was shown that heating 200 gm. (2.5 moles) of pyridine with
2500 gm. (12 moles) of phosphorus pentachloride to 210° - 220%
for 72 hrs. produced mainly trichloro- and tetrachloropyridines,

with pentachloropyridine formed in only 1.5% yield.
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The effect of inereasing the temperature to 280° - 285°G for
50 hrs. increased the yield of pentachloropyridine to 15%. The
amount of tetrachloropyridines (18%) produced in this reaction
was greater than that (13%) produced at the lower temperature., Of
the three possible isomers of tetrachloropyridine, only those with
hydrogen atoms in the 3- or the 4-position were formed. As pointed
out in this paper, it was ﬁossible to convert the di-, tri- and
tetrachloropyridines from several reactions, by further chlorination
with phosphorus pentachloride, so that the overall yield of
pentachloropyridine was good. Although this state of affairs
provided a basis for obtaining suitable quantities of starting
material for conversion to fluoropyridines it was realised that it
would be more satisfactory if the yield of pentachloropyridine from
a single stage chlorination of pyridine could be improved.

With this object in mind, we have been working as a team to
obtain the results typified by the reactions shown in Table 1.

The early reactions were carried out in 8 3 litre stainless
steel autoclave; without an internal liner. This was heated
electrically by means of heating elements around the outside of the
vessel. The temperature was controlled by means of a variable
transformer, which was set at a precalibrated value so that the
temperature of ths inside of the autoclave, measured by means of a

thermometer in a central thermometer-well in the autoclave head, was
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attained slowly and maintained in thermal equilibrium. Typical

‘of these reactions was R.I. in which 300 gm. of pyridine was heated
to 3100 for 48 hrs. with 3000 gm. of phosphorus pentachloride to
produce 250 gm. of chlorinated pyridines. The proportions of tri-,
tetra~ and pentachloropyridines in this product were almost identical

l

to those obtained by Hutchinson' at a slightly lower temperature,
i.e. the proportion of pentachloropyridine was 40 mole %, corresponding

to a yield of 11%.

X i Cl cl
@ fc_lz_; C4NC1,H,, +zi @21 +01©H +c:.®c;
N ] cl ¢ 4N/’Cl
The products were separated from the reaction mixture by.hydrolysis
followed byHSteam distillation.

The organic steam distillate was dried by azeotropic distillation
with benzene and fractionated through a 20" column packed with Dixon
gauzes.

After many reactions such as tﬁat described above it was obvious
that the inside of the autoclave was becoming serious damaged and
corroded by the vigorous conditions used. In an attempt to.prevent
this damage it was decided to fit an internal liner to the autoclave.
Since mild steel was known to be more resistant to attack by halogens
than was stainless steel, the liner was constructed of mild steel in
the shape of a heavy cylindrical pot which fitted smuggly inside the

autoclave. The effect of this liner, demonstrated by R.2, was to
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produce even worse yields of products than before. Starting with
300 gm. of pyridine, only 120 gm. of chlorinated products were
produced, comprising of mainly tri- and tetrachloropyridines, less
than 5 mole % being pentachloropyridine (corresponding to a yield of
1%).

At the time, this was considered to be due to the effect of
minor constituents present in stainless steel but not in mild steel
which were having a catalytic effect on fhe chlorination reaction.

An alternative reason, involving the temperature factor, is now believed
to be the cause of these low yields but this will be discussed later.

When the heavy mild steel liner was removed and replaced by a
thin stainless steel liner, the results then obtained are typified .
by R.3 in which the conversion of pyridine to pentachloropyridine
was improved over that from reactions without a liner (as R.1l).

200 gm. of pyridine was heated with 3000 gm. of phosphorus
pentachloride at 290°C for 33 hrs. to give a yield of 14% pentachloro-

pyridine,

The influence of catalysts of the chlorination reaction.

The results above appeared to justify the belief that a component,
of the stainless steel was “catalysing" the reaction, so a series of
experiments were carried out in which a number of transition metal
chlorides or the metals themselves were added to the reaction mixture

in an attempt to improve the yields of pentachloropyridine.
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Anhydrous cupric chloride and anhydrous chromium trichloride were
added in 5 gm. amounts to the reaction mixtures. (R.4 and R.5
respectively). As can be seen from the results, this had little
effect an the relative proportions of products as compared with the
control experiment, R.3. No increase in the yield of pentachloro-
pyridine was observed.

When a new, heavier, stainless steel liner was fitted to the
autoclave due to the decomposition of that used in the experiments
reported above, the yields of pentachloropyridine were again seen to
fall, as exemplified by R.8 in which the yield of pentachloro-
pyridine was 2.6%;

Using the same liner, the presence of stainless steel turnings,
ferric chloride or molibdenum metal gave no significant increase in

the yield of pentachloropyridine. (R.9, R.10, R.12).

The effect of altering the ratio of pyridine to phosphorus penta-

“¢hloride

With the heating system previously described, throughout the
series of reactions R.1 — R.12 the effect of altering the ratioc cof
pyridine to chlorinating agent was investigated. It can be seen from
the table, that, as a general rule, the greater the proportion of
phosphorus pentachloride to pyridine used in the reaction the more
highly chlorinated and the greater the yield of products were obtained.

The extreme conditions explored (R.6 and R.7) demonstrated that

the yield of pentachloropyridine was greatest when a large excess of
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phosphorus pentachloride was present. Thus, when 4000 gm. of

PCl5 was heated with 200 gm. of pyridine (mole ratio PClszcsNH5=:

7.5:1) the conversion to pentachloride was doubled (5.2% yield)

compared with a normal reaction (R.8), in which 3000 gm. PCl_. was

5

used with 250 gm. of pyridine (mole ratio P015=C5NH5:=4.5=1).' In

R.6, 3000 gm. phosphorus pentachloride were heated with 430 gm. of
pyridine (mole ratio P015305NH5=:2.65=1) to give an extremely poor

vield of pentachloropyridine ( 0.5%).

The influence of temperature on the chlorination reaction.

Sell and Dootson6 reported using a temperature of 210°~220°¢

in their chlorination reactions, to give an unspecified yield of

1

pentachloropyridine. When workers in these laboratories’ heated

the reactants in an autoclave, by the method previously described,

to the same temperature & yield of only l.5%-of-pentachloropyridine-
was obtained. Increasing the reaction temperature to 280° - 285°
caused an increase in yield of pentachloropyridine to 15%. The
effect of further elevation of the reaction temperature was in-
vestigated as shown in Table 1. Using the thermal equilibrium
method of heating (R.1 = R.12), no significant improvement in
yields was observed by raising the temperature even as high as
350°C (R.4).

However, when a new heating system was installed in which the

heating elements were virtually in contact with the wall of the
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autoclave and the electric power was controlled thermostatically by

a thermocouple in the centre of the autoclave, such that full power

was maintained, with the elements glowing red hot, until the centre

of the reaction vessel attained the pre-set temperature (usually 30000),
a marked improvement in the yields of pentachloropyridine was obtained
as demonstrated by R.13 - R.18.

In the first experiment using this new heating apparatus (R.13),
together with a new 5 litre capacity autoclave, fitted with a heavy
nickel liner, the quantities of reactants, normally used in previous
reactions were placed in the autoclave. Before the centre of the
reaction reached a temperature of 280°C, the safety bursting disc on
the autoclave head blew at 300 atmospheres. As a result, all sub-
sequeni reactions were carried out on reduced guantities of reactants
—so reducing—the "dead-space'--in—the-autoclave—(i.e. -the—volume ___. __ ___
occupied by virtually incompressible components) and the amount of
hydrogen .chloride gas, and therefore the pressure, produced.

Experiments using the same mole ratio of reactants as in the early
studies, but using this new heating system, gave much superior results
in terms of highly chlerinated products. (e.g. Compare R.1ll with
R.15).

The result of increasing the ratio of phosphorus pentachloride
to pyridine over a number of reactions (R.15, R.16, R.18) had a

beneficial effect, so that when 2500 .gm. of phosphorus pentachloride
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was heated with 100 gm. of pyridine (mole ratio approx. P015=

CSNHS::IO:I) a 71% yield of pentachloropyridine was obtained.

When an auxiliary heating element was used in conjunction with
the standard unit in order to increase the temperature at the centre
of the autoclave to 360°C, extensive decomposition occurred yielding
little useful product (R.17).

Conversion of lower chlorinated pyridines to pentachloro-
pyridine was similarly improved using the new apparatus. A charge
of 400 gm. of mixed trichloro- and tetrachloropyridines with 2500
gm. phosphorus pentachloride gave pentachloropyridine in almost
quantitative yield after heating to 30000 for 24 hrs.

Very recently8 other workers, in Manchester, have reported

obtaining good yields of pentachloropyridine by a similar reaction

of pyridine with phosphorus pentachloride, although experiments were

carried out on a very much smaller scale than in these laboratories,

using a greater ratio of phosphorus pentachloride to pyridine.

FLUORINATION OF CHLOROPYRIDINES

Since highly chlorinated pyridines were now available in
practical quantities the problem became one of converting these to
the highly fluorinated derivatives.

It seemed preferable not to use a method involving the addition

of fluorine to give saturated compounds, e.g. using reaggnts such as

‘high valency metal fluorides or fluorine itself, follbwed by dehalo-
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genation as this would involve a two stage process with the
likelihood of low yields due to decomposition caused by fission
of the carbon-nitrogen bonds.

Obviously a method in which halogen exchaﬁge between the
chloropyridines and & source of fluoride ion would be more
advantageous as this could be performed in a single step to give-
the desired fluoropyridines. Yields from this type of reaction
are usually better than those obtained from a two stage "addition-
9, 10

dehalogenation" route.

HALOGEN EXCHANGE

Hutchinson7 investigated the reaction of enhydrous potassium
fluoride on an isomeric mixture of tetrachloropyridines in

0 0 . . -
- 220°C. A moderate yield of an approximately

sulpholane at 210
equimolar -mixture of 3-chloro-2, -4, 6-trifluoropyridine-and-34H-— - - -—
dichloro-2, 5 difluoropyridine was obtained. The reaction of

potassium fluoride with isomeric tetrachloropyridines,.in..an auto-

clave, in the absence of solvent was also studied. Replacement of
chlorine by fluorine was onliy slight at 34000, but increased
progressively with increase in reaction temperature to a maximum at

400°C when the products still contained chlorine. At this

temperature the product consisted of a mono-chlorotrifluoro-

pyridine (34%) and a mixture of dichlorodifluoropyridines (63%).

Further increase in reaction temperature caused complete decompositions

this instability is probably attributable to the presence of

hydrogen in the molecule as it was.shown that pentachloropyridine



- 52 -

could be heated with potassium fluoride to considerably higher

temperatures without decomposition.

Pentachloropyridine was fluorinated, by the same workers, when

it was heated to 190° -~ 210°

with potassium fluoride in sulpholene.

A good yield of 3, 5-dichlorotrifluoropyridine was obtained

together with a small amount of 3-chlorotetrafluoropyridine.

Obviously a considerably higher temperature was required to cause

complete replacement of chlorine and since this was incompatible

with the use of a solvent, the reaction of potassium fluoride on

pentachloropyridine in the absence of a solvent was investigated.

autoclave as re

- __ TABLE-IL. — -
C;C1gN  KF
(gm) (gm)
15 40
20 60
20 60
20 60
15 40

The results obtained by Hutchinson, using a small (120 ml)

Even with a reaction temperature

action vessel are shown in the following table:

Temp

(°c)

480
480
450
440

400

Time

(hr)

24
19
20
17
18

Product Composition of product in mole%

(gm)

7.8
13
13
14

10

(% yield in parentheses)

C-CI F.N

577273

5( 5)
13(12)
60(53)
100(84)

C.C1F N

5774

10(77)

25(24)
44(40)
32(28)

C5F5N

90(68-5)

70(66)

43(39)
8(15)

0
as high as 400 C no significant

replacement of chlorine in the 3 or 5 position occurred.

However, at
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temperatures of 440°C and above, replacement did take place
progressively so that at a reaction temperature of 48000 a good
yield of pentafluoropyridine together with some 3-chlorotetra-

fluoropyridine was obtained.

This reaction has been developed so0o that greater amounts of
pentachloropyridine can be fluorinated in a single reaction, a
necessary step caused by the increased demand for the highly
fluorinated pyridines which have been used as starting materials in
multi-stage syntheses.

The reactants, anhydrous potassium fluoride and pentachloro-
pyridine, were ;;eated electrically in an autoclawe (750 ml) and the
products distilled from the hot rsaction vessel under reduced

— - -pressure. —Iractionation--through a—concentric tube_column-afforded—-. -
three main fractions,

l. Pentafluoropyridine, b.pt 8400,

2.  3-Chlorotetrafluoropyridine, b.pt 119°C, and,
3. 3, 5=-Dichlorotrifiuoropyridine, b.pt 159G - 160°¢.
Some typical results using the larger autoclave are shown in

Table III below.
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TABLE IXX

05N015 KF Temp Time Product Composition of product in mole%

(gq) (gm) (OC) (hr) (em) (4 yield in parentheses)

05012F3N C5CIF4N 05F5N

R.1 30 85 440 15 22 60(55).  30(30)  10(10)
R.2 50 160 440 17 29 50(36) 40(32) 10(8-5)
R.3 90 220 445 18 61 37(31+5) 33(30) 30(30)
R.4 100 300 440 19 65 32(26) 36(32) 32(31)
R.5 100 220 490 18 65 - 5(4:5)  95(92)

As can be seen from these results, the fluorination reaction
gave products in good yield, usually N 90%, although difficulty was
experienced in obtaining precisely consistent results. Thus, two

consecutive reactions between identical quantities of reactants

heated to apparently the same temperature for the same time, did ﬁot
always produce the flubrinated pyridines in the same relative
amount;. This presumably is due to the fact that over the period
of heating, usually about 18 hfs overnight, different variations in
mains voltage occurred causing the reaction temperature to vary for
any given "variac" heater setting.

Another possible factor effecting the extent of reaction that
occurs is the nature of the mixture of potassium fluoride and penta-
chloropyridine. Since the reaction is necessarily heterogeneous,

the particle size of the potassium fluoride will play a significant

role in governing the extent to which replacement of chlorine by
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fluorine takes place. As the reaction proceeds, each particle
will become coated with potassium chloride, thus, the smaller
the particle size and the more intimate the mixture the further
the reaction would be expected to go. 'During each experiment
the reactants were thoroughly mixed but obviously it was
impossible to reproduce exactly the same degree of mixing every
time.

Workers at Manchester have recently reported8 results of their
investigations on the reaction of pentachloropyridine with
potassium fluoride which are very similar to those found in these
laboratories.

In order to study this halogen exchange reaction further, and
to learn the order of substitution of chiorine by fluorine in the
different positions about -the pyridine-ring,—an experiment was_ = __
performed in which the temperature of the reaction was raised to
15’00 for a period of 2 hrs. The products were distilled under
reduced pressure from the autoclave while still hot, in the normal
manner, and shown by analysis and n.m.r. to consist of unreacted
ventachloropyridine, 2-fluorotetrachloropyridine, a mixture of 2, 4-
difluorotrichloro- and 2, 6-difluorotrichloropyridines (in mole
ratio 2:3), and 3, 5 dichlorotrifluoropyridine.

Thus the order of substitution for the complete reaction of
pentachloropyridine with anhydrous potassium fluoride can be

represented as follows:-
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c1 ¢l F
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THEORETICAL CONSIDERATIONS

GENERAL ASPECTS

Pyridine resembles benzene in that it contains a conjugated
system of siX Tp~electrons, one being contributed by each atom in
the ring. However, the electron affinity of nitrogen is greater
than that of carbon; the M-electrons therefore tend to clugter
round the nitrogen which thereby acquires a negative charge. The
electronic structure of pyridine is therefore less symmetrical, and
8o its resonance energy smaller, than that of benzene.

CoHe 36 Kcals/molell; C5NH5iE 32 Kcals/mole12

In terms of the resonance method, the electron density at

various positions of the pyridine nucleus is derived from a

Thig ;pproach predicts there will be & partial positive
charge at-the 2, 4 and 6 positions of pyridine and a net negative

charge on the nitrogen

# This is the most recent evaluation and is cglculated from heats
of formation and hydrogenation, unlike earlier estimates which
were calculated from heats of combustion alone and tended to give
a range of values, some greater and some less than that of the

resonance energy of benzene.
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However, thg magnitude of the charges cannot be estimated
because these depend on the relative contributions of the charged
structures, which are unknown. Alternatively, by considering the
electronic strucﬁure of pyridine in terms of molecular orbitals it

is possible to carry out calculatioy of the charge distributions in

pyridine.
.08
.02 « 02
-0 *0
N 9
-+29

-~ - “The"magnitude of ~the charges variws somewhat with the
parameters used for the calculations, but those cited above13agive
charges calculated from parametexrs chosen in such a way as to give
reasonable agreement between calculated and observed dipole
moments for a series of heterocyclic compounds. As can be seen,
the charge at the «l-and Y-positions is very similar. 31light
variations in the parameters chosen can have the effect of
indicating that the charge at the Xuposition is greater than that

13b

at an o{-position- Pyridine has a dipole moment of 2-39D.

(cc1,, 25°¢)24,
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CHEMICAL REACTIVITY

The chemical properties of the pyridine system may be broadly
grouped into three categories:-

1. Properties roughly parallel to the benzene system usually
modified by the presence of the ring nitrogen atom. These
include the typical electrophilic substitution reactions such
as sulphonation and halogenation, which are more difficult than
with benzene, and radical reactions, which are rather similar.

2. Properties unusual for the benzene system; These include
reactions in which the pyridine ring system interacts with a
base or nucleophilic reagent, as in the amination with sodamide
or the addition of organometallic compounds.,

3. Properties associated with the unshared electron pair on the

N-oxides, which have no analogues among benzene derivatives, are

included in this group.

It has been pointed out14 also that there are many analogies in
reactivity beiween pyridine and nitrobenzene. This parallel
behaviour results from the similarities in electron distribution. 1In
both molecules T electrons are removed primarily from three positions
on the ring by electronegative atoms. If the extent of electron
withdrawal is about equal, then the reactions at the ring carbons of

these molecules would be very similar.

ring nitrogens —The formation of -saltsy—quaternary-compounds—and-—
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Aromatic Substitution

The replacement of a hydrogen atom by a substituent is a most
characteristic reaction of aromatic systems. The quesiions as to
the position which an entering éroup-will t;ke, if there are several
choices, and the relative case with which different aromatic nuclei
will resct with a given reagent have been extensively studied in
the benzenoid aromatic systems.

Reagents are classified as electrophilic, nucleophilie, or

radical depending on the nature of the apecies which actually attacks

the aromatic nucleus. For benzene, electrophilic substitutions are

most common, e.g. nitration and sulphonation, whereas for pyridine,
nucleoﬁhilic reactions are relatively more important, e.g. amination
by sodamide in Chichibabin reaction.

This general difference between pyridine and benzene is caused
by the charge distribution in pyridine i.e. more energy is required
to bring the positive reagent within bonding distance of the
positively charged carbons of the nucleus. This situation is made
even worse by the basic nature of the nitrogen atom. The

formation of a pyridinium salt by interaction with R+ means that a

-full positive charge is now distributed over the ring atoms, making
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subgtitution even more difficult

Although the positive charge hinders electrophilic substitution,
it must by the same mechanism, facilitate the approach of a
negatively charged fragment in nucleophilic substitutions.

1. Static Approach

In the static approach the aromatic molecule in the ground state
is examined and the relative charge at competing positions is
estimated. The assumption is made that an electfophilic reagent
will attack at the position of greatest electron density and a
nucleophilic reagent at the position of lowesi electron density.

From the charge distribution previously cited, one would expect the

different species to react as shown below:-—

For free radical attack, the free valence is ca.lculated,l5 and
it is assumed that a free radical will attack the position of
maximum free valence. Free valence is defined as the difference
between the maximum bond number of a carbon atom (Nméi 3+/3) and

the actual bond number, which is the sum of the bond orders for all
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bonds the carbon atom in question makes with other atoms.

*45
39

TN

This procedure for predicting substitution frequently giveg
the correct answer, but in some instances it fails. The reason
for these failures is that most substitutions are kineticall&
controlled processes in which the energy of activation is the
important factor. Therefore the position which an entering
substituent most frequently takes will be that one for Which the
energy requirement, in going from the initial state to the
transition state, is the lowest. Thus in the ground state a certain

position may have the greatest negative charge, but it does not

necessarily follow that the partial bond formation with a positive

fragment will require the least energy at this position.

2, Activation Energy Consideraticns

Although, usually, there is insufficient kinetic datg to make
definite predictions about a given aromatic substitution, it is
often possible to decide which transition state is lowest in energy
by considering the nature of the structure formed by reaction at
each of the possible positions.

Thus for nucleophilic substitution in pyridine the three

transition states would be:-
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TTTT IV ‘ean be shown by quantum mechanical -arguments—that—in—charged———
linear mesomeric systems of five atoms existing in transition states,
the charge resides mainly on the 1, 3 and 5 atoms. Thus, due to
the electron affinity of nitrogen, it will be obvious that the
structures involving substitution in the of-and 3-positions will be
of considerably less energy and therefore more stable than that
formed in p-substitution.
Sin;:e nucleophilic substitution entails the placing of
additional negative charge on the nitrogen atom, pyridine undergoes
this type of reaction readily, with preferential attack occurring at

the d-and y-positions, since the nitrogen then occupies positions of



- 64 -

largest negative charge.

Conversely, in electrophilic substitution, because the
formation of the transition state involves the removal of
electrons from the nitrogen, this type of reaction occurs with
difficult and almost exclusively in the F-position, as would be
predicted by examining the charge distribution in the transition

states.

maximum 4+ ve charge on nitrogen.

.. least stable.
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CHLORINATION OF PYRIDINE

Althougﬁ no thorough investigation into the mechanism of the
reaction between phosphorus pentachloride and pyridine has been
-earried out, it seems reasonable to suppose that the principle
reaction involves initial attack by chlorine on the pyridine
nucleus, since at the temperatures employed the phosphorus penta-
chloride will almost certainly be dissociated into phosphorus
trichloride and chlorine.

17

Other workers using the same reagent for the chlorination of
aiiphatic and alkylated aromatic hydréocarbons have shown this to be
the case. They demonstrated that the chlorination proceeded
smoothly in either a thermal or catalysed (benzoyl peroxide) reaction
according to the equation:-

. RH 4 PCl. ———RC1 + HCl +4-P

1,
5 T3

A detailed study of the mechanism was not made but it was
suggested that thexrmal-fission of chlorine molecules produced

radicals which abstracted hydrogen from the substrate and by

further reaction effected chlorination.
A similar type of reaction scheme is likely to prevail in the
reaction of phosphorus pentachloride with pyridine.

i.e,. —_— 1
i.e PCl5 je— PClB-F Cl,

Cl, —= 201° thermal reaction

PyH + €1° — Py°+ HC1

Py° 4 PCly — PyCl +°PCl4
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P01Z-+ PyH —= HPC1, 4 Py°

4

HPC14 —> HCl1 + PCl3

°1>014:_-_-*~ PCl.+ C1

3
) 0

Cl” + Py — PyCl

From the results of the elemental chlorination18 and

19

bromination of pyridine by Wibaut and others, it has been shown
that at least two different substitution mechanisms prevail at
different temperatures.

In the brominatiop process, which demonstrates these two
different mechanisms the more vividly, reaction between pyridine
and elemental bromine at 300°C gives a mixture of 3-bromo- and 3, 5-
dibromopyridine, whereas wﬁen the reaction temperature is raised to

50000. 2-bromopyridine is produced.

Furthermore, reaction in the presence of iron bromide appears _

to encourage substitution in the f—position, since 3-bromopyridine
with bromine in the presence of this "catalyst" at 300%¢ gives 3, 5-
dibromop&fidine. Under the same conditions, but with cuprous
bromide as catalyst the product is 2, 5-dibremopyridine, i.e. the
second substituent enters an dpéosition.

This effect of iron bromide on halogenation reactions is well
known in the benzene series, where it has been demonstrated that the
catalyst is capable of incorporating one atom of the bromine molecule
into an anion, which can act as an acceptor for the hydrogen atom to

be displaced from the benzene ring; the other atom is left as a
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positively charged ion, which effects the electrophilic substitution.

- B (Febr,)”

QO

Br
+
-+ H (FeBr

4)_

Thug at the lower temperatures in which pyridine reacts with
halogens to givep-substituted products it seems likely that the
course followed is one of electrophilic attack, which is in accord
with the theoretical predictions discussed earlier.

— —— __ . _At_ temperstures ghgyg_399?0,"££9q_r§gip§1s will be formed

preferentially by the homolytic fission of the halogen-halogen

bond rsther than heterolytic separation giving oppesitely charged
species.

With the mechanism being one of zttack by fres radicals, the
position of substitution changes to mainly £-with some ¥-
replacement as is consistent with the free valence argument

previously described.




300° FeBr
Cu2Br2 300o
. Br B
) Br
FeBr2 N CuzBrz
300° ! $ 300°
Br o~ Xy Br /’§§§
N ‘\ N?
20

A similar scheme is applicable to the direct chlorination of
pyridine, as shown on page 25 , although the different positions of
substitution occurring with variation in temperature are not nearly

so dramatic.

From these considerations it is interesting to postulate on the
relevant mechanism or mechanisms taking place in the autoclave

reactions between phosphoruspventachloride and pyridine.
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It is significant that good yiélds of highly chlorinated
pyridines were obtained when the reaction temperature was high.

In order to get the temperature at the centre of the reaction to

300°C it was necessary to heat the walls of the vessel to
considerably higher temperatures than this, a situation which is
conducive to radical formation from the chlorine produced by the
dissociation of the phosphorus pentachloride.

Attack by a charged species on the pyridine may possibly occur,
especially in the early stages of reaction as the autoclave is
warming up, but this is doubtful in the light of the fact that the
series of experiments carried out in which transition meta1§ were
added showed that no improvement in the yield of highly chlorinated
products was cbtained. The presence cf.iron helides has already

. _—__ —_been-shown to have a beneficial effect on the electrophilic

substitution by halogen in aromatic compounds.

It is important to note that; if one proton were replaced, a
pyridinium salt would be formed which would hinder further attack
by cationic species (page o ). TMurther, if an electrophilic
mechanism was the most important, one would expect the hydrogens
in the 3 and 5 positions to be first replaced. In fact, Hutchinson
found that the two principal isomers of trichloropyridine forméd
were the 2, 4 6-trichloro- and 2, 3, 6-trichloro- substituted
compounds. 0f the three possible isomers of tetrachloropyridine,

1

only two were formed, one of which had a hydrogen in a.F-position.
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The other isomer was 2, 3, 5)6"tetrachloropyridine.

The presence of unsubstituted hydrogen in F—positions at these
late stages in the reaction would suggest that an electrophiliec
substition mechanism was not occuriing to any significant extent in
the phosphorus pentachloride chlorination reactions.

The possibility of a nucleophilic mechanism of halogen
substitution exists, but the probability of this being important is
slight, since the replacement of s0 unstable a species as a hydride
ion by a stable chloride ion is unlikely. Also, one would have
expected the presence of transition metals to have a noticeable
effect on th; yiélds the chlorination reactions had such &
mechanism prevailed. No effect was detected.

The observation that best yields were obtained at high reaction

_ _temperatures_seems to suggest that a free radical mechanism rather

than an ionic mechanism was in operation.

Consistent with this theory, is the evidence that the of-hydrogens
were among the first to be replaced, so that in the trichloro- and
tetrachloropyridines no hydrogen remained in the 2 or 6 positions,
as would be expected since these positions are of maximum free
valence. |

The experimental results on the yields from various reactions
(Table I) would seem to substantiate a free radical mechanism.

Thus, using the former method of heating, that of a variable

transformer at a fixed setting, the rate of output of heat was



- 71 -

constant, When a thick, heavy liner, of large thermal capacity,
was fitted to the autoclave the yields from such a system were

low. This was presumably due to the fact that the inside wall
temperature of the autoclave was lowver than that attained without
such a liner, with the result that less dissociation of phosphorous
pentachloride to phosphorus trichloride and chlorine occurred and,
more important, less thermal fission of halogen molecules to
radicals took place. Obviously, the more radicals formed, the
greater the amount of substitution obtained.

The yields from reactions in which other liners were used
follow the expected trend. The thicker and weightier the liner
the fewer the number of chlorine atoms introduced into the pyridine
ring. With hindsight, it would now appear that the cause
attributed to the early drop in yields (R.2), i.e. that of the
removal of constituents present in stainless steel, was incorrect
and the actual reason was due to a lowering of the temperature of
the inside wall region of the autoclave where the critical reaction
took place.

As explained previously, when the second method of heating was
applied, the autoclave wall temperature must have been very close to
that of the glowing heater elements, i.e. 500°C, with the result
that considerably improved yields of chlorinated pyridines were
obtained. Obviously, many more chlorine radicals will be produced

at 500°C than at 300°C.
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It is interesting to note that from the stoichemetry of the
proposed chlorination reaction, i.e.
PyH 4+ PC1_-

one would expect a 5:1 mole ratio of phosphorus pentachloride to

PyCl + HC1 + PCl

pyridine to give complete chlorination and yieldr: pentachloro-
pyridine. However, as demonstrated (R.18), even a mole ratio

of 10:1 does not give complete conversion to the fully
chlorinated product. Presumably, the necessity of a large excess
of phosphorus pentachloride is »regquired to provide a sufficiently
high concentration of chlorine radicals towards the end of the
reaction, when most of the chlorinating agent has beén converted
to phosphorus trichloride, in order to effect the replacement of

the remaining hydrogen in the lower chlerinated pyridines.
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FLUORINATION OF PENTACHLOROPYRIDINE

From the theoretical arguments already outlined one would
expect the pyridine system to undergo nucleophilic attack
preferenﬁially at the ol-and ¥-positions. Results ohtained by
Finger et al.22 and workers in these laboratories have shown that
this is the case when substituting chlorine by fluorine in
chlorinated pyridines using potassium fluoride as the fluorinafing
agent, a reaction which almost certainly goes by a nucleophilic
mechanism involving halide ion exchange. If the pyridine nucleus
has substituents which are capable of existing as stable unions,
e.g. as Cl1 , it can be seen that the energy required to bring

together the nucleophile and the pyridine to yield the intermediate

is not large and that the main difference between these reactions
and the Chichibabin reaction (X = H) is in the stability of the
anion which must be eliminated to form the preduct.

When pentachloropyridine was heated with potassium fluoride
in the absence of a solvent to 150o for 2 hrs, the first chlorine
atom to be replaced was in an ol-position, forming 2-fluorotetra-

chloropyridine. The fact that the 2-position is replaced first
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is interesting in that by so doing the perchloropyridine resembles
the "perhydropyridine", in such reactions as that of Chichibabin,
more closely than it does perfluoropyridine, which as will be
‘illustrated later, undergoes initial nucleophilic replacement almost
exclusively in the 4-position.

Other w:rkers,23 investigating the nucleophilic substitution
reactions of pentachloropyridine with such reagents as ammonia and
hydrazine have found that the subatituent enters the 4-position.
The difference in position of attack by these nucleophiles must,
presumably be due to kinetic control of the substitution affected
by the activation energies heing lowest for the different positions
of substitution between NH;, NH;NHZ and F, A more detailed

atudy of the kinetics of these reactions must be made, however,

before any categoricel statements can be made.

Further reaction of 2-fluorotetrachloropyridine with potassium
fluoride produces a mixture of 2, 6-difluorotrichloro- and 2, 4 di-

vatio 3:;2, apparently the remaining

N

fluorotrichloropyridine in th
d-rand Y¥-chlorine atoms were of very much the same reactiviiy in the
monofluorocompound.

Reaction with more fluoride ion produces the expected 3, 5 di-
chlorotrifluoropyridine. The temperature of the reaction must then

be increased to Al440°C before replacement of the remmining

chlorine atoms begins, demcnstrating the reluctance of atoms in ﬁ-—
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positions to be replaced by a nucleophilic mechanism. Best yields

of 3-chlorotetrafluoropyridine, i.e. when one of the F— chlorine
atoms has been replaced, are obtained from reactions conducted at a
temperature of ~45000. Complete replacement of chlorine by
fluorine, to give pentafluoropyridine, occurs when the reaction
temperature is raised to N49O°C. Although substituents in P—
positions are not easily displaced by nucleophiles, because the
nitrogen atom cannot facilitate the process by acting as a major site

be pointed out that ths

&

for the negative charges, it shoul

[}

unsaturated system over which the chsrge is distributed does have a

nitrogen atom as a member and hence the transition state is

more steble than in the benzene seriss. Thus, 3-bromopyridine reacts
with sodium methoxide at 1500 while bromobenzene is unreactive below
250°¢.

9

However, in the perfluoroc series, it has been reported” that
0 . .

temperatures of H00 ¢ will replace all the chlorine atoms by

fluorine in hexachlorobenzene when reacted with potassium fluoride,

i.e. almost the same conditions required to convert pentachloro-

pyridine to pentafluoropyridine.

When the tetrachloropyridines were heated with anhydrous
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potassium fluorideT, the theoretical predictions as to the
preferential positions of attack by the fluoride ion were again
upheld. Thus, starting with a mixture of 2, 3, 4, 6-tetrachloro-
and 2, 3, 5, 6-tetrachloropyridine the ultimate substitution
products were 3-chloro- 2, 4, 6-trifluoropyridine and 3, 5-
dichloro- 2, 6-defluoropyridine. Elevation of reaction temperature
caused complete decomposition so that it was impossible to replace
chlorine atoms in positions 3 or 5 in the tetrachloropyridines,
and even chlorine atoms in positions 2, 4 and 6 were less easily
replaced by fluorine than those in pentafluoropyridine. This is
consistent with-the result of Finger and co—worker322 who, working
mainly with lightly chlorinated pyridines, showed that, while a
chlerine atom in the 3-position activates chlorine atoms in both
the positions 2 and 6, a chlorine atom_in position 2 is rendered

the more active.
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Chapter 3
EXPERIMENTAL WORK
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EXPERIMENTAL WORK

PREPARATION OF HIGHLY FLUORINATED PYRIDINES

Pyridine was converted to pentachloropyridine by reaction
with phosphorus pentachloride. Fluorination of pentachloro-
pyridine by halogen exchange with potassium fluoride gave highly
fluorinated pyridines.

The products were separated by distillation and preparative
scale vapour phase chromatography. Infra red (i.r.) spectra were
recorded using Grubb-Parsons, type G.S. 2.A. or Spectromaster
spectrometers. Nuclear magnetic resonance (n.m.r.) spectra were
measured on an A.E.I. R.S.2. spectrometer at 60 Mc/sec. Fluorine
analyses were carried out by Mr. T. Holmes, using the biphenyl-

.. e o s 1 . m s
sodium metaod of decomposition. Analytical-scale vapour phase

chromatography (v.b.c.) was pefformed on Perkih Eimef_or_Griffih
and George D.I. instruments and preparative scale vapour phase

chromatography on an Aerograph "Autoprep" instrument:

CHLORINATION OF PYRIDINE

The pyridine used was technical grade, made by May and Baker
Ltd., and was dried by refluxing over potassium hydroxide pellets
for 3 = 4 hours followed by distillation from this drying agent
under an atmosphere of dry pitrogen. Pyridine was stored under
dry nitrogen until required for reaction. The phosphorus

pentachloride was technical grade supplied by Albright and Wilson
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Ltd.

The Autoclave

The autoclave (fig. la) was a high pressure reaction vessel
of 5 litre capacity. It was of a seamless wall construction
formed from a solid drawn tube of Firth Vickers' Stainless Steel
(Quality F.D.P.) giving a wall thickness of % inch. The base and
flange were of heavy stainless steel and were welded to the
cylinderical body of the vessel.

The head of the autoclave was constructed of heavy stainless
steel and was fitted with a needle valve, thermocouple well, and
a bursting disc assembly. The head was sealed to the flange on the
top of the autoclave by a corrugated copper gasket and held in
position by bolts of high tensile steel.

Inside the vessel was fitted a heavy nickel liner (14 B.S.W.G.)
to prevent oorrosion of the inner stainless steel wall.

Heating was effected by a 9' long Met. Vickers Pyrobar element
(5/16" 0.D.) of 2 K.Watt rating bent in the shape of a helix so
that the body of the autoclave fitted snugly inside the heater coil.

Before a reaction the autoclave was thoroughly cleaned and
dried by placing in the heater unit at 200°C for at least 2 hrs.

Reaction Procedure

In a typical experiment (Table I, R.15), the autoclave (5 litre
capacity) charged with phosphorus pentachloride (1500 gm, 72 moles)

and dry pyridine (125 gm, 1+59 moles) was heated electrically via an

8 amp variac which was controlled thermostatically by a thermocouple
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placed in a well in the centre of the autoclave head. The heating
elements around the wall of the autoclave operated at full power
until the centre of the reaction attained a temperature of 30000,
when the electricity was switch off. The reaction was then
maintained thermostatically at that temperature for 24 hrs. After
allowing the autoclave to cool to room temperature,. the hydrogen
chloride generated during the reaction was released before the
vessel was opened. The contents of the autoclave were hydrolysed
by slow addition from a dropping funnel, to water in a 3-necked
flask (3 litre) fitted with a reflux water condenser and & stirrer.
Occasional cooling of the flask with an ice bath was necessary to
prevent the hydrolysis reaction becoming too vigorous. During

this stage of work up in a number of experiments, the inside of the
hydrolysis apparatus became coated with an orange-red coloured solid
and minor explosions occurred. These were probably due to reaction
of small amounts of elemental phosphorus or phesphine formed during
the chlorination. When hydrolysis was complete, the organic
product was steam distilled and the while sdid distillate removed

by filtration. (Previous workers2 reported that the steam distillate
wasg extfacted with methylinqdichloride, but as the chloropyridines
are only very slightly soluble in water aand the volume of distillate

to be extracted is considerable, usually 9 - 12 litres, this

extraction process becomes both unnecessary and expensive). Removal

of water from the mixture of chloropyridines was achieved by azeo-
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tropic distillation with benzene using a Dean-Stark distillation
head. The dry chloropyridines (225 gm) were distilled through a
20 in. column packed with Dixon gauzes into three main fractions

i) b.ot 220° - 248%,

ii) b.pt 248° - 252°¢ and
iii) b.pt 279° - 280°¢.
Fraction i) was shown to contain mainly trichloropyridines
with a small amount of tetrachloropyridines. Fraction i)
consisted of tetrachloropyridines (1it.,3 b.ot 248-5° - 25200) and

3 p.pt 279° -

fraction iii) was pentachloropyridine, m.pt 124°C (1it.,
280°C, m.pt 125° - 1260) I.R. Spectrum No. 1 page B6.
The composition of the original product was estimated by

analytical=scale v.p.c., using silicone grease as the stationary

phase, to be C.H,Cl.,N, 10; C.HCL N, 45; C

5HC1, c15N, 45 mole-%. (fig. 2)

> 3

5

In later experiments, when conversion of pyridine to penta-
chloropyridine in a single reaction was achieved in high yield, it
was found more satisfactory to omit the steam distillation stage of
the work up procedure as this became very tedious due to the length
of time required for complete distillation caused by the relative
low steam volatility of pentachloropyridine. Also, constant
unblocking of the apparatus was necessary due to the solidification
of pentachloropyridine (mp 12400) in the condensers. In such

reactions, the contents of the chlorination autoclave . were poured

carefully into a large volume (3 litres) of iced water in a beaker.
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The highly chlorinated pyridines fell to the bottom of the beaker
and were removed by filtration. Drying and fractionation were

then carried out as previously described.

FLUORINATION OF PENTACHLOROPYRIDINE

The dry pentachloropyridine was prepared as previously
described. Potassium fluoride used was reagent grade, supplied by
British Drug House Ltd., and was dried by heating in a nickel beaker
over a bunsen burner for several hours followed by storage in an
oven at 150o until required.

The Autoclave

The autoclave (Fig. 1B) was a high pressure reaction vessel of
50 ml. capacity. It was constructed of stainless steel by drilling
out a solid piece of Firth Vickers' F.D.P. quality metal. The auto-
clave head was fitted with a needle valve and screwed into thé body
of the vessel to seal by a knife edge on the autoclave head against
an aluminium gasket, Final tightening of the seal was effected by
Allen screws in the head.

Before a fluorination reaction, the amtoclave was tested, to
ensure it was leak-proof, by charging with solid carbon dioxide and
sealing. Immersion in a water-bath made obvious any leaks.

The autoclave was cleaned and dried in an oven at 150°C before

a reaction.
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Reaction Procedure

a) In a typical experiment (Table III. R.3), the autoclave
(750 ml. capacity - fig 1B), charged with pentachloropyridine (90
gm, 0°36 moles) and anhydrous potassium fluoride (220 gm, 3’8‘@0195),
was heated electrically to 44500, via an 8 amp variable transformer
set at a precalibrated value, and maintained in thermal

equilibrium at that temperature for 18 hrs. While the reaction
vessel was still hot the product (61 gm) was distilled under

vacuumn.

The composition of this product was estimated by analytical-
scale v.p.c., using d-n-decyl phthalate as the stationary phase, to
be 05012F3N, 373 C561F4N, 33; C5F5N, 30 mole-%. (fig. 3). |

Distillation through a concentric tube column afforded three
main fractions

i) Pentafluoropyridine, b.pt 84°C (1it., b.pt 84°ct - 83.5%¢?).

I.R: Spectrum. ¥o. -6, page 37 , was identical to that of an
authentic specimen.
ii) 3-Chlorotetrafluoropyridine, b.pt 119°¢.
I.R. Spectrum. No. 5, page 87 , was identical to that of
an authentic specimen.
andiii) 3, 5-dichlorotrifluoropyridine, b.pt 159° - 160°c.
I.R. Spectrum. . No. 4, page 87 , was identical to that of an

authentic specimen.
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In later experiments, when relatively large amounts of fluoro-
pyridines were being handled, it was found that the through put of
the concentric tube column was inconveniently low making the time
for fractionation lengthy. Because of this, a new column was
built, consisting 6f a 3' tube packed with glass helices, fitted
with an automatic magnetic take—off head. This made the

distillation considerably less tedious.

b) In a separate experiment, the autoclave charged with
pentachloropyridine (30 gm., 0°12 mole) and anhydrous potassium
fluoride (80 gm., 1°38 mole) was heated to 150°C for 2 hrs. While
the reaction vessel was still hot the product (25 gm) wes distilled
under vacuum. Vapour phasé chromatography, using silicone greaée
as the stationary phase, separated the product into four
components, the retention times of the first and lasi components
corresponding to 3, 5-dichlorotrifluoropyridine and pentachloro-
pyridine, respectively. The unknown components were isolated by
preparative-scale v.p.c., using silicone gresse as stationary
phase, and shown to be
i) 2-Fluorotetrachloropyridine, m.pt 32° - 33%°¢ (Found: ¢,
25*5; c¢©l, 61-0; F, 81, 05014FN requires C, 25-5;3 C1,
60-5; F, 8°09%). I.R. Spectrum. No. 2, page 86b.
One chemically shifted peak was observed in the fluorine - 19 n.m.r.
fluorso

spectrum at position 66°3 p.p.m. with respect to trichloromethane.x
A



- 85 -

(CFCI3) as internal reference.x This value for the chemical shift
is in the region characteristic for a fluorine atom in the 2-
position of the pyridine ring.
and ii) A mixture of isomeric difluorotrichloropyridines b.p
196° - 19800, which were inseparable using silicone grease
as stationary phase. (Found C, 27°5; Cl, 49-1; P, 18-0.
0501 F,N requires C, 2753 Cl, 48°7; F, 17+4%).
I.R. Spectrum, No. 3, page 8b.
The I]uorlne—]y spectrum of the mixture showed the isomers present
were 2, 6-difluorotrichloropyridine, with an intense peak of chemical

shift 67+6 p.p.m. relative to CFCl., as internal reference, and 2, 4

3
difluorotrichloropyridine with two groups of chemically shifted peaks
of equal intensity at positions 66:8 p.p.m. (2-F) and 92-2 p.p.m.
(4-F) relative to CFCl, as internal reference. The chemical |
shift assigned to the fluorine in the 4-position has a value
characteristic of fluorine in that position of the pyridine ring.

The relative intensities of the peaks due to fluorine atoms of thése
isomers showsd their vroporiiocns to be 2, 6 difluerotrighloro-~
pyridines 2, 4 difluorotrichloropyridine::3:2.

Th

[0}

composition of the original product of the fluorination

reaction was estimated by analytical-scale v.p.c. to be CqCI M, 53

5

05014FN 303 q5c1 F,N, 353 0501 F N, 30 mole%.

% Shifts measured relative to CFCl, internal reference can be

3

converted to CgFg reference using the relationship:
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INTRODUCTION

Two main routes are available for the synthesis of highly
fluorinated aromatic compounds containing a functional group.

Both these methods have been intensively applied in the case of the
highly fluorinated benzenes and a study of the results obtained is
interesting in view of the relationship between the benzene and
pyridine systems.

The first route to substituted polytluoroc aromatic compounds is
by the nucleophilic replacement of fluorine. A summary of the
results obtained by the reaction of nucleophilic reagents with
hexafluorobenzene is given below, and, as will be observed, many mono-
substituted pentafluorobenzenes have been formed in this manner. The
further attack by nucleophiles on these compounds is extremely
interesting as various positional isomers may be produced.

The second route is via electrophilic substitution in hydro-
fluoro aramatic compounds, and using the reactivity of this new group
in further reactions. The most widely investigated example of this
is the electrophilic a2ttack on pentafluorobenzene hy iodine or

i,

bromine, ic form iodo- or bromopentafluorobenzene. These are

readily formed intc the Grignard reagents, from which a wide variety

of mono-substituted pentafluorophenyl compounds have been formed.l’3—6

7

Recently,  pentafluorophenyl Grignard reagents have been prepared
directly by the exchange reaction between an alkyl magnesium halide

and the "acidic" hydrogen of the fluoro aromatic nucleus. The



preparation of pentafluorophenyl lithium has been achieved by a
similar technique whiéh obviates the need to go via the reaction of
a halopentafluorcobenzene with lithium amalgam or n-butyl 1lithium.
Pentafluorophenyl lithium has been shown to behave similarly teo the

Grignard reagent in many standard syntheses.

Reactions between Hexafluorobenzene and Nucleophilic Reagents

The nucleophilic attack on hexafluorobenzene has been thoroughly
investigated, and a summary of these reactions shows that almost all
occur under moderate conditions, to give good yields of the mono-

substituted product.

Nucleophile Reaction Conditions Product Reference
J OCH3 a) CHBOH, CHBONa reflux. 06F5OCH3 605 9

p- 06}?‘,_|_(OCH3)2 2%

b) with pyridine CgF5OCH, 10
OCZH; C_H.OH, C,H,ONa C4F 00, Hy ' 11
OH a) KOH, pyridine reflux. C6F50H éo% lb
b) KOH, t-butanol reflux. CeF 00 71% 11
SH™ H,S, NaOH, ethylene CsFBSH 70% 12
glycel, pyridine
NHE a) NaMH,, lig. NH3 CoFolH, 13, 14

(C6F5)2NH 3%

NH b) NH,, ethanol 167°C CgFNH, 0% 14
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NHZNH2 NH2NH2.H20 C6F5

ethanol, reflux.

NHNH, 73%% 14, 15

(o] /
NHECH3 a) CHBNH2’ ethanol 115°C CstNHCH3 69% 14

o /
b) CHBNH2’ ethanol 170°C Pp- C6F1+(NHCH3)2 602 1k

: /
CH3 a) CHBLl' ether reflux. C6F50H3 . 69% L, 16
p- C6F4(CH3)2 10%
b) CHBMgﬁr 06F5CH3 3% 10
R a) n-GhﬁgLi C6F504H@ 56% 16
CFy,(C Hg) , 20%
b) PhLi C6F5. C6H5 17, 38
c) CHBCH=CHLi C6F50HCHCH3 70% 18
ZCHBCH=CHLi P 06F4(0H=CHCH3)2 18
829
H LiAlH, CeFH 19
};@.CHECHZﬁH1 H,NCH,CH,NH,, ethanol 5,6,7,8-tetrafluoro- 39
110° 1,2,3,k-tetrahydro

guinoxaline

The pentafluorophenyl compounds prepared as above have been shovm
to exhibit the normal chemistry associated with these functional
groups and in many cases derivatives have been formed to aid
identification. Further reactions, on the functional groups of these
compounds, which are of more synthetic importance are méhtioned

below.
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Reactant Conditions Product Reference
C¢F S0CH, ' a1c1,, 120° CoFOH 58 10, 20
C6FSSH Diazomethane CGFSSCH3 Lsgs 12
C6F5NH2 CFBCOBH 06F5N02 85% 21
CgF NE, HCOH ' CgF N0 22
06F5NH2 Diazotised in HF,

a) Cu X, CeFsX 17

(X=C1, Br, I)

b) Copper bronze 06F5.C6F5
1] o A
C6F5NHNH2 Heat 180°C C6F5H 39% _ 15
C6F5NH2 Llos
CGFSNHNH2 Oxidation in Benzene C6F5 15
06F5CH=CHCH3 KMnO,, c6F5coon 13
CGFBCFB Fuming HZSOQ C6F5COOH 23, 24

Pentafluorophenyl Derivatives

Nucleophilic attack on mono-~substituted pentafluocrcbenzenes has
been closely studied especially by workers in Birmingham: The
attack by another substituent is of considerable interest, as
different positional isomers can be formed. Although nuclear
magnetic resonance spectra can determine the orientation of these di-
substituted compoundé, it is necessary to compare them with tetra-~

fluorobenzene derivatives of knovm structure.
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The compounds available for this work were the
dihydrotetrafluorobenzenes, synthesised by the dehydrofluorination

25, 26, 27

and defluorimation of polyfluorocyclohexanes. The

structures of the hydrofluorccompounds were confirmed by comparison

284 29 14 wa11© via different

with compounds prepared by Finger
routes. Another compound which was used for comparison purposes was
Eetrafluoro-p-benzoquinone, prepared by the hydrolysis of octafluoro-

cyciohexa—l, h-diene with sulphuric acid. Thereactions of penta-

fluorophenyl derivatives with nucleophilic reagents are summarized

below.
. Reactant Reagent Product Reference
HC6F.5 NHZNH2 p-HQ6F4NHNH2 63% 14, 32
0=2%, m-0+3%
NH3 p-HCthNHa 62% 14, 32
NaOCH3 HC4F),OCH,, 475 33, 3h
92% -
NaSH p—HC6FASH 854 12
KSPh p—HGeFASPh 46% 12
p-HC F, 5K (p-HCGFq)as 17
LiAlH, p-HC F, H 83% 32
o=-6%, m-1%
CH3006F5 NHZNH2 _ C6F50N2H5 60% . 20, 34
CHBSC6F5 NH3 p—CH'-BSCGFqNH2 17
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CH,80,C¢F NH, p~CH,S0,CcF),NH,, 17
| NH,C¢F NH, m-NH,C F, NH, 3l 14
NH_NH., mNH,CF, NHNH, 24 34
NHNHC (F NH,NH,, m-NH_NHC F, NHNH,  0*5% 34
CH,NHC F CHNH,, p~CHNHCF), NHCH,, 24% 34
CH,CONHC,F;  NaSH p-CH,CONHCF), SH 17
%so;’N;c6F5 NaOH p-NH,CF,OH 17 -
NO,CyFs NH,, NO_CF),NH,, 21, 34
# p-31%, 0-69%
' NaOCH, NO_C,F),0CH, 37
p-92%, 0-8%
CHNH,, NO,,C¢F),NHCH,
p-35%, 0-65%
(CHB)ENH N0206F4N(CH3)2
p=-81%, 0-19%
CH306F5 CHBLi p—CHBC6F40H3 83% 3
CF,CqF LiAlH, p=CF,CeFH  50% 35
CHBLi p—CFBCsFuCHB Loy 35
NE_NH,, P~CF,C ¥, NHNH,, 26% 35
NH3 p-CFBC6FhNH2 82% 35
NaSH p-CF,CyF,SH 52% .35
NaOC,H,; P-CF,CcF),00 0 90% 35
C,FCqFs NH,NH,, p=C ,F5C T, NHNH,, Lo
NH p~C,F5CqF, N, Lo
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LiAth p-CZF5C6FhH Lo
NaOCHB p-CzF506F,+OCH3 Lo
QH3L1 p_C2F506F4CH3 Lo
hl q -

C_C6I‘5 NaOCH3 P ClC6F400H3 50% 36

0-17%

- 24

NH3 P ClC6F4NH2 L9 36

0-15%

w /

NHZNH2 p-ClC6rL+NHNH2 s 36

: 0-16%

o—ClC6F4H
Further reactions on these functional groups, as described before,

provide an even wider variety of disubstituted tetrafluorcbenzenes with

known structures. Some general observations have been made about the

orientation of the product, from the nucleophilic attack on penta-
N fluordbenzenes,al’ 33 although no mec¢hanisms are given. However; it
seems extremely likely that a variety of factors will influence the
result because of the large number of different reagents and conditions
involved.

In most cases, the orientation of the products appears to depend

little on the reagent used; and if the substituent has no powerful
electronic effects, the five fluorine atoms direct the attack to the.para

position. Powerful electron donating substituents, such as -NH2,

deactivate the nucleus and direct attack into the meta position, whereas
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powerful electron accepting substituents, such as —N02, render the otho
position more susceptible to nucleophilic attack, and activate the

nucleus.

Reactions between Pentafluorobenzene and Electrophilic Reagents

Standard electrophilic replacements such as those occurring in
hydrocarbon aromatic chemistry have been tried on pentafluorobenzene; in
an attempt to replace the hydrogen atom by a positive reagent. When the
fluorobenzéne was reacted with oleum, substitution occurred to give
pentafluorobenzene sulphuric acidl. Similarly, the cofresponding halo-
pentafluorobenzene was formed by reaction of pentafluorobenzene with
bromine or iodine in sulphuric acid. Using the same technique, Mobb.s)+2
ocbtained a 20% yield of chloropentaflucrchbenzene.

H252°7
e

Al1CYL
3

The chlerine was bubbled inte a -solution of pentafluorcbenzene-in fuming

C6HF + 012 C6CIF 20%

5 5

sulphuric acid, with aluminium trichloride present as a catalyst. The
Grignard reagents and lithium derivatives formed from the halopenta-
fluorobenzenes have been used to prepare a large number of compounds,

I . . “1, 2, 8, Ll‘l s

iboth organic and organo-metallic,) many of which would have
been difficult to obtain by other routes.

Some typical syntheses carried out using pentafluorophenyl

Grignard reagents are shown on the following page.
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SYNTHESES FROM PENTAFLUOROPHENYL MAGNESIUM HALIDES

OH
——C CH O
lllilll -
HgCla_ CHBCHO
CF
| 3
Q =0 MgBr
c .
F3002L1 | COz/THF
—— >
H20
HZO HCOEt
l
] 0 MgBr

H—~C=CH
¢ 2

OH

CCOH



-97 -

The Introduction of Functional groups into the Fluoro-pyridine nijcleus

Bearing in mind that the route to highly fluorinated pyridines
which was used provided exclusively halogenated compounds, i.e.
primarily pentafluoropyridine, 3-chlorotetrafluoropyridine and 3, 5-di-
chlorotrifluoropyridine, it seemed obvious to apply the nucleophilic
displacement method to introduce functional groups into the pyridine
nucleus. Compared with the benzene case, where hydrogen containiﬁg
fluorobenzenes were produced by the important route of dehydrofluorination
and defluorination of polyfluorocyclohexanes, the analogous highly
fluorinated pyridines containing hydrogen were not directly available,
from the fluorination of pentachloropyridine, to investigate the

possibilities of electrophilic substitution.

Nucleophilic Substitution in Pentafluoropyridine

The reaction of pentafluoropyridine with nucleophilsi¢ reagents has

43

N
been studied by workers in Durham “ and Manchester 4. The striking

factor about these reactions is the greater é;;e of nucleophilic
displacement of fluoride ion from pentafluoropyridine than from hexa-
fluorobenzene. Thus, quantita#ive reaction of pentafluoropyridine with
aqueous ammonia occurs at 80°C for 2 hrs, to give 4-aminotetrafluoro-
pyridiae, whereas a temperature of 167° is reported for the cﬁrrésponding
production of pentafluoroaniline from hexafluorobenzen_e.1’+ Also,

reaction between pentafluoropyridine and methoxide ion is so vigorous

~ that very mild conditions (OOC) must be used in order to obtain any
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mono-ether, tetrafluoro-h4-methoxypyridine. At ambient temperature,
quantitative conversion to the diether, trifluoro-2, 4-dimethoxy-
pyridine occurs during 15 minutes, whereas at least one hour at reflux
is necessary for the amalogous preparation of pentafluoroanisole.2

If reflux conditions are used with pentafluoropyridine and excess sodium
methoxide, trisubstitution occurs to give 3, 5-trifluoro-2, 4, 6-tri-
methoxypyridine. This trimethoxy derivative has also been prepared by
a stepwise procedure, in distinct single stage reactions, which
demonstrated that initial attack by methoxide ion occurred at the 4-
position, followed by substition in the 2- and then 6~ position.

The other important point which this work brought out was the fact
that with all the reagents studied, attack occurred almost exclusively
at the 4-position first. The workers in Manchester reacted penta-
fluoropyridine with seven different nucleophilic reagents and in each
case reported the isolation of the y—substituted derivative as the
product of the primary reaction.

The nucleophilic éeactions on pentafluoropyridiné described by

both teams of workers are summarized below.
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Reactions Between Pentafluoropyridine and Nucleophilic Reagents

Nucleophilg : Reaction Conditions Product Reference
i o]
_Ngﬁ a) NH3, 80°, 2 hrs. . l+-1~11{2<:51\113‘1+ 70% 43
b) NHBA ethanol 4-NH205NF4 81% Ly
110°, 8 hrs.
+ NHNH, a) NH,NH,.H,0, dioxan l+-NHalxmcst\ni‘l+ 70% 43
reflux, 2 hrs.
b) NEZNHZ.HZO, ethanol 4—N§2NH05NF4 75% Ly
0°C, 2 hrs.
- ' _ o |
OCH3 a.i CHBONa, CHEOH, o°C Q-CH3OCBNF4 43
. (o]
ii CHBONa, GHBOH, 25°C 2,4—(CH30)205NF3 &3
. - - ]
b.i CHBONa, CHBOH 4 CH30.05NF4 57% Ly
reflux,3 hrs.
ii CHBONa, CHBOH 2,4,6-(CH30)305NF2 7496 bk

reflux,3 hrs.

Cellg Celigld, ether, 4-CgHg.CNF),  26% 43
reflux
H LiAlH,, ether, | _l+-H.c5NF4 749 L
reflux
(CHE)ENH i (CHE)ENH, aq. 4—(CH3)2N.C.5NF4 5% . 4h
ethanol, 0°C
ii (CH3)2NH, ag. 2,4-[(CH3)2NJ205NF3 82% L

ethanol 100°, 20 hrs.

CH,CH=CH i CH,CH=CHLi, ether, 4—(CH30H=CH).CSNF4 66% Lk

-20° to room temp. cis:trans::6:1

ii CH3CH=CHLi, ether, 2,4—(CH30H=CH)205NF4 62% Lk

-20° L-geometrical isomers
66:20:10:2



Nucleophilef
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Reaction Conditions

OH

a)i. KOH, water 85°,
20 hrs,

ii KOH, t-=butanol
reflux, 90 mins.

b)i. NaOH, water,
reflux, 2 hrs.

ii. 40% NaOH, water,
80°c, 12 hrs.

iii. KOH, t-butanol,
reflux, 2% hrs.

Product Reference
4-0H.C5NF4 6% 51
4-OH.C_NF 90% ) 51

SNE), ) 6o
2-OH.C5NF4 10% )
4—0H.05NF4 58% Ly
2,4—(0H)205NF3 20% Ly
l+-0H.051\u@'l+ 64% Ly
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This method of introducing funcition groups in the fluoropyridine
ring system is severely limited in application by the faé&t that
the incoming group must be capable of existing as a nucleophilic
agenf, although, as in the chemistry of the substitutéd fluoro-
benzenes, the functional group can often be converted by standard
methods 1o other functions. This type of operation was
demonstrated when tetrafluoro-4-propenylpyridine was oxidised by
concentrated nitric acid at 110°C for 45 minutes to give tetra-—
fluoro-isonicotinic acid in 33% yield.

When the tetrafluora-isonicotinic acid was heated "in vacuo"

to 25000, decarboxylation occurred to give 2, 3, 5, 6-tetrafluoro-
pyridine in 78% yield.

CH=CHEH._ _
3

.\ o
P |=20°C HNC

el ) |
~r euh 110

The same compound, 2, 3, 5, 6-tetrafluoroovyridine, has been

preparsd by the reaction of tetrafluoro-4-hydraginopyridine with

; copper sulphate. The reaction occurred spontaneously in aqueous
solution at 20°C, with the liberation of 80% of the theoretical
volume of nitrogen, te give the hydrofluoropyridine in 54% yield.

If the hydrazine derivative is treated with a suspension of
bleaching power in benzene, again nitrogen is evolved, and the

product isolated is 2, 3, 5, 6-tetrafluoro-4-phenylpyridine in

\\\\\\"‘ MHBE- lo}h\
ALIG 1985
lsdﬁh
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35% yield. Formation of this product presumably involved attack
on benzene by tetrafluoropyridyl radicals generated by oxidation
of the hydrazine derivative by hypochlorite ions, as in the

analogous formation of pentaflucrophenyl radicals by oxidation of

penta-fluorophenylhydrazine.15
. NHNH2 C6d5
A X - BN
F NH2NH2 F 0C1 | F
=z N ] > =
N reflux N 66H6 N
(& 35%

It is interesting to note that tetrafluoro-4-phenylpyridine
prepared in this way differed slightly from the sample prepared by
reaction of pentafluoropyridine and phenyl lithium in its infra
red spectrum, as well as that fact t??t the prod?et of thes direct
nucleophilic reaction melted at a lower temperature and over a
renge of 500. This evidence would seem to sﬁggest that the phenyl
lithium, being a strongly nucleophilic reagent, attacks cther
positions to a small extent, as well as the 4-position, giving

rise to an unseparated mixture of isomers.

A much more serious limitation on the nucleophilic method
introducing function groups into the fluordépyridine system is the
lack of variety of positions of substitution achieved. From the

results reported it can be seen that the vast majority of



substituents enter the 4-position, and in a very limited number of
cases, such as the reaction of pentafluoropyridine with potassium
hydroxide in t-butanol, or, perhaps, with phenyl lithium, are 2-
substituted products obtained. In none of the reactions studied
has a 3-substituted derivative been formed; demonstrating that
this method does not provide a synthetic route to such compounds.
The observation that pentafluoropyridine is more susceptible
to nucleophilic attack than hexafluorobenzene is not altogether
unexpected since, as previously discussed {page b4& ), pyridine is

considerably less reactive than benzene towards electrophilic

substitution and even nucleophilic displacement of a hydrogen atom

45

in the 2-position in pyridine can be achieved by the Chichibabin

46

réeaction or reaction with an organo-metallic reagent. An

increased susceptibility towards nucleophilic attack is consistent
with the introduction of fluorine into the pyridine ring as the
halogen will have the effect of reducing the electron density on
the ring carbon atom to which it is attéched. It is noteworthy
that in pyridine the nitrogen atom has a comparatively much greater
electron affinity than any of the other atoms in the molecule, with
the resultant effect on the electron distribution (page 57 ),
whereas in peﬂtafluoropyridine the nitrogen atom has to compete
with the five fluorine atoms, with their high electron affinity,

for its share of the electrons and so the electron density of the
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system, compared with the hydrogen compound, is not nearly so
distorted. This is apparent in the dipole moment of the per-
fluorocompound which is 0-+53 D.,49 compared with 2.39 D. for
pyridine.  (Both in CCl,, 25°¢).

On the basis of reactions such as that of Chichibabin,
nucleophilic substitution in pentafluoropyridine may have been
expected to be orientated towards the 2-position. However, the
mechanisms of the Chichibabin47 and organo-metallic reactions are
uncertain, and are by no means simple nucleophilic displacements,
probably involving co-ordination of the lone pair of the pyridine

nitrogen. with the metal atom of the attacking species add so

rendering the 2-position most susceptible to attack.

- . Mg—R
, g

Id

X

The fact that substitution does occur predominantly in the
4-position would seem to suggest that pentafluoropyridine resembles
pentafluorobenzeneso rather than pyridine in that the orientation
appears to be governed by ithe presence of the five fluorine atoms.
More recent work, however, especially on the nucleophiliec reactions
of tetrafluoro—4—nitropyridine61 indicates that the greater single
factor in determining the orientation of substitution in poly-

fluoropyridines is the presence of the ring nitrogen by its sirikipg
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activation of the 4-position.

This was demonstrated in the reactions of tetrafluoro-4-
nitropyridine with ammonia and sodium methoxide.

In both of these reactions substantial replacement of the
nitrogroup occurred, and in the case of methoxide attack, the
nitro group was preferentially displaced to fluorine, giving
tetrafluoro-4-methoxy pyridine as the major product.

A study of the reaction of sodium methoxide with 2, 3, 5, 6-
tetrafluoro-nitrobenzene, which resembles tetrafluoro-4-nitro-
pyridine more closely than does pentafluoronitrobenzene as the
former benzene has no fluorine para to the nitrogroup, showed that
no replacement of the nitrogroup occurred, only replacement of
fluorine, and the sole product was 2, 3, 6—trif1uo;9:§-mq§hq;y—4:
nitrobenzene. Thus, it was argued, since the nitrogroup and
fluorine are comparable in their efficiency as leaving groups in

5

nucleophilie substitution””, and, because ithe nitrogroup is

displaced by nucleophilic reagents from tetrafluoro-4-nitropyridine

: 21, 37, 57, 58
but not from pentafluoronitrobenzens or, more

U

significantl&, from 2, 3, 5, 6~tetrafluoronitrobenzene, it would
gseem that the ring nitrogen is the most important factor in
governing the orientation of nucleophilic attéck.

This proposed activation of the 4-position by the ring
nitrogen is consistent with the results of Chapman and co-workers

who found that displacement of chloride ion by ethoXide occurred at
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a much faster rate from 4-chloropyridine than from 2-chloropyridine.

Further, it must be noted, that in highly fluorinated
pyridines, apart from the activation of position 4 by the ring -
nitrogen, this position is unique in that it does not have a para
fluorine atom which could afford stabilization in the event of
nucleophilic attack by way of mesomeric electron release, and so,
relative to the other positions, which do have para fluorine

substituents, the 4-position is doubly activated.

Nucleophilic Substitution in Perhalogenopyridines

Following their investigations into the reaction of penta-
fluoropyridine with a number of nucleophilic reagents; workers in
these 1aboratories51 have studied the substitution occurring in 3-
chlorotetrafluoropyridine and 3, 5-dichlorotrifluoropyridine with
nucleophilés, especially in relation to tbhbat occcurring in penta-
fluoropyridine.

When pentafiunorcoyridine was treated with potassium hydroxide
in aqueous solution a single product was isolated, tetrafluoro-4-
hydroxypyridins. However, when t-butanol was used as solvent a

mixture of isomers, with the substituent in the 4- and 2-pesition,

respectively was obtained.

RS
l F 65% yield
-butanol Nz -N'f OH

reflux (90%) (10%)
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When 3-chlorotetrafluoropyridine was heated with an aqueous solution
of potassium hydroxide,'again a mixture of two isomers was

produced. These were 4-hydroxy-3-chlorotrifluoropyridine and 6-
hydroxy-3-chlorotrifluoropyridine in the ration 9:l. More
surprising still, in the light of the large number of examples of
nucleophilic displacement in polyfluoropyridines, which have
resulted in at least 90% preference for the 4-position, is the
reaction between 3-chlorotetrafluoropyridine and potassium hydroxide
when t-butanol is used as solvent. Here, the product was a mixture
of three isomers, the 4-hydroxy~ﬁ-hydroxy-, and 2-hydroxy-

compounds in the ratio 5+5:3.5:1 respectively.

- ] __F _
o C1 - ¢l FI X, C1
—butanIOH " OH ‘+‘
KOH N N
35% 10% 55%

The considerable amount of attack at the 6-position, which is
not reflected in other reactions suggests that steric factors are
influencing the orientation of attack, as this position is the most
favourable from the viéw of a large approaching nucleophilic
fragment.

This is confirmed by the observation that potassium hydroxide

in t-butanol gave with 3, 5-dichlorotrifluoropyridine a mixture
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containing a predominance of the 2-hydroxy-derivative, i.e. 3, 5~
dichloro-2-hydroxydifluoropyridine (70%) and 3, 5-dichloro-4-
hydroxydifluoropyridine (30%), whereas the composition of the
product obtained by using agueous potassium hydroxide was 90% 4-

hydroxy- and 10% 2-hydroxy- 3, H5-dichlorodifluoropyridinse.

OH
CL-X\, C1 t-butanol 1 N1 .
F - 4+ l 85% yield
KOH P ZF
"N TN
70% 30%

The exact mechanism of attack in these reactions is not fully
understood but it seems likely that the variations in positions of
attack described abeve are due- to sieric considerations brought
about by the solvation of the attacking hydroxyl ion by bulky
butanol molecules. Obviously, these factors will not be as
pronounced when water is the solvent, the attacking fragment being
so much smaller.

The possibility that these reactions in butanol as solvent
involve initial attack by t-butoxide ion is unlikely, since it ﬁas
been shown that a t-butoxy substituent is not cleaved to give a

hydroxy-derivative by the conditions used in these reactions.

Reactions between 3-chlorotetrafluoropyridine and 3, 5-dichloro-



_.]_09...

trifluoropyridine with nitrogen bases such as ammonia and hydrazine
demonstrated that the 4-position was still the most reactive site in
each case. Thus, 3-chlorotetrafluoropyridine reacts with hydrazine
hydrate in dioxan to give exclusively 3-chlorotrifluoro-4-hydrazino~
pyridine in 70% yield. This was converted to 3-chlorotrifluoro-4-
aminopyridine by reaction with aqueous hydroiodic acid. The same

amino-compound was formed by direct reuction between aqueous ammonia

and 3-chlorotetrafluoropyridine.

¢l
NHQNH2H2O aq HI

. > _—
dioxan 60% yield

Similar reactions were carried out with 3, 5-dichlorotrifiuvoro-

pyridine.

In a numher of competition experiments with ammonia it was
shown that the susceptibility fowards nucleophilie substitution
increases in the series pentafluoropyridine €3-chlorctetrafluoro-
pyridine £3, 5-dichlorotrifluoropyridine in the ratio 1:3°7:12°6,
respectively. This trend is consistent with the known greater
resultant (of inductive and mesomeric effects) electron withdrawing

capacity of chlorine over fluorine in an aromatic system.
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"The increase of covalency involved in mesomeric effect is partial
double bond formation, and, becasue of the overlap principle,
double bonds are more easily formed when the atoms concerned, in
particular the p-orbitals of their valency shells, are about the
same size. Therefore one can understand that the halogens stand
in the following order with respect to their capacity to increase

covalency by the mesomeric effect:-

53
F>» C1) Br) 1."°~
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Preparation of Fluoropyridines with functional groups by

Fluorination of Hydrogen Compounds

A completely different method of approaching the problem of
obtaining fluoropyridines containing functional groups has been
explored by workers in Manchester.54 This involves starting with
a pyridine already possessing a functional group in the ring and
carrying out an electrochemical fluorination followed by defluorination

55, 56

as in the preparation of pentafluoropyridine itself, to give
the aromatic fluoropyridine retaining the fluorinated substituent.

In this way, perfluoro- (2-, 3- and 4- methylpyridinesy have

been prepared. This-method, of course, suffers from the great
disadvantage that the yields from the first stage of the process,
the electrochemical fTuorination;-aré very low; ws0 low as ‘to—-— —
preclude it as a practical route to substituted compounds.

It does have the advantage, however, of being able to produce
fluoropyridines with substitutents in positions other than that of

position 4,

. 3 .
CF
3 3
F ¥, =
tlect hem. 2 2 '
0 Blectroc em. . o Fe 5900/2mm¥7 l P 26%
57 Fluorination 2Ny T2 > 37
i
F
2% Fuming
{V H2SO4
H COOQH
‘ S AH | ) 98%

A\

Nz N
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It has been demonstrated that perfluoro-(4-methylpyridine) can be
converted into fluoropyridines with other functional groups in the
4-position, but no report has been made of the application of the
other perfluoropicolines to the preparation of fluoropyridines with
substituents in positions other than position-4.

The conversion of perfluoro—(4—methy1pyridine) to perfluoro-
isonicotinic acid by hydrolysis with sulphuric acid, and the
subsequent decarboxylation to 2, 3, 5, 6 tetrafluoropyridine has
proved chemically the structures of the compounds obtained by the

44

direct reaction of pentafluoropyridine with propenyl lithium and

lithium aluminium hydride, respectively.



Chapter 5
DISCUSSION OF EXPERIMENTAL WORK
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Preparation of Grignard Reagents of Polyfluoropyridines

Investigations into the nucleophilic reactions of perfluoro-
and polyfluoro pyridines demonstrated that this method of intro-
ducing functional groups was completely unsatisfactory for
synthesising compounds with the substituent in a p-position.

The ready availability of 3-chlorotetrafluoro- and 3, 5-di-
chlorotrifluoropyridine makes them natural starting materials in a
study of p~substituted compounds since the chlorine atoms act as
reactive centres in the molecule in the preparation of CGrignard

reagents.

3-Chlorotetrafluoropyridine was refluxed with dry magnesium,
previously gctivated by grinding with a2 crystal of iodine, in diethyl
ether for 3% hours, with occasional addition of dibrom;;than;_to
maintain an active surfade on the magnesium. After hydrolysis of
the mixture, analytical-scale v.p.c. showed that Grignard formation
had occurred, although readtion was incomplete since appréoximately

equimolar quentities of 3-chlorotetrafluoropyridine and 2, 4, 5, 6-

tetrafluoropyridine were obtained.

=y C1 NG
F Et,0/Mg HO F

=
N reflux, 3% hrs NF
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Using the same solvent, an attempt was made to prepare a
Grignard derivative of 3, 5-dichlorotrifluoropyridine. The
magnesium was dried and activated with ethylene dibromide and the
reaction mixture refluxed for 3 hours. After hydrolysis and work
up as before, incomplete reaction was again observed. The product
was shown to contain 60% unreacted starting material and 40%
3=chloro -2, 4, 6-trifluoropyridine, demonstrating the formation

of a mono-Grignard reagent.

Et20/Mg

MgCl CL A H
N7

Because, in both these experiments, incomplete resction was achieved,

reflux, 5’hrs

it was decided to use a higher boiling ether &s solvent in the hope
that the increased reflux temperature would push the rezction
through to completion.

3-Chlorotetrafluoropyridine was refluxed with activated magnesium
in di-n-butyl ether for 18 hours. After hydrolysis analytical-
scale v.p.c. showed that no 2, 4, 5, 6-tetrafluoropyridine had been
produced and the starting material was rewovered unreacted. Failure
to form any Grignard reagent at all in this solvent is presumably
due to the fact that this much larger ether molecule is unable, due
to steric hinderance, to stablize the fluoropyridyl magnesium

chloride.
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Tetrahydrofuran has been used with success on many occasions
in the formation of Grignard reagents and the possibilities of its
application in the synthesis of perfluoropyridyl magnesium halides
were explored.

When 3-chlorotetrafluoropyridine was added to activated
magnesium'in dry tetrahydrofuran at room temperature a spontaneous
reaction occurred causing the solvent to reflux. The reaction was
maintained at a temperature of 60°c for a further hour, cooled and
hydrolysed. Vapour phase chromatography showed that all the
starting material had been consumed to produce a small quantity of
2, 4, 5, 6~tetrafluoropyridine. Removal of the volatile components
from the reaction product gave a brown polymeric residue. This was
shown by .infra red spectroscopy to contain polgf}uorogyridy} units
as well as carbon-hydrogen functions.

The formation of polymeric material in the reactive system using
T.H.F. as solvent is probably due ito two types of decomposition of
the Grignard taking place. The first is one in which the 4~
fluorine of known susceptibility to nucleophilic substitution, in a
molecule of 3-chlorotetrafluoropyridine, or in a "molecule" of
Grignard reagent is attacked by the carbanionic part of more
pyridyl magnesium halide. A series of such reactions will

obviously produce polymeric material.
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The second mechanism of decomposition is via a pyridyne
intermediate. Since it has been shown that a fluorine atom in
the 4-position is eesily removed as a fluoride ion, it seems quite
1iké1y that this process might occur intra-molecularly with the

formetion of a trifluoropyridyne.

This of course will be extremely reactive and probably react

with an adjacent solvent molecule. A similzr mechanism has heen

postulated for the decomposition of pentafluorophenyl magnesium
1.

chloride in benzens to give 2, 3, 4, S5-tetrafluorcbiphenyl.

MgCl CHp - CHp
\0/

Cele
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Thus, when tetrahydrofuran was used as a solvent.Grignard
formatién apparently took place and the problem then became one
of moderzting the conditions of the reaction so that the Grignard
reagent existed for a length of time sufficient for a controlled

reaction with a desired reactant.

Several experiments were performed in which the Grignard
reagent of 3-chlorotetrafluoropyridine in T.H.F. was reacted with
carbon dioxide.

None of these reactions produced material other than polymeric
fluoropyridine carboxylic acids when the temperature was above OOC.
The acid polymers will be formed by carbonation of the remaining

Grignard functions in the polymer described previously.

: i) €O,
1 —_—
\I ii) HC1
| F
2
)

In an attempt to reduce the amount of polymerisation, 2, 4, 5,
6~tetrafluoropyridyl megnesium chloridelwas prepared in T.H.F. while
the temperature was maintained between -100C and OOC. After 15
minutes carbon dioxide was bubbled into the reaction mixture at

-10°C. Following acidification and ether extraction, the product

was shown to contain 2, 4, 5, 6-tetrafluoronicotinic acid in 28%
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yield, the major product still being polymeric perfluoropyridine
carboxylic acids.

The yield of perfluoronicotinic acid by this route may possibly
be increased by preparing the Grignard reagent in T.H.F. through
which a stream of carbon dioxide is passing, in the hope that
carbonation will occur immediately the reagent is formed. This
technique has been applieéd to other system52 in which unstable

Grignard reagents are used.

In a separate experiment, tetrafluoropyridyl magnesium chloride

was prepared in T.H.F. at -1500, and allowed to warm to room

4 temperature in the presence of N-methylformanilide. No 3-alde-

_ ‘hydo-tetrafluoropyridine was produced; the only product was a brown

polymeric solid.

Experiments conducted at temperatures lower than —2000 showed
that Grignard formation, even with activated magnesium, was very

slow under such conditions.

The overriding disadvantage of these Grignard reagents as
intermediates in the synthesis of new P-substituted compounds is
their tendency to form polymers. The problem is associated with
the fac£ that at the temperature required to form the reagent, the

adjacent labile fluorine atom tends to react with another species
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in the system. This situation does not arise to the same extent
in the preparation of Grignard reagents from bromo- er iodo-
compounds because normally initial Grignard formation occurs more
readily than in the corresponding chloro-compound. This is
demonstrated in the preparation of pentafluorophenyl magnesium
halides from iodo-, bromo- and chloro- pentafluorobenzene. The
iodo- and bromo- compounds react readily wi th magnesium in diethyl
ether,3 but continuous activation with ethylene dibromide is
necessary before reaction with chloro-pentafluorobenzene4 is
complete.

A further example is the relative ease of formation of the

g

Grignard reagent from 4-bromotetrafluoropyridine,” the stability

of which is greater than that from 3-chloro-tetrafliuoropyridins by

virtue of the fact that the adjacent P-—fluorine atoms are not

nearly so labile as that in the 4-position.
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Preparation of Grignard Reagents by Exchange Reactions

Apart from the direct preparation of fluorine containing
Grignard reagents described above, a relativly new method
involving an exchange process had also been reported. Thus,
McBee et al.6, prepared heptafluoropropyl magnesium bromide by
reaction between phenyl magnesium bromide and perfluoropropyl
iodide.

C.,F.I + PhMgBr ——~ 03F7MgBr + PhI

3T
1

Also, Tamborski and co-workers have shown that hydrogen in

certain polyfluorobenzenes is sufficiently acidic to participate

in an exchange reaction of the type:-

H > MgBr
+ 02H5MgBr e~ F- + C3H6
L

Since Rochow8 indicates that for thse replacement of hydrogen as

in the latter type of reaction a pka value of 21 or less is
required, it would appear that the value for pentafluorobenzene is
21 or less. In view of this, it seemed likely that the values for
the hydrofluoropyridines prepared by the catalytic reduction process
(see later) would probably be such as to allow an analogous

exchange reaction to take place.

A few experiments were performed to see if this was the case.
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When 2, 4, 5, 6-tetrafluoropyridine was mixed with excess methyl
magnesium iodide in diethyl ether at room temperature 87% of the
theoretical volume of methane was evolved. However, when carbon
dioxide was bubbled into the mixture and the reaction worked up as
previously described, no detectable quantity of 2, 4, 5, 6-tetra-
fluoronicotinic acid was recovered. This was not altogether
surprising as it had been reported3 that carbonation of pentafluoro-
phenyl magnesium halides in diethyl ether gives very poor yields of

9

pentafluorobenzoic acid. Later work” showed that the yields were
considerably improved when tetrahydrofuran was used as solvent.
With this in view, the experiment was repeated under the same

conditions except that the hydrofluorcopyridine was dissolved in

T.H.F. and cooled to -7000. The alkyl Grignard reagent, in disthyl

ether, was added at -70°C and the mixture allowed to warm slowly to
0°c. Carbon dioxide was passed into the reaction ato°c and, after
acidification and ether extraction, 2, 4, 5, 6-tetrafluoronicotinic
acid was recovered in 2% yield. Apparently, the presence of
diethyl ether in the system was sufficient to stablise the fluoro~
pyridyl Grignard reagent against reaction with carbon dioxide.
Because considerably more success was being achieved using poly-

fluoropyridyl lithium derivatives at this time, the exchange

reactions of Grignard reagents was pursued no further.
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Catélytic Reduction of Perfluoro and Chlorofluoro-— yridines

Highly fluorinated pyridines containing hydrogen and chlorine
can be prepared by the reaction of anhydrous potassium fluoride on
tetra chloropyridines10 but, attempts to replace all of the
chlorine by fluorine caused decomposition so that the tetra-
fluoropyridines were not directly available via this route. The
symmetrical 2, 4, 6-trifluoropyridine can however be prepared by the
halogen exchange reaction on the corresponding trichloropyri.dine._l1

As this was the state of affairs when work was begun, it seemed
reagonable to explore the possibilities of reducing the highly
fluorinated pyridines, which were available by the fluorination of
pentachloropyridine, with the intention of producing pyridines
containing only fluorine and hydrogen as substituents. It was
thoﬁgggméﬁat if this could be accomplished, the hydrogen in the
molecule would probably act as a reactive centre and prove these
compounds to be valusble intermediates in the synthesis of new

derivatives. This has, in fact, been shown to be the case.

The method used for the reduction of the perfluoroe- and
chlorofluoropyridines involved the passage of the vapour of the
pyridine derivative on a stream of dry hydrogen over a heated
catalyst consisting of palladium on activated charcoal. This
method had previously been applied to the replacement of aromatic

chlorine by hydrogen.12
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The catalyst, 10% palladium and 90% activated charcoal, was
prepared by dissolving a palladium salt or palladium hydroxide in
dilute hydrochloric acid and adding hot activated charcoal. The
palladium was deposited on the surface of the carbon and most of
the water was removed by evaporation. Final drying of the
catalyst was effected by warming under vacuum followed by heating
to 30000 in a current of dry nitrogen. The catalyst was
maintained at 200° - 30000 between reduction experiments to prevent

the absopption of moisture.

The reduction apparatus (Fig.#,paggi7z) consiated of a flow
meter through which the dry hydrogen passed before entering a flash

distillation unit, from where the vapour of the compound to be

reduced was earried on the current of hydrogen into a silica tube
packed with the catalyst and heated by an electric furnace. The
emergent product was condensed in a trap cooled in liquid air and

the excess hydrogen allowed to escepe through a window,

Chlorine in 3-chlorotetrafluoropyridine was replaced by
bydrogen in preference to fluorine. Thus when 3-dhlorotetra—
fluoropyridine was passed, in a stream of dry hydrogen (50 ml/min),
over the catalyst at 25000, the principal product was 2, 4, 5, 6-
tetrafluoropyridine (v75% yield). However, this was accompanied

by a small amount (V5%) of 2, 5, 6-trifluoropyridine resulting from
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the replacement of the 4-fluorine in the starting material.

H
X A SXE e N
F H /Pd/C F + F
P L
250°¢C N N
75% 5%

The reaction temperature and hydrogen flow rate quoted above
were those found to give the optimum  yield of 2, 4, 5, 6-tetra—
flucropyridine. A higher catalyst temperature caused a greater
oroportion of 2, 5, 6-trifluoropyridine to be formed. When a lower
flow rate and/or temperature was employed unreacted 3-chlorotetra-

fluoropyridine was recovered together with the products at the end

i of the reaction. Similarly, by trial and error it was found that
_ﬁhen using apparatus of these dimensigns (see EXPERIMENTAL SébTION)
the most efficient rate of addition of 3-chlorotetrafluoropyridine
was of the order 0-1 gm/min. If the rate of addition was greater
than this, incomplete reaction occurred and starting material was
recovered, Slower addition made the time of a reaction unnecessarily
long. Presumably, if a larger apparatus, containing more catalyst,
were employed the through-put would be greater.

With experiments on the scale reported, at least 1 gm. of 3-
chlorotetrafluoropyridine was required before useful products were
obtained.

After all the starting material had been flash-distilled the

apparatus was swept with hydrogen for a further two hours in order
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that all of the product absorbed by the catalyst would be carried

into the liquid air trap.

When 3, 5-dichlorotrifluoropyridine was passed tﬁrough the
reductor, again preferential replacement of chlorine over fluorine
by  hydrogen was shown to occur. Using the same experimental
technique as that employed in the reduction of the monochloro-
compound, but carrying the dichlorotrifluoropyridine vapour on a
current of hydrogen flowing at 80 ml/min, over the catalyst at a
temperature of 280°C, a single compound was produced. This was
shown to be 2, 4, 6-trifluoropyridine (75% yield), i.e. both
chlorine atoms had been replaced without substitution of a fluorine

atom.

Cl SN0l  Hy/P4/C BN\
280°, 80 ml/minl ¥
N N
T5% yield

Under different reaction copnditions, with a catalyst temperature
of 290°C and a hydrogen flow rate of 100 ml/min, thrée products
were isolated. These were 3-chloro-2, 4, 6-trifluoropyridine,

2, 4, 6-trifluoropyridine and 2, 6-difluoropyridine, demonstrating
the stepwise replacement of first one chlorine, then the seqond

chlorine followed by replacement of the 4-fluorine.
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"X\C1 HPd/C 100 ml/min  H N\C1 X\ H .
] T ” '+ | * | + gl
N 290°¢ N NZ '

50 mole ¥ 20 mole 4 30 mole %

The higher temperature in this second case enabled the
replacement of fluorine to occur but because of the high flow rate
the compounds were swept through the apparatus before complete
substitution could take place. Presumably by using a lower flow

rate and/or higher temperatures a greater proportion of the dihydro-

and trihydro-oyridines would be produced.

When conditions intermediate between those which produced only
2, 4, 6-trifluoropyridine, and those which produced 2, 6-difluoro-
pyridine were used;- the relative proportions of the three products

described above varied as expected.

Following the observation that replacement of fluorine was
posgsible using this technique it was decided to investigate the
catalytic reduction of pentafluoropyridine. Pentafluoropyridine
was pagssed through the reductor, with a catalyst temperature of
32000. Considerable decomposition occurred and the product trap
was shown to contain principally unreacted pentafluoropyridine
together with 2, 3, 5, 6-tetrafluoropyridine (30% yield), 3, 4, 5,

6-tetrafluoropyridine (5% yield) and 2, 4, 5, 6-tetrafluoropyridine
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(€1% wield).

N N
| F H,/Pd/C 60 ml/min | F
N7 320°¢ N

With reaction temperatures less than 32000, lower yields of
hydrofluorocompounds were obtained as illustrated by the experiment
conducted with the catalyst temperature at 25000 when conversion of
pentafluoropyridine produced 2, 3, 5, 6-tetrafluoropyridine and 3, 4,
5, 6-tetrafluoropyridine in only 15% and 3% yield respectively.

In eitperiments where catalyst temperatures higher than 320°c
were employed, excessive decomposition tended to accur and the yields
of hydrofluoropyridines wére very low. The exterit of breakdownof—-
the perfluorocompound was so great that the catalyst soon became
poisoned and inefficient. The hydrogen fluoride produced in the
decompogition eventually destroyed the silica furnace tube
necessitating its replacement together with the catalyst.

Thus, the best yields of monohydrofluoropyridines from penta-
fluoropyridine were obtained by carrying out the reduction at 32000,
and recycling the product until a good conversion was obtained.

Obviously, the larger the number of such recycling operations,
the greater the amount of decomposition which occurred, but this

procedure was necessary in order to reduce the proportion of

unreacted pentafluoropyridine relative to 3, 4, 5, 6-tetrafluoro-
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pyridine so that a vapour phase chromatograph;c separation of these
two compounds, which had very similar retention times, could be

effected.

The results of the catalytic reduction of these fluorinated
pyridines are interesting for a number of reasons.

In none of the experiments performed was a compound isolated in
which addition of hydrogen had occurred to destroy the aromatic
character of the system, i.e. only substitution took place. This
is quite ‘different from the case of pyridine which is very easily
reduced by a number of techniques including both chemical and
catalytic methods.

Typical of the chemical methods of reduction _is the reaction of
13

pyridine with sodium in ethanol, the mechanism of which is
believed to involve the initial addition of sodium to the ring.
Proton abstraction from the solvent then produces hydropyridines .-

although normally the reaction proceeds all the way to the piperidine

derivative.
+
Na H H '
L ¥ R y !
na Na Na H H
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Most catalysts which have been used for the addition of
hydrogen to multiple linkages have also been used for reduction
of pyridines to piperidines e.g. H2/Raney nickel at 12006.
Reduction with noble metal catalysts proceeds smoothly even at
20°C when the bases are in the form of hydrochlorides; the free
bases tend to poison the catalyst presumably because they are
strongly absorbed on the active surface. Using a 5% rodium
carbonl4 catalyst at 55° - 60°C reductions have been performed
in the absence of acid.

Apart from this aspect of the difference in the susceptibility
to hydrogenation between pyridine and its fluorinated anologues,
it is interesting to compare the products Obtainéd from the
hydrogenation, which ig_g_freé radical Egaqjiog, aqd qgglgophi{ic

reactions of pentafluoro- and chlorofluoropyridines-.

As previously discussed in some detail (page 167 ), 3-chlcro-
tetrafluoropyridine and 3, 5-dichlorotrifluoropyridne are highly
susceptible to nucleophilic attack but in none of the reactions
repo:rtedl5 was chlorine replaced, i.e. 211 the nucleophilic reagents
preferentially replaced a fluorine atom in an oJ-or ¥-position.
However, when these same chlorofluoro-compounds were reacted with
hydrogen in the present of the catalyst preferential replacement
of chlorine occurred and only when all the available chlorine had been

removed was fluorine substituted.
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The difference in the results of the two types of substitution
is apparently cause@ by the different factors which govern the mode
of attack of nucleophiles and free radicals.

In the one case, nucleophilic reagents will primarily attack
those carbon atoms of lowest electron density, which in the poly-
fluoropyridine system, are in the 2, 4, é—positions, the ¥-position
normally being most susceptible, although, as explained (page 108 )
steric considerations often have some bearing on the result.

In the catalytic reduction process, on the other hand, free
radical substitution will occur at the weakest bond. Thus in the
chlorofluoropyridines, the chlorine-carbon bonds are weaker than the

fluorine-carbon bonds and so the attacking atom substitutes chlorine

Py.Cl + H —— Py" + HC1

Py" + B, — PyH 4+ H'

When no chlorine is present in the molecule, as with penta-
fluoropyridine, the hydrogen atoms will preferentially replace the
fluorine atom whose bond with the ring carbon is weakest. The
experimental evidence would seem to suggest that the weakest bond is -
the one formed by the fluorine in the 4-position. This is not
surprising as this position is unique in not having a para
fluorine atom which could increazse the electron density in the
carbon-fluorine bond region by mesomeric electron release. Further,

as had been demonstrated in other situation, the ring nitrogen
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maintains its overriding influence on the electroniec arrangements
within the polyfluoropyridines and so it is not unlikely that its
electronegativity will cause electrons to be withdrawn from the
carbon-fluorine bond region with subsequent fu;ther weakeﬁing
of that linkage. This argument is borne out by the obaservation
that the second most susceptible fluorine to replacement in penta-
fluoropyridine is that in position-2, i.e. adjacent to the
electronegative nitrogen atom. The fluorine in position-=3 is
substituted only to a very slight degree producing 2, 4, 5, 6-
tetrafiluoropyridine.

The overall picture of free radical attack by hydrogen atoms
in pentafluoropyridine shows that although replacement is preferred
at_definiie_pqaihigngb_1)41> B specificity of substitution is
not nearly so marked as in nucleophilic substitution in the same

compound.
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Attempted Sulphonation of Hydrofluoropyridines

The development of the catalytice reduction of pentafluoro-
and chlorofluoropyridines to give highly fluorinated pyridines
containing hydrogen provided starting materials to investigate
the possibilities of electrophilic substitution in these new
compounds.

In a few tentative experiments the reactions of oleum (20%
sulphur trioxide) with tetrafluoro- and trifluoropyridines were
investigated, but little success was achieved.

2, 4, 5, 6=Tetrafluoropyridine was stirred with oleum for 48
hours at room temperature. After pouring onto crushed ice and
extracting with ether, starting material was recovered and no
eléctFfophilic substitution -of the hydregen atom—to give 2, .4, 5, .
6-tetrafluoropyridine sulphonic acid had occurred.

In a similar experiment, 2, 4, 6-trifluoropyridine was stirred
with oleum for 6 days. Again, apparently no reaction took place
and no sulphonic acid was isolated. When the same di-hydrofluoro-
pyridine was heated with oleum to 200°C for 24 hours complete

decomposition occurred and no useful products were recovered.

The conditions of the first two experiments were very similar
to those employed in the electrophilic sulphonatioh of pentafluoro-
benzene3 when the desired pentafluorobenzene sulphonic acid was

produced in good yield.
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This result, that the hydrofluoropyridines are much less
susceptible to electrophilic substitution than pentafluorobenzene
is not surprising since pyridine itself is considerably more
resistant to electrophilic attack than_is benzene. Benzene is
sulphonated by conc. sulphuric acid at 150°G whereas a temperature
of 35000 is required to produce pyridine 3-sulphonic acid.

Further, it has been shown by n.m.r. measurementsl6 that the
nitrogen atom in pentafluoropyridine is highly protonated in conc.
sulphuric acid, thus it seems reasonable to suppose that the hydro-
ii . fluoropyridines will likewise be protonated in the same medium.

This pyridinium ion, as previously illustrated (page L0 ), will be

even le ss susceptible to electrophilie attack, because of the
additional positive charge in the ring, than the unprotonated

moleculs .

These conclusions demonstrate that even in highly fluorinated
pyridines the overriding feature governing the reaction is the
ability of the ring nitrogen to participate electromically in the

system in the same way as in unsubstituted pyridine.

Perhaps sulphonation may be achieved using a temperature inter-
mediate between that of the room and 200°C, at which decomposition,
probably initiated by attack of an anionic species in the oleum on

the 4-position, occurs.
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Preparation of Lithium derivatives of Polyfluoropyridines

Pyridyl-lithium derivatives have been prepared from halogeno-

pyridines by halogen metal exchange with n-butyl lithium17, and by
direct metallation with lithiumlh8 in the same way as phenyl-

1
lithium 95 20, 21compounds have been formed.

All these organo-lithium derivatives have been shown to be
useful intermediates in the synthesis of new compounds and
generally react in a similar fashion to the corresponding Grignard
reagents.

Because the Grignard reagents prepared from 3-chlorotetra-
fluoropyridine and 3, 5=-dichlorotrifluoropyridine were not
altogether satisfactory as synthetic intermediates oving to their

tendency to decompose, it was decided to explore the possibilities

of preparing the corresponding lithium derivatives from the hydro-

fluoropyridines prepareg by the catalytic reduction technique.

It was hoped to bring about the exchange reaction:-

NGE % U
F + Buli ﬂ:.;\\] <+ BuH

& .
N

This would, it was anticipated, go through to completion as it was
essentially an acid base reaction in which the hydrogen of butane
was considerably less acidic than that attached to the pyridine
ring. During the course of this work Tamborski and coworkers

reported a similar series of reactions with hydrofluorobenzenes.
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Initial experiments showed that 2, 4, 5, 6-tetrafluoropyridine
reacted violently when added quickly to butyl lithium in hexane even
when cooled to —6500. The rapid addition of the reactants
obviously caused localised heating and the reaction ran out of
control producing only a brown polymeric solid,.presumably formed
in the same way as that formed during the decomposition of the
Grignard reagents, although in this case there is also the added
complication of nucleophilic substitution of fluorine atoms by butyl
ions.

In the next experiment the same reactants were mixed slowly at
a temperature of -75°C in a Zerwittenoff flask and then allowed to
warm to OOC, when a violent reaction occurred. Carbon dioxide

wag then passed into the mixture and after acidification and work up

the product was shown to be polymefic polyfluo;opyridine carﬁoxylié.
acids, very similar to those obtained by carbonation of the
decomposing Grignard reagents.

These exploratory experiments indicated that in order to achieve
a controlled exchange reaclion, and to obtain a useful derivative
from the polyfluoropyridyl lithium compound the reactants must be
added slowly and maintained at a low température.

Acting upon these conclusions, all subsequent reactions were
conducted in the apparatus shown in Fig & (page i35 ). This
enabled the slow addition of the reactants with rapid stirring by a
teflon covered magnet. Also, the end of the dropping fumnel was

arranged so that the solution would run down the cooled wall of the
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flask before coming into contact with the other reactant, tending
to minimise the effect of localised heating. Using this apparatus,
butyl lithium in hexane was added to a stirred solutian of 2, 4, 5,
6-tetrafluoropyridine at -60°c.  After 15 minutes a dense white
precipitate, presumably the lithio-derivative had formed and while
the temperature was maintained at -60°C, dry carbon dioxide was
passed into the reaction for 30 minutes. The mixture was allowed

to warm to room temperature with CO, passing end then dilute

2

hydrochloric acid was added. After ether extraction, the product

was shown to be 2, 4, 5, 6-tetrafluoronicotinic acid in 62% yield.

\\\H Li
| F BuLi i) co
——— ——-———L+—
~ N7 -60°¢ ii) HC1

This method of preparing 2, 4, 5, 6-tetrafluoropyridyl lithium
was repeated and the lithium compound further characterised by its
reaction with methyl ethyl ketone to give methyl ethyl (2, 4, 5, 6-

tetrafluoropyridyl) carbinol in 48% yield.

CH
Li
~F ~0 N | 3
| F BuLi F | i) Memtco [ F - C— G,
g 0. . ) g _ |
N -60°C N -60°c N OH

ii) HC1
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; Obviously, this lithium derivative reacts in the normal
manner expected for such compounds and therefore affords a
valuable route to all the analogous compounds prepared via
pentafluorophenyi lithium and Grignard reagents (page 4¢ ). Only
lack of. time prevénted thg application of this method to the

preparation of a whole series of F—substituted polyfluoropyridines.
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Preparation of Polyfluoropyridine Carboxylic Acids

Having established that the hydrogen atom in 2, 4, 5, 6-tetra-
fluoropyridine under went an exchange process with butyl lithium to
give the expected tetrafluoropyridyl lithium, which would undergo
the characteristic reactions of such & compound and since several
other hydrofliioropyridines were available, it was interesting to see
if the hydrogen ztoms in these compoundé would also allow metallation
to occur and so efford a generally applicable route to d—,P—-and ¥-
substituted fluoropyridines.

Because of the convenisnce of preparing and isolating the
cdrboxylic acid derivative, the variously substituted lithium
polyfluoropyridyls were reacted with carbon dioxide to characterise

the organo-metallic compound.

When 3-lithio-tetrafluoropyridine in hexane was reacted with
carbon dioxide it had been shown that tetrafluoronicotinic acid was
produced in 62% yield. However, later work indicatsd that this
could be improved considerably by using diethyl ether as solvent

when the carboxylic acid was produced in 99% crude yield.

Following this observation, 2, 3, 4, 5-tetrafluoropyridine in
diethyl ether was mixed with butyl lithium in a mixed solvent of
hexane and diethyl ether at -70°C. Carbonation at this temperature
produced 3, 4, 5, 6-tetrafluoropicolinic acid, demonstrating that the

2-1lithio derivative had been formed.
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BuLi ether | N
—_——
-70%C q# CooH 57%

It seems reasonable to suppose that if 2-1ithio-tetraf1ﬁoro-
pyridine reacts with carbon dioxide then it will undergo other
normal reactions and lead to a whole series of 2-substituted tetra-
fluoropyridines. The obvious disadvantage of this is the fact that
2, 3, 4, 5-tetrafluoropyridine is, as yet; not readily avéilahle, and
is produced only in small yield by the catalytic reduction of penta-

fluoropyridine.

Tetrafluoroisonicotinic acid was prepared in 50% yield by

carbonation of a mixture of é; 3;-5; 6-tetrafiuoropjri&€ﬁé_aﬁa butyi

lithium in hexane at -5500.

Li COOH

H
i F\ BuLi hexane ./F\. i) co, /F\
| .

| —
N/) -55°¢C kn/) ii) HCl \-N’)

It is interesting to observe that this reaction occurs, although
it is not nearly so significant as the previous examples since
polyfluoropyridines with substituents in the 4-position are readily
vrepared by methods invelving nucleophilic substitution in penta-

fluoropyridine.
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As described in the-section on the catalytic reduction of
chlorofluoropyridines, two isomers of dihydrotrifluoropyridine
were available and it was decided to investigate whether or not
it would be possible to prepare di-lithio fluoropyridines and
subsequent derivatives from these.

2, 4, 6-Trifluoropyridine was dissolved in hexane and cooléd to
-60°C. Butyl Lithium in hexane was added and after 15 minutes at
-60°C e dense white precipitate had formed. Carbonation of this
followed by work up in the usual manner, produced 2, 4, 6-tri-

fluoronicotinic acid in 65% yield, with no di-acid being isolated.

H Xy H
‘ F | Buli hexang
N7 ~60°¢ -

In separate experiments, even when large volumes of hexane
were used as solvent, no di-carboxylic acid was produced.
Presumably this wes because the mono lithio-derivative was so
insoluble in hexane that precipitation occurred thus preventing the
replacement of the second hydrogen atom by lithium,

In order to achieve bi-metallation in the same molecule it
appeared to be necessary to use a solvent in which the mono-lithium
compound is soluble and so allow a homogeneoﬁs exchange reaction.

A number of experiments were carried out in which tetrahydro-

furan was used as solvent, but it was discovered that when reaction
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temperatures higher than -7500 were employed only poor yields of

2, 4, 6-trifluoronicotinic acid were obtained and no dicarboxylic
acid was isolated. The main product was involatile polymeric
pyridine carboxylic acids similar to those produced by the
carbonation of decomposing poly-fluoropyridyl Grignard reagents.
However, when the exchange reaction befween 2, 4, 6-tetrafluoro-
pyridine and butyl lithium was conducted in this same solvent at
-7500, a dense pale orange precipitate was formed after 15 minutes.
Carbon dioxide, diluted with an equal volume of nitrogen, was then
passed into the mixture which was worked up in the usual fashion to
give a mixture of 2, 4, 6-trifluoronicotinic and 2, 4, 6-trifluoro-
pyridine-3, 5-dicarboxylic acid, demonstrating that in this system

‘the 3, 5-dilithio trifluoropyridine had been formed.

H \ H, H \ Li Li‘ \ Li
F BlﬂJi,T-H-F- I F . _‘—
z ) 0 // A
-75°C N N
1) G0,
ii){HC1
HOOC Xy, COOH
P
P

N
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The other dihydrotrifluoropyridine which was readily
available was the isomer 2, 5, 6-trifluoropyridine. This compound
raised the problem of whether the two adjacent hydrogen atoms would
be sufficiently acidic to participate in an exchange metallation
reaction. Tamborski7 had shown that for Grignard'exchange to occur
in the hydrofluorobenzenes it was essential for the hydrogen atom to
have two otho fluorine atoms, i.e. 1, 2, 4, 5-tetrafluocrobenzene
would undergo exchange, whereas 1, 2, 3, 4-tetrafluorobenzene would
not undergo exchange metallation with Grignard reagents. It was
found that bi-metallation did occur when 2, 5, 6-trifluoropyridine
was mixed with butyl lithium in T.H.F. at -7800. 3, 4-Dilithio-~
trifluoropyridine was characterised by its reaction with carbon
dioxide_to produce the_expected 2, 5, 6-trifluoropyridine-3, 4-
dicarboxylic acid. Some mono carboxylic acid, too mmall a quantity

to permit characterisation, was also produced in the reaction

demonstrating that bi-metallation had not gone through to completion.

H Li Li H
l F\ i Bul.i, T.H.F. ‘ F\Ll | “\F\‘H and/or @Ll
. T =
N# - 18°¢C N N7 N7

i) €O, i) co,

ii) HC1 ii) HC1

COOH H
Y, CO0H FPOOH

N~z
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The results of the experiments just described indicate that
with the variety of hydrofluoropyridines investigated metallation
is generally applicable and the resultant lithium derivatives will

be useful in the synthesis of many substituted polyfluoropyridines.
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Strengths of Polyfluoropyridine Carboxylic Acids

The dissociation constants of the polyfluoropyridine
carboxylic acids synthesised in the previous section were
determined by potentiometric titration in aqeous solution against
standard sodium hydroxide solution.

The pKa value was calculated from the pH value at half
equivalence point according to the Henderson equation.

The dissociation of an acid can be represented as:-

HA ———= H'4 &~
where Ka ::[ﬁf] [A-] / [Hé] (Ka - dissociation const.)
and the Henderson equation states
pH = pKa + log [SaHz] / I:acid] .
_Therefore at half equivalence where, [ﬁalt] ::[hcié]
| Ka = pH

The values of pKa for the acids which have been prepared are
recorded in Table IV, together with the values for benzoic, penta-
fluorobenzoic, and pyridine carboxylic acids. The latter are those
for the dissociation according to eqtn?SII and not eqtn?4 I (ses
below) .

It is first necessary to consider the effect of dissplving a
pyridine carboxylic acid in water, since the equilibria set up are
not nearly so simple as those with acids which do not.have an

internal base, the nitrogen atom, which can react with a proton.

2
This problem has been discussed in the literature 3 where
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the existence of the acids in the zwitter ion form is explained.

X, COOH X, €00~
s, -~
‘N N/
g+

The dissociation constants (Kl and Kz) have been measured23’ 24

for the loss of one and two protons from the protonated

undissociated acid.

_ \\ COOH )
OH | :
o 7
N\ COOH R -
) 1
N N -
Co0
mt it | gt
- H+ - Egqtn I

It is eclear however that these constants apvly to the equilibrium
mixture of the acid and its zwitter ion.

In order to evaluate the equilibrium constant for the ionisation
of the pyridine acids, so that comparison with acids not containing
an internal base can be made, it is necessary to determine the

constant for the equilibrium.
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POLYFLUOROPYRIDINE CARBOXYLIC ACIDS

- EQ. WT.
FOUND THEORY
208 212
191 195
175 177
192 195
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TABLE IV  STRENGTHS OF POLYFLUOROPYRIDINE CARBOXLIC ACIDS

(contd) EQ. WT
ACID pKa FOUND THEORY
| F 3.96 192 195
N/ COOH
HOOG~ X COOH
I F 3.33 111-8 1105

COOH
X COOH
ﬂ:j;i] 3-30 114 110-5
L
N

/ These values are for the dissociation of a proton from a
carboxyl group attached to a ring which does not contain a
protonated nitrogen atom.

X This disagrees with the value of 0.8 given by Tetlow and coworkers,
but Professor Tatlow has informed us that the published value is

incorrect.
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+
+ 50 — | + HO Eqtn. II

Green and Tong25 have assumed that the equilibrium constant for the
loss of a proton from the nitrogen atom of the acids is the same as
for the corresponding methyl esters and in this way they were able

t0 calculate the desired equilibrium constant and pKa value for the

acid dissociation according to equation II.

The most significant feature of the results obtained is that
whereas nicotinic and isonicotinic acids, when considering the
dissociation as represented in equation II, are ccnsiderably stronger
than benzoic acid, as—w0u1d~he~expeeted-sincs~a—§me¢on_shaﬁldmbe_losi
more readily from an acid function attached to a positively charged
ring, the corresponding tetrafluoro-nicotinic and isonicotinic acids
are of similar strength to that of pentafluorobenzoic acid. This
difference between the two series must be due to the considerably
reduced basic character of the nitrogen atom in polyfluoropyridine
systems. Because of this reduction in the basisity of the nitrogen
and the subsequent rgduction in degree of protonation occurring, the
pKa results obtained by the direct measurement technigue employed will
give values which are very nearly those of the desired equilibria,

e.g. tetrafluoronicotinic acid will dissociate as follows:-
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X, C00H X C00”
F _ | » | + ®*
N N

This argument is borne out by the results of n.m.r.
measurements by Emsley and Phillips16 who have shown that in acid
! solution of comparable strength to the polyfluoropyridine
carboxylic acids, a negligible degree of protonation of the
nitrogen in perfluoropyridine occurs. However, it must be noted
that a very small amount of self protonation is observed in the

n.m.r. spectra of the polyfluoropyridine'acids.

It can be seen that the presence of several fluorine atoms is
the most important factor affecting the strength of the poly-
fIuoropyridine carboxylic- acide. since the differences in strength
between the various acids is generally quite small. Because of
these small differences and because the experimental accuracy is
not easy to calculate, it is only possible to discuss trends in the
pKa values of the various acids measured.

Of the mono-carboxylic acids measured tetrafluoroisonicotinic
acid was the strongest. This is probably due to one or both of
the following factors. (a) the 4-position is unique in that it
does not have a para fluorine atom which could have an acid weakening -
effect due to mesomeric electron release, or, (b) the carbon atom in
the 4-position is rendered the most positive by the influence of the

ring nitrogen atom. (This has been demonstrated by the results of

nucleophilic substitution on polyfluoropyridines).
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The strength of tetrafluoronicotiniec acid is slightly less
than that of its 4-substituted isomer; this could well be due to
the reasons cited above, i.e. the 3-carboxylic acid group does have
a para fluorine substituent and the position is not able to
conjugate mesomerically with the ring nitrogen with the resultant
relaetive reduction in the positive charge on that carbon atom.

2, 4, 6-Trifluoronicotinic acid is weaker than the fully
fluorinated nicotinic acid, demonstrating the effect of the
withdrawal of electrons from the ring by fluorine atoms with
subgsequent increase in acid strength.

It might have been expected that tetrafluoropicolinic acid
would be of greater strength than tetrafluoronicotinic acid
because of the proximity of the point of attachment on the ring of
the functional group to the electronegative nitrogen atom. However,
this was found not to be thecase, in fact tetrafluoropicolinic aciad
was the weakest of all the acids measured. This would suggest
that the adjacent nitrogen played some role other than one of
reducing the electron density on the carbon in position 2. It is
interesting that the same effect is observed in the hydrogen series
of pyridine acids and would seem to indicate that some kind of

intramolecular bonding occurred of the type:-
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which would cause the proton in this position to be less readily
removed, relative to those in the nicotinic and isonicotinie
acids which cannot form analogous structures.

The other important feature which would have an effect on the
acid strength of tetrafluoropicolinic acid is that the carboxyl
group in this position has only one fluorine atom as neighbour,
whereas the carboxyl group in both tetrafluoro-nicotinic and
tetrafluoroisonicotinic acids has two other fluorine atoms.

When the values of pKa for the dicarboxylic acids were
determined only one dissociation was obviocus from the titration
curve indicating that the second dissociation constant was
considerably less than the first.

The value obtained for 2, 4, 6-trifluoropyridine-3, 5-di-
carboxylic acid showed that this was a stronger acid than tetra-=
fluoronicotinic acid suggesting that the resultant electron
withdrawal effect of the carboxyl group in the S5-position was
greater than that of a fluorine in the same position. Unfortunately,
due to impurity, the sample of 2, 5, 6-trifluoropyridine-3, 4-di-
carboxylic acid did not give a pKa value of sufficient accuracy
to say any more than that this acid was of a strength comparable
with that of tetrafluoroisonicotinic acid and 2, 4, 6-trifluoro-

3, 5-dicarboxylic acid.
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Preparation of Polyfluoropyridine Mercury Compounds

In view of the current interest in perfluoroalkyl and per-
fluoroarylzs’ 21 compounds of metals and metalliods it was decided
to consider the possibilities of preparing compounds which would
involve bonding between perfluoropyridyl functions and metals.

Recently, a useful route to pentafluorophenyl mercurials has
been reported.28 This involved the decarboxylation of mercury salts
of fluorophenyl carboxylic acids, and, since several carboxylic acid
derivatives of polyfluoropyridines were readily available by
carbonation of the corresponding polyfluoropyridyl lithium compounds,

the application of this method to the preparation of perfluoropyridyl

mercurials was studied.

Mercuric (2, 4, 5, 6-tetrafluoronicotinate) was prepared by adding
an aqueous solution of 2, 4, 5, 6-tetrafluoronicotinic acid to an
aqueous solution of the corresponding amount of mercuric acetate.

The insoluble mercuric perfluoronicotinate precipitated, was
filtered and dried. This salt,obtaiined in 81% yield, was involatile
and melted with decomposition at 225°C.

Decarboxylation proceeded smoothly when it was heated under

reduced pressure to a temperature just above its melting point.
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X COOH o . C00 4

F 4 Hg(OAc)2 — P Hg <4 2HOAc
s o .

‘N N

\COO .
| omet .._A_-> | P Hg_'| Fo + 200,
2 p/
2 N ‘N

A white solid, formed during the decarboxylation, sublimed and was

shown to be bis (2, 4, 5, 6-tetrafluoropyridyl) mercury, which

)
melted at 200 C without apparent decomposition. The thermal

stability of this compound would therefore seem to be comparable
) with that of bis pentafluorophenyl mercury which remains unchanged
o, 29

even after 5 hours at 250 C. This observation on the thermal

stability of the perfluoropyridyl mercurial is consistent with

reports by other workers,3o’ 31

that the introduction of electron-
withdrawing substituents tends to enhance the thermal stability of
aryl-mercurials.

Further demonstration of the extent of electron-withdrawal by
the tetrafluoropyridyl group, is the observation that bis (2, 4, 5,
6-tetrafluoropyridyl) mercury is capable of forming & stable co-
ordination compound with 2, 2'-bipyridyl. This was prepared simply

by mixing a benzene/hexane solution of the mercurial with a solution

of 2, 2'-bipyridyl in benzense. The adduct crystallised preferentially
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to give a white solid melting at 142o - 300.

The formation of this co-ordination compound is remarkable in
that, together with the bispentafluorophenyl- and cyanide derivatives,
these are the only reported compounds in which mercury involved in a
linkage with carbon has sufficient electron-accepting capacity to
enable neutral co-ordination complexes to be isolated. It is
interesting to note that methylpentafluorophenyl- , pentafluoro-
phenylphenyl= , dimethyl- and diphenyl- mercury do not form

complexes with bipyridyl.

By the decarboxylation of mercuric salts of other polyfluoropyridinf
carboxylic acids it seems likely that isomers of the mercurial
described above will be prepared.

Investigations into the cleavage reactions, by reagents such

as hydrogen chloride, bromine and::other mercurials, of these bis

polyfluoropyridyl mercurials may provide some interesting reactions.

Another route to perfluoropyridyl mercurials was tentatively
investigated. This involved the reaction of a per-fluoropyridyl
lithium derivative with mercuric bromide.

2, 4, 5, 6-Tetrafluoropyridyl lithium, prepazed by low
temperature metallation of 2, 4, 5, 6-tetrafluoropyridine with
butyl lithium in hesgane, was'allowed to rezct with a slurry of

. . . . . ]
mercuric bromide in hexane while warming from -60 C to room
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temperature. The white solid volatile product was shown by infra
red spectroscopy to contain polyfluoropyridyl units as well as
carboh-hydrogen functions. Elemental analysis and melting point
demonstrated that no single pure product was obtained even after
sublimation and recrystallisation. However, the separation of the
products, which probably consisted of a mixture of unreacted
mercuric bromide together with mixed alkyl- and fluoropyridyl-
mercurials, could probably be effected if the experiment were
carried out on a larger scale.

Although this initial experiment was unsuccessful in that no
pure compound was isolated, it seems likely that if the reaction
could be developed to produce polyfludropyridyl mercurials then it
may also be used in the preparation of other polyfluoropyridyl
metal and metalloid compounds, considering the way in which penta-
fluorophenyl- Grignard reagents and lithium derivatives have been
applied to the synthesis of many pentafluorophenyl-metal and

metalloid compounds.29’ 32, 33
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Stability of Polyfluoropyridyl-metal Compounds
It has been shown that the stability of halogenophenyl-kithium

and. Grignard reagents depends on the orientation of the halogen in
the ring. Thus, while meta— and para-halogenophenyl lithium
compounds arerelatively stable, ortho-halogeno systems show a marked
instability in the order: o-Br) oCl) oF. The instability of such
compounds has been attributed to ready elimination of lithium halide

to form a benzyne19c’ 194

system, the transience of which has been

established in a number of ways, usually involving coupling reactions
) . 194 . 20

of the Diels-Alder type with furan y cyclopentadiene ,

anthracene, stc.

Highly fluorinated phenyl lithium and Grignard reagents however

are comparatively atable, presumadbly due to the eleciron withdrawal

of five fluorine atoms stabilising the carbanion, as is shown by the
observation that pentafluorophenyl magnesium bromide21 and 2-bromotetra
fluorophenyl magnesium bromide are largely unaffected by refluxing
diethyl ether, whereas o-:t‘luoro-:§4 and o-bromo-phenyl35 magnesium
halides are relatively unstable.

The relative stability of pentafluorophenyl lithium21 was further
demonstrated by its fairly slow reaction at 15°C in ethereal solution
with mercury to give bispentafluoro-phenylmercury.

With these considerations in mind, it might be expected that
tetrafluoropyridyl lithium and Grignard reagents would show a similar

stability to their perfluorophenyl anologues owing to the presence of
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four fluorine atoms and a nitrogen atom which could bring about
the stablisation of the carbanion. In fact, it has been shown
that 2, 3, 5, 6-tetrafluoropyridyl magnesium bromide5 and 4-lithio
tetrafluoropyridine11 are of comparable stability to the
corresponding pentafluorophenyl compounds, but 2, 4, 5, 6-tetra-
fluoropyridyl lithium and Grignard reagents are much less stable.
The instability of these latter compounds must be due to the
presence of a fluorine atom in the 4-position, adjacent to the
metallic function. A fluorine atom in this position has already
been shown to be very easily removed as fluoride ion and
presumably elimination of magnesium chlorofluoride ar lithium
fluoride in this way would impart a reactivity to 3-metallic per-
fluoropyridines comparable with that of the ortho-halogenophenyl

lithium and Grignard reagents discussed above.

As previously described, it is essential that 2, 4, 5, 6-tetra-
fluoropyridyi lithium is prepared at low temperatures, otherwise
decomposition occurs apd no useful products are obtained. When
methyl lithium and 2, 4, 5, 6-tetrafluoropyridine were mixed in an
ether/tetrahydrofuran solvent at ~70°C the desired tetrafluoro-
pyridyl lithium was formed. The mixture was allowed to warm slowly
and at approximately -40°C decomposition begsn to occur. When the
resction reached room temperature and was worked up the product was

found to be polyperfluoropyridylenes. This yellow polymer was
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involatile and did not melt below 300°C. The average molecular
weight was measured by vapour pressure osmometry and calculated to
be 1230, corresponding to a polymer consisting of 9 to 10

_(C5F3N)- units per molecule.

In order to establish the existence of a pyridyne forimed by the
elimination of lithium fluoride from 2, 4, 5, 6-tetrafluoropyridyl
lithium it was decided to investigate the reaction of thse
decomposing lithium compound with bromine in the hope that oxrtho
dibromotrifluoropyridine might be produced according to the reaction

scheme: -

Analytical scale v.p.c. of the reaction products showed that a
small quantity of two compounds of relatively long retention time
had been formed but all attemp%s to obtain pure samples of these
compounds failed as they appeared to decompose spontaneously. The
infra red spectrum of the impure compounds showed that they
contained polyfluoropyridine functions.

The major product (22% yield) from the reaction was 3-bromo-

tetrafluoropyridine; this %60 was unstable and decomposed on
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standing. Significantly, however, a small amount of 4-bromo-tetra-
fluoropyridine was also detected in the reaction mixture. As the
starting material, 2, 4, 5, 6-tetrafluoropyridine, was pure the
4-bromo compound could only have been formed by reaction with 4-
lithio-tetrafluoropyridine produced by the elimination of lithium

fluoride and its readdition, the other wayabout, to the pyridyne.
U Br
Br2 T/§§§ﬁ
NGl
N

§:> Br

L,
| LiF [j;ij Br, T/§§§
W L
"N N

Workers in Birmingham had characterised tetrafiuoro~bhenzyne by its

P

reaction with furan to give 5, 8-epoxy- 1, 2, 3, 4-tetrafluoro-5,
8-dihydronaphthalene. In an analogous manner it was hoped to
prepare a trifluoroisoquinoline derivative by the reaction of tri-

fluoropyrid-3-yne with furan.

AN

A N U7 N
l Fj — | F_ —0’—>-I F
N ‘N N#F

Unfortunately, when 3-lithio tetrafluoropyridine was allowed to warm
in furan solution, the sole product was a polyfluoropyridine polymer,
suggesting that the organo-metallic compound reacted preferentially

with itself.
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Thus, it can be seen that in a system containing 2, 4, 5, 6-
tetrafluoropyridyl lithium three types of reaction can occur.
These are:
1. Intermolecular elimination of fluoride ion, involving nucleophilic
attack by the carbanion of polyfluoro-pyridyl lithium with more
pyridyl lithium on the ¥-position, so giving polymeric material.

- Li
,‘,-:é-i ____\
. '\'Ll RN ./F\N etc.
2| F — | F <__/ - >
N _F L
N N

2. Intramolecular elimination of fluoride ion giving a trifluoro-
pyridyne, which will then react with its environment, be it the
leaving lithium fluoride, another component of the mixture, or
solvent.

and 3. The standard reaction of perfluoropyridyl lithium as a

synthetic intermediate.
e.8.
X i i) ¢o,

1 —————————————
"\F, ii) HCl
N

The course which any given reaction will take depends on whether
the desired controlled reaction can occur before decomposition of
the pyridyl lithium begins by reaction with itself,

These three types of reaction were demonstrated in a single

experiment when the preparation of 3-hydroxy-tetrafluoropyridine36
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was performed, using a method developed in these laboratories
for the synthesis of pentafluorophenol?

2, 4, 5, 6-Te£rafluoropyridy1 lithium was mixed with lithium
cumene peroxide, prepared by the addition of butyl lithium to
cumene hydroperoxide, in diethyl ether at -78°C and allowed to warm
relatively quickly to room temperature. The products were found to
be polymeric perfluoropyridines, formed by the intermolecular
reaction of the lithium compound, and a mixture of 3-hydroxy-and 4-=

hydroxy-tetrafluoropyridines.

‘he 3-hydroxy-compound was formed in the standard reaction of
the 3-lithio pyridyl with an organic peroxide38, but the 4-hydroxy
derivative must hewe arrived by way of an intramolecular elimination,
giving a pyridyne, followed by readdition of lithium fluoride and
the reaction of this product with lithium cumene peroxide.

(cH )2 C 00Li

Qm

/

//(#’ N (CH3(gu\30L1
L
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The same experiment was repeated but instead of allowing the
temperature to rise quickly to that of the room, the mixture was
maintained at -50°c for 30 minutes. ' The only product from this
reaction was 3-hydroxytetrafluoropyridine, i.e. no polymer and no
4-hydroxytetrafluoropyridine had been forméd, demonstrating that
the standard reaction occurred before intermolecular decomposition

or pyridyne formation could take place.




Chapter 6
EXPERIMENTAL WORK
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Preparation of Solvents for Metallation Reactions

Because of the susceptibility to hydrolysis of Grignard reagents
and organo-lithium compounds, it was essential that all solvents
used in reactions involving such compounds were dry. The methods
of drying employed are described below:-

Hexane

Hexane fraction boiling 68° - 70°C was distilled from

phosphorus pentoxide and stored over freshly prepared sodium wire.

Tetrahydrofuran

Tetrahydrofuran was reluxed with sodium for 3 hours, and stored
under dry nitrogen in a distillation apparatus containing lithium
aluminium hydride. The solvent was freshly distilled under
nitrogen as reguired.

Diethyl Ether

Diethyl ether was dried by extruding freshly prepared sodium
wire directly into the solvent until effervescence due to hydrogen
evolution ceased. The solvent was allowed to stand over sodium for
several days before use.

Di-n~-butyl ether

Di-n-butyl ether was dried in a manner similar to that employed

with diethyl ether.
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Preparation of Grignard Reagents of Polyhalogenopyridines

J-Chlorotetrafluoropyridine and Magnesium in Diethyl Ether

Magnesium (10 gm., 0-041 moles), activated by grinding with a
crystal of iodine, was placed in a two necked flask with dry diethyl
ether (10 mds) under an atmosphere of dry nitrogen. 3-Chlorotetra-
fluoropyridine (1 gm., 5-4 m.moles), mixed with 1, 2-dibromoethane,
(0-5 gm.) was added to the flask which was then warmed slightly.
Reaction occurred causing the ether to reflux. Dibromoethane (05 gm)
was added dropwise over a period of 3% hrs while the reaction was

maintained at reflux temperature by a water bath. The dark

solution was allowed Lo cool to room temperature and was hydrolysed
with water (15 mils.). The etherial leyer was separated, drisd
(MgSO4), and fractionated to remove almost all the ether. Analytical-
scale v.p.c. (di-n-decyl phthalate as stationary phase, 100°C)

showed the residue (0.8 gm) to contain approximately equal molar

quantities of unreacted 3-chlorotetrafluoropyridine and a product of

identical retention time to 2, 4, 5, 6-tetraflucropyridine.

3-Chlorotetrafluoropyridine and Magnesium in di-n-butyl ether

Magnesium (1lgm, 0041 moles), in dry di-n-butyl ether (10 mls),
was refluxed with ethylene dibromide (1.0 ml) for 10 mins. 3-Chloro-
tetrafluoropyridine (1+0 gm., 5°4 m.moles) was added slowly and the

thaction mixture warmed to reflux temperature when more ethylene
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dibromide (1+5 mls) was added intermittently over 1lhr. The mixture
was maintained at reflux over night causing a slight darkening in

the colour of the solution. After allowing to cool to room
temperature, water (10 ml) was added and the etherial layer separated
and dried.(MgSO4). Analyticel-scale v.p.®. (di-n-decyl phthalate as
stationary phase, IOOOC) showed that no 2, 4, 5, 6-tetrafluoro-
pyridine had heen produced. The starting material, 3-chlorotetra-

fluoropyridine was recovered unreacied.

3-Chlorotetrafluoropyridine and Magnesium in Tetrahydrofuran

Magnesium (0°5 gm., 0°021 moles), activated by grinding up with
a crystal of iodine, placed in a flask containing dry tetrahydro-
furan (10 mi.). 3-Chiorotetrafluoropyridine (1 gm., 5¢4 m.moles)
added to the flask, followed by two drops of ethylene dibromide.
A spontaneous reaction ensued causing the solvent to reflux. The
temperature of the mixture was maintained at 60°C for 1 hr, during
which time a very dark colour formed. After allowing to cool to
room temperature, water (10 ml) was added, veusing effasrvescence,
and the upper organic layer separated. Analyiical-gscale Vv.p.c.
(di-n-decyl phthalate as stationary phase, IOOOC) showed that all
the 3—chlorotetrafluoropyridiné had been consumed to produce a small
quantity of a compound of retention time coincident with 2, 4, 5, 6-
tetrafluoropyridine. Removal of the volatile components of the

organic layer gave a brown polymeric residue (O-8Igm), shown by infra
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red spectroscopy to contain fluoropyridine components.

3, 5-Dichlorotrifluoropyridine and Magnesium in di-ethyl ether

Magnesium (1 gm., 0°042 moles), in dry di-ethyl ether (10 ml),
was refluxed with ethylene dibromide (05 gm) for 10 mins. 3, 5=
dichlorotrifluoropyridine (1 gm., 4:95 m.moles) was added to the flask
which was then warmed to reflux temperature. Bthylene dibromide
(1 gm.) was added intermittently over 3 hrs while the reaction was
maintained at reflux. After allowing to cool to0 room temperature,

water (10 ml,) was added and the organic layer separated, drid

(Mgs0,), and most of the ether removed by fractionation. The

2)
residue (0*6 gm) was shown by analytical-scale v.p.c. (di-n-decyl
phthalate, 16000) to contain two principal components, one, present
in 60%, was of identical retention time to that of the starting
material, 3, 5-dichlorotrifluoropyridine, and the other (in 40%)
was of retention itime coincident with that of an authentic sample
of 2, 4, 6-trifluoro~3-chloropyridire. Isolation of this product

o} .
C) showed it

by preparative scale v.p.c. (di-n-decyl phthalate, 160
to have an identical i.r. spectrum to that of an authentic sample of

2, 4, 6-trifluoro-3-chloropyridine. (I.R. Spectrum N.il page2c7).

3—Chlorotetrafluoropyridine and Magnesium in T.H.F. followed by

Carbonation
To Magnesium (1 gm., 0-04Z moles), in dry tetrahydrofuran (10 ml)

was added 3-chlorotetrafluoropyridine (2 gm., 10°8 m.moles) at. room
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temperature. Ethylene dibrﬁmide (0°2 gm) was added to intiate

the reaction which, wis then maintained between 0°¢ and room
temperature for 2 hrs. Dry carvondioxide was then passed into

the reaction mixture at Ooc for 1 hr, after which water (10 ml) was
added followed by dilute hydrochloric acid (10 mls). The organic
layer was separated and pumped to remove the solvent leaving a
brown solid polymeric residue. The aqueous layer was extracted with
ether, the extracts combined and the solvent removed under vacuum
leaving a brown solid residue. The total solid residue (1°7 gm)
was shown by infra red spectroscopy to contain aromatic fluoro—_
pyridyl, carbowxyl and hydroxyl functions by their characteristic
absorption bands. The brown solid was soluble in 5N sodium
hydroxide solution and was precipitated when this solution was made
acid. All attempts to recrystallise the product failed, and it
was shown to be involatile by heating under vacuum without

sublimation,

3~Chlorotetrafluoropyridine and Magnesiuw in T.H.F, followed by

Carbonation
Hagnesium (2 gm., 0°084 moles) was activated by reaction with
methyl iodide (0-5 gm) ig tetrahydrofuran at room temperature. This
magnesium was then washed with ether and T.H.F. and transferred to
a separate flask containing tetrahydrofuran (20 ml) which was cooled

to 20°C. 3-Chlorotetrafluoropyridine (05 gm., 2°7 m.moles)
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followed by ethylene dibromide (02 gm), was added and a
spontaneous reaction occurred. The reaction temperature wes
maintained between -10°C and 0°C for 15 mins. during which time a
very dark colour was formed. Dry carbon dioxide was passed into
the reaction at -10°C and the temperature allowed to rise to that
of the room with carbon dioxide passing. Water (20 ml) was added
and the reaction mixture filtered. The filtrate was acidified

(20 m1.dilHC1) and extracted with ether (2 x 20 ml)., The extracts
were combined, dried (MgSO4), and the solvent removed by
distillation leaving a brown solid residue (0°35 gm). When this
residue was heated under vacuum a white solid (0°15 gm) sublimed at

5500. The i.r. spectrum of the sublimate was idential to that of

! an authentic sample of tetraflucronicetiniec acid (I.R. Spectrum No. .
page 208 )., Yield, 28%. The involatile wesidue (0.2 gm) had an
infra red spectrum very similar to the polymeric pyridine carbogylic

acids from previous reactions.

3-Chlorotetrafluorpyridine and Magnesium in T.H.F. with N-methyl-

formanilide
Magnesium (2 gm., 0°084 moles), in tetrahydrofuran (20 ml), was
activated by reaction with ethylene dibromide (0°5 gm) at 0°c. The
reaction mixture was cooled to -15°C and 3-chlorotetrafluoro-
pyrﬁdine (1 gm., 5-4 m.moles) mixed with ethylene dibromide (1 gm)

in T.H.P. (2 ml)-added slowly causing the development of a dark
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colouration. After 10 mins, a further amount (0:5 gm) of
ethylene dibromide was added, followed by N-methylformanilide (1 gm)
in tetrahydrofuran (2 ml) while the termperature was maintained at
-15°C. After allowing to warm top room temperature and stirring for
2 hrs, water (15 mls) and dilute hydrochloric acid (15 mls) were
added and the contents of the reaction flask steam distilled., The
steam distillate was extracted with ether, dried (MgSO4), and most of
the solvent removed by distillation. Vapour phase chromatographic
analysis showed no detectable quantities of useful product.

The brown solid residue (0°7 gm) in the steam distillation
flask gave an infra red spectrum very similar to the polymeric

fluoropyridyl material obtained from previous Grignard reactions.

Exchange Reactions

2, 4, 5, 6-Tetrafluoropyridine and Methyl magnesium iodide

2, 4,'5, 6-Tetrafluoropyridine (05 gm., 3.3 m.moles) was
placed in one limb of a Zeriwibkienoff flask cennected to a gas
burette. Excess methyl magnesium iodide in diethyl ether (5 ml)
was olaced in the other limb of the apparatus, and the contents of
both limbs mixed at room temperature. Methane (68 ml., 87%
theoretical quantity) was evolved and then carbon dioxide was
passed into the reaction mixture for 1 hr. Dilute hydrochloric

acid (10 ml) was added, the aqueous and orgenic layers separated,
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and the aqueous layer exiracted with ether. The organic solutions
were combined, dried (MgSO4), and the solvent removed by

distillation leaving no solid residue of tetrafluoronicotinic acid.

2, 4, 5, 6-Tetrafluoropyridine and Ethyl magnesium bromide

2, 4, 5, 6-Tetrafluoropyridine (0*5 gm., 3+3 m.moles) was
dissolved in dry tetrahydrofuran and cooled to -70°C. Ethyl
magnesium bromide (3+3 m.moles) in diethyl sther was added with
stirring at —7000, and then the mixture allowed to warm slowly to
OOC, during which time 20 ml of gas had been evolved. Carbon
dioxide was passed into the mixture at 0°¢c for 15 mins, the solution
acidified with dil. BHCl (10 ml), and extracted with ether. The

etherial extract

4]

s

were combined, dried (Mg504\, and the solvent

removed to yield a tacky white solid (0°0l gm). This was shown
by i.r. spectroszcopy tc be mainly 2, 4, 5, 6-tetrafluoronicotinic

acid (crude yield 2%).
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Catalytic Reduction of Perfluoro and Chlorofluoro-pyridines

Preparation of the Catalyst

Palladium hydroxide (3*3 gm., 2°5 gm Pd.) was dissolved in dilute

hydrochloric acid (150 ml.) and the solution heated to boiling.
Active carbon (25 gm., 8-14 mesh), heated to 100°C in an oven, was
poured into the hot solution which was then stirred and evaporated
to a small volume ( 20 ml.). Concentrated hydrochloric acid (5 ml.)
was added and heating continued until most of the water was removed.
The palladised carbon was warmed under vacuum for 5 hrs. and then

: packed in the reductor furnace where it was heated at 30000 for 24
hrs. in a current of dry nitrogen to remove the final traces of
water.

The Reductor

The catatytic reduction apparatus (Fig. k pageilz) comprised of
a flask-distillation unit through which a metered current of dry
hydrogan passed betore entering the electrically heated furnace;
consisting of ; silica tube 1" in diameter x 12" long. The central
6" of this tube was packed with palladised carbon (10% Pd, 90% G)
~catalyst, prepared as described above, and held in position by glass
wool plugs. A thermocouple (chromel-alumel) ran along the central
axis of the tube to give a direct reading of the temperature at the

the centre of the furnace. The product emerging from the catalyst
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was condensed by a trap cooled by liquid air, the excess hydrogen
being let out of a window.

Between reactions the apparatus was stoppered and the furnace
maintained at 2000 - 30000 to prevent moisture being absorbed by the

catalyst.

Reduction of 3-chlorotetrafluoropyridine

3-Chlorotetrafluoropyridine (4 gm., 21-6 m.moles) was dropped at
a rate of 0°1 gm/min into the flash-distillation flask heated to
200°C, through which a stream of dry hydrogen (50 ml/min.) was
passing. The chlorotetrafluoropyridine vaporised immediatély and
was carried in the gas stream over the palladised carbon catalyst
heated to 25000. Product emerging from the catalyst was condensed
in a trap cooled by liquid air and then dried by distillation under
vacuum from phosphorus pentoxide. This material (25 gm) was then
separated by vapéur phase chromatography, using tritolyl phosphate
as stationary phase, and shown to contain approximately 80% of 2, 4,
5y 6-tetrafluoropyridine, b.pt 890 - 90° (Found: C, 40-13 F, 49-9.
CSNF4N requires 6, 39:+7; F, 50:3%) I.R. Spectrum No.7 page Zob

The fluorine 19 n.m.r. spectrum'confirmed that migration of
fluorine to the 3-position had not occurred during the process. The
spectrum showed four chemically shifted groups of peaks, of equal

intensity, two of which were broad and at low field (indicating the

1
proximity to the 4N nucleus):
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8§ =676 p.p.m. (2-F, shifted to lower field due to adjacent hydrogen);
83:3 p.p.m. (6-F); 113-1 p.p.am. (5-F); 99:2 p.p.m. (4-F).
These chemical shifts were measured relative to CFCl3 as internal
reference.

Also present in the product ( 5%) was 2, 5, 6-trifluoropyridine
b.pt 115° - 116°C (Found: C, 45°2; F, 42+6. C5H,C,N Tequires C,
45+1; F, 42°9%) I.R. Spectrum No. 8, page 206(.

The fluorine - 19 n.m.r. spectrum showed three chemically shifted
peaks of equal..intensity, two of which were broad and to low field,

14

indicating the proximity to the N nucleus;
$ = 74*4 p.p.m. (2-F); 88:69 p.p.m. (6-F); and 1474 p.p.m. (5-F),

relative to CFCl3 as internal reference.

Experiments in which a higher flow of hydrogen and/or a greater
rate of addition of 3-chlorotetrafluoropyridine were used tended to
result in small amounts ¢f starting material being recovered unreacted
together with the product, from the liquid air cooled trap.

An increase in the temperature of the catalyst caused a greater

proportion of 2, 5, 6-~trifluoropyridine to be formed.

Reduction of 3, S5-dichlorotrifluoropyridine

a) Using the same technique as that employed in the previous
experiment, 3, 5-dichlorotrifluoropyridine (5 gm., 25 m.moles) was

flash-distilled at 240o and passed, in a stream of dry hydrogen
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(80 ml/min), over the catalyst at 280°¢.

The product wes 2, 4, 6-trifluoropyridine, b.pt 94° - 95°c
(75% yield). (Found: C, 44°7T; F;, 43-3, 05H2F3N requires C, 45°1j
F, 42.9%). I.R. Spectrum No. 9. page 206.

The fluorine -19 n.m.r. spectrum confirmed that no migration of
fluorine had taken place. The spectrum was approximately the AXX'
part off an APP'XX' system and contained two chemically shifted
groups of peaks of intensity 2:1 and the peak due to the 2- and 6-

14N nucleus. The peak due

fluorine atoms was broadedned due to the
to the 4-fluorine was a triplet of triplets, showing the coupling
that would be expected from an oxtho proton and a meta fluorine atom.

*05 v.p.em. (2- and 6-F); 93+15 p.p.m. (4-F)

$ = 65
— o7 + . D ._/._-—-r Y -— e L -+ N, D o — T — 41
J=15-7T = 062 ¢/s=J W.Tﬁetd., J=zT:6 = 0-2 b/S—UF'_H'O.L tho.

£ v

Also, the proton spectrum showed a pair of triplets and
demonstrated the same ortho HiPF coupling constant as indicated above;

$ = 6.61 p,p.m.; J =12 Z 01 c/s = JH F, bara = metas

JH.H.

= 7°5% o = .
J= 17"5% 01 ¢/s Iy p, ortho

19

The P and 'H chemical shifts were recorded with reference to

CFCl3 and Me4Si respectively, as internal standard.

b) Using the same technique as that employed in the previous
expefiment, 3, 5-dichlorotrifluoropyridine (15 gm. 75 m.moles) was
flash-distilled at 240°C and passed, in a stream of dry hydrogen

(100 ml/min), over the catalyst at 290°C.
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The product (10 gm) was shown by analytical scale v.p.c. (di-n-
decyl phthalate as stationary phase, 100°C) to contain three
components, the one present in least amount having a retention time
coincident with 2, 4, 6-trifluoropyridine. The unknown components
were isolated by preparative scale v.p.c. using di-n-decyl phthalate
as stationary phase at 120°C and shown to be:-

i)  3-chloro-2, 4, 6-trifluoropyridine, b.pt 128° - 129%¢ (Litl.,
b.pt 128<> - 129°c). (Found: ¢, 36-1; H, 0-61; F, 34-0; C1l, 21-1.
05H01F3N requires C, 35-8; H, 0-60; F, 34-0; C1, 21-2%).

I.R. Spectrum No:.l{. pagel07.

The fluorine =19 n.m.r. spectrum showed esach fluorine to have
hydrogen or chlorine neighbours but no fluorine neighbour. The
structure of this compound is determined frem the magnitude of the
chemical shifts. The effect of introducing chlorine amd hydrogen
into a pyridine nucleus in place of fluorine atoms is to displace
the neighbouring fluorine resonances to low fields by oredictable
amoun'l:s.2 In this case the 2- and 6-fluorine chemical shifts
become 67-6 p.p.m. and65 0 p.p.m. and the 4-tfluorine becomes 930
P.p.m. wWith resvect to CFCl3 as internal reference.
and ii) 2, 6-difluoropyridine, b.pt. 12400 (1it.,3 b.pt 122° — 124-500
(Found: ¢, 51:6; H, 2:28; F, 32'7. Calculated for C_H.F N

5 3_’2..
c, 52-13 H, 2:61; F, 33-0%). I.R. Spectrum No i0. page 207,
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The fluorine =19 spectrum showed a single broad peak of
chemical shift 665 p.p.m. with respect to CFCl3, corresponding to
fluorine in the A~position. The composition of the original product
was estipated by analytical scale v.p.c. to be C_HCI1F.N, 503

2 3

05H2F3N, 203 05H3E2N 30 mole - %

Reduction of Pentafluoropyridine

Pentafluoropyridine (5 gm) was flash-distilled at 180°¢ during
2 hrs in a stream of dry hydrogen (60 ml/min) over the catalyst
at 320°C.  The product (2:6 gm) was condensed out, dried by

distillation under vacuum from P2O and shown by analytical-scale

5’

v.p.c. (di-n-decyl phthalate as stationary phase IOOOC) to contain

i

four components, the largest of which was unreacted starting
material. The other components were isolated by preparative scale
v.p.c. {di-n-decyl phahalate, 100°C) and shown to be:

i) 2, 3, 5, 6-tetraflucropyridine (30% yield), b.pt 98 -99°C.
(Found: €, 39.9; mol. wt. 152. C5HFAN requires C, 39+7%: mol. wt.
151).

The infra red spectrum (Mo.i2 pagel°7) of this compound was
identical to that of a sample obtained by the reﬁction of lithium
aluminium hydride on pentafluoropyridine.4 The fluorine-19 n.m.r.
spectrum was typical of that of the PP'XX' part of an APP'XX' system.

This can only occur if the system has a two fold axis of symmetry,
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i.e. the substituent is in the 4-position.
Two chemicelly shifted groups of peaks were obtained.
= 9228 p.p.m. (2-, 6-F), broadened by the 14N nucleus, and

140:97 p.p.m. (3-, 5~F) with respect to GFCl3 as internal reference.

ii) 3, 4, 5, 6~tetrafluoropyridine (5% yield), b.pt 87° - 88°¢.
(Found: C, 39:5; P, 50.2. C5H.F4N requires C, 39.7; F, 50:3%).
Infra Red Spectrum No. I3, page 2¢8%.

The fluorine-19 n.m.r. spectrum showed four chemically shifted
groups of peaks of equal intensity only one of which was broad and at
low field.

§ = 83-9 p.p.m. (broad, 6-F), 140-5 p.p.m. (4-F), 15 79 p.p.m.
(5-F), and 1488 p.p.m. (3~-F shifted to lower field due to adjacent
hydrogen).

The proton spectrum showed only one complex chemically shifted

group of peaks.

iii) The other component (% yield) wzs probably 2, 4, 5, 6-tetra-
fluoropyridine, as this product had 2 retention time idential to

thaet of an authentic sample of 2, 4, 5, 6-tetrafluoropyridine.

Since the v.p.c. retention times of pentafluoropyridine and
3, 4, 5, 6-tetrafluoropyridine were very similar, it was

advantageous  have as large a proportion as posgible of this hydro-
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fluoro compound to facilitate the chromatographic separation of
these components, i.e. a very small amount of 3, 4, 5, 6-tetra-
fluoropyridine would not be resolved from the "tail" of a large
peak due to penitafluoropyridine.

Becausé of the conversion of pentafluoropyridine to hydrogen
containing compounds from .a single passage over the catalyst was
low, it was found necessary to recycle the product tiﬁéugh the
reductor until the proportion of 3, 4, 5, 6-tetrafluoropyridine
relative to pentafluoropyridine was such that a v.p.c. separation
could be effected, Usually, two or three recycling operations were
sufficient, but obviously the larger the number of such procedures
the greater the amount of decomposition which occurred.

When reaction temperatures lower than 32000 were used; the
amount of replacement of fluorine by hydrogen was less. Thus, when
pentafluoropyridine was passed over the catalyst at 250°C on a
current of hydrogen, (60 ml/min), the yield of products was 2, 3, 5,

6-tetrafluoropyridine, 15%, and 3, 4, 5, 6-tetrafluoropyridine, w 3%.

0

nY oA

In experiments where catalyst temperatures higher than 320°C
were used, excessive decomposition occurred giving very poor yields

of hydrofluorocompounds.

Considerably more decomposition took place when pentafluoro-
pyridine was passed through the reductor than when either of the

chlorine containing compounds were reduced, The extent of breakdown,
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with the subsequent formation of hydrogen fluoride, was such that
after the passage of approximately 50 gms of pentafluoropyridine
the catalyst became poisoned and inefficient, necessitating its
replacement together with the silica tube which was corroded to

wafer thickness.
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Attempted Sulphonation of Hydrofluoropyridines

2, 4, 5, 6-Tetrafluoropyridine and Oleum

2, 4, 5, 6-Tetrafluoropyridine (1 gm) and oleum (20% SO3, 10
gm) were stirred for 48 hours at room temperature and then poured
carefully on to crushed ice (200 gm). This was ether extracted
continously for 24 hours, the ether extract dried, and the solvent
removed by distillation. The residue was shown by analytical-
scale v.p.c. to contain unreacted 2, 4, 5, 6-tetrafluoropyridine.
Addition of water and barium carbonate to the residue did not yield

barium tetrafluoropyridine sulphonate.

2, A, 6-Trifluoropyridine and Oleum

2, 4, 6-Trifluoropyridine (0°3 gm) and oleum (20% SOB’ 9 gu)
were stirred for 6 days at room temperature and then poured on to
crushed ice (100 gm). This was ether extracted continuocusly for
24 hours, the ether extract dried, and the solvent removed by
distillation. The residue was shown Ey analytical scale v.p.c. to
contain unreacted 2, 4, 6-triflucoropyridine. Addition of water
and barium carbonate to the residue did not yteld a barium fluoro-

pyridine sulphonate.



- 182 -

2, 4, 6-Trifluoropyridine and Oleum

2, 4, 6-Trifluoropyridine (0¢5 gm) and oleum (20% 805, 4 gm)
were heated in a carius tube to 200°C for 24 hrs. Only

decomposition products were obtained when the tube was opened.
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Preparation of Polyfluoro- and Perfluoro-pyridine Lithium Derivatives

2, 4, 5, 6-Tetrafluoropyridine and Butyl Lithium in Hexane

2, 4, 5, 6-Tetrafluoropyridine (0*5 gm., 3*3% m.moles), and
butyl lithium (10°0 m.moles) in hexane (4 mls) were placed in the
separate limbs of a Zeriwittenoff flask, filled with dry nitrogen
and connected to a gas burette. The limbs were cooled to -65°C
and the reactants quickly mixed by pouring from one limb to the
other. A violent reaction occurred, with the liberation of a
large volume of gas and the formation of a brown solid polymeric
material. I.R. Spectroscopy suggested that this polymer was made
up of fluoropyridyl units, similar to the polymers obtained by the

decomposition of fluoropyridine Grignard reagents.

2, 4, 5, 6=Tetrafluoropyridine and Butyl Lithium, followed by

Carbonation
2, 4, 5, 6-Tetrafluoropyridine (O-4 gm, 2:6 mfmoles) in dry
hexane (5 ml), and butyl lithium (5.0 m.moies) in dry hexane (5 ml)
were placed in the separate limbs of a Zeriwittenoff flask, filled
with dry nitrogen and connected to a gas burette. The limbs were
cooled to -75°C, and the butyl lithium soiution adde& slowly to the
solution of 2, 4, 5, 6-tetrafluoropyridine. The mixture was-

allowed to warm slowly to 0°C when a violent reaction occurred.
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Immediately, dry carbon dioxide was passed into the dark reaction
mixture for 1 hr. Dilute hydrochloric acid (10 ml) was added, and
the brown solid, which was insoluble in both the aqueous and organic
layer, was filtered and dried under vacuum, I.R. Spectroscopy showed
this polymeric material (0-4 gm) to contain, carboryl, hydroxyl and
fluoropyridyl functions by the presence of their characteristic
absorption bands. This material was very similar to the polymeric
; pyridine carboxylic acids produced by carbonation of fluoropyridyl
‘ Grignard reagents.
The hexane layer was shown to contain no tetrafluoronicotinic

acid.

2, 4, 5, 6-Tetrafluorppyridine and Butyl Lithium, followed by

Carbonation
Butyl lithium (33 m.moles) in dry hexane (1 ml) was added to a
stirred solution of 2,4, 5, 6-tetrafluoropyridine {0:5 gm, 3.3m.molss)

in dry hexane (5 ml) at -60°C and under an atmosphere of dry

nitrogen in the apparatus shown in Fig. $8" . After 15 minutes a
dense white precipitate, presumably the lithio-derivative, had
formed and while the tempsrature was maintained at —6000, dry
carbon dioxide was passed into the reaction mixture- for 30 minutes.
Then the mixture was allowed to warm up to rooin temperature while
the introduction of CO, continued. Water (5 ml) was added and, on

stirring, the white precipitate diésolved, then, on the addi tion of
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dilute hydrochloric acid (5 ml), a further white precipitate

was formed which guickly redissolved. The mixture was extracted
with ether, the organic ethereal layer separated and dried (MgSO4)
and then solvent was removed by distillation leaving

2y 4, 5, 6-tetrafluoronicotinic acid (0-4 gm, 62% yield) which,

5

after vacuum sublimation (5500 / 107 mm) and recrystallisation
(hexane) gave a m.pt 121° - 122°¢c. (Found: C, 37-1;3 P, 38:6; eq.
wt. 19:1, C, HF, NO, requires C, 36:9; F, 38-9%; eq.wt. 195).

pKa 3-45. I.R. Spectrum No. /% page 208,

2y, 4, 5, 6-Tetrafluoropyridine and Methyl lithium

Methyl lithium (3¢3 m.moles) and dry diethyl ether (6.6 ml) was
added to a stirred solution of 2, 4, 5, 6-tetrafluoropyridine (0.5 gm,
3.3 m.moles) in dry tetrahydrofuran (5.5 ml) at =70°C, and under an
atmosphere of dry nitrogen. The reaction temperature was allowed
to mix slowly to that of the room, during which time 41°0 ml. of
gas (CH4) were evolved.

Water (10 ml) was added, the organic layer separated, dried
(MgSO4) and the solvent removed by distillation leaving a yellow
s80lid residue (0*2 gm). This solid was soluble in T.H.F. but
insoluble in diethyl ¢ther. I.R. Spectroscopy (I.R. Spectrum No.2o
page Li0) suggested that the compound was made up of fluoropyridyl
units.

The average molecular weight of these polyperfluoropyridylenes
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was determined by vapour pressure osmometry to be 1230. Considering
that PSNF3]::131, it would seem that the average polymer molecule

was made up of appoximately 9 - 10 peprfluoropyridyl units.

When this experiment was repeated, but carbon dioxide bubbled
into the reaction mixture after the temperature had risen from -70o
to OOC, the same product was obtained., Thus, no reactive lithium
remained in the molecule at 0°C as this would have been carbonated
and the characteristic carboxyl absorption bands would have been

observed in the i.r. spectrum of the product.
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Preparation of Polyfluoropyridine Carboxylic Acids

2, 4, 5, 6-Tetrafluoronicotinic acid

2, 4, 5, 6-Tetrafluoropyridine (1 gm, 6-6 m.moles) in dry
diethyl ether (8 ml) added slowly to a stirred solution of butyl
lithium (6:6 m.moles) in a mixed solvent, (hexane (2ml)/Ether
(10 m1)) at -70°C and under an atmosphere of dry nitrogen. The
temperature was allowed to rise to -6000, when a brown colouration
developed, during 15 minutes then dry carbon dioxide was passed into
the reaction while the temperature was at —60°c. A dense white
precipitate formed and the temperature was allowed to rise to that

of the room while the introduction of 002 continued. Water (10 ml)

w

was added and, on stirring, the precipitate dissolived. The mixiure
was transferred to a separating funnel and dil. HC1 (10 ml),
followed by conc. HCl (5 ml), was added. This was then extracted
with ether,'the extracts dried (Mg504), and the solvent removed by
distillation to leave white crystals of crude 2, 4, 5, 6-tetra-
fluoronicotinic acid (1°15 gm., 99% crude yield). Vacuum

sublimation and recrystallisation from hexane afforded the pure

compound m.pt 121° - 122%.

2, 3, 5, 6-Tetrafluoroisonicotinic acid

Butyl lithium (3“3 m.moles) in dry hexane (1 ml) was added with

stirring to a solution of 2, 3, 5, 6-tetrafluoropyridine (0-5 gm,
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3:3 m.moles) in hexane (18 ml) at -55°C, as described above. After
20 minutes a precipitate had formed and then the temperature was
lowered to -6000 before carbon dioxide was passed into the reaction.
The introduction of CO2 was continued as the temperature was
allowed to rise to that of the room. Water (5 ml) was added,
followed by dilute hydrochloric acid (5 ml)., Then the mixture was
extracted with ether, the ethereal solution dried (MgSO4) and wﬁen
solvent was remowved by distillation 2, 3, 9, 6-tetrafluoroisonicotinic
acid (0:32 gm, 50%) was obtained which, after vacuum sublimation
(5500) and recrystallisation from hexane gave m.pt 102° - 103°c.
(Found: eq.wt. 192. Calculated for C6HF4O_2N eq.wt. 195); the I.R.
Spe&trum (No. i5 page;zog) and m.pt. were identical with those of an

5

authentic specimen of the acid. p.ka 3+21.

3, 4, 5, 6-Tetrafluoropicolinic acid

Butyl lithium (3°0 m.moles) in a mixed solvent; (hexane (1 ml)/
ether (5 ml)), was added sldwiy to a stirred solution of 2, 3, 4, 5-
tetrafluoropyridine (0-3 gm, 18 m.moles) in dry diethyl ether
(10 m1) at -78°C and under an atmosphere of dry nitrogen. The
temperature was allowed to rise to —70°C when a very deep purple
colouration developed. After maintaning the reaction at -7000 for
a further 15 minutes, dry carbon dioxide was introduced. The mixture
became very dark in colour but as the temperature was allowed to rise

to that of the room, with 002 passing, the colour dightened to give a
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clear pale purple solution. Water (5 ml) was added, followed by
dilute hydrochloric acid (10 ml), and the mixture was transferred

to a separating funnel, where the organic layer was separated.

The remaining aqueous layer was made strongly acid, with
hydrochloric acid, and ether extracted. The organic solutionswere
combined, dried (MgSO4), and the solvent removed by distillation
leaving a viscous liguid residue. This smelled strongly of valeric
acid, presumably produced by the carbonation of excess butyl lithium
in the resction. The viscous residue was heated under vacuum causing
3, 4, 5, 6-tetrafluoropicolinic acid (0-2 gm, 57% crude yield) to
sublime at 50°C. After recrystallisation from hexane this gave a
white solid m.pt 109° - 110°C.

(Found: €, 36:9; F, 38.7; eq.wt. 192, 06HF402N requires €, 36<9;
F, 38:98%; eq.wt. 195). p.ka 3-96

I.R. Spectrum No. & page 2¢9.

2, 4, 6-Trifluoronicotinic acid

Butyl lithium (6'4 m.moles) in dry haxane (2 ml) was added to a
stirred solution of 2, 4, 6-trifluoropyridine (0:425 gm, 3-2 m.moles)
in dry hexane (6 ml) at -60°C and under an atmosphere of dry nitrogen.
The reaction mixture was maintaihed at -60°C for 30 minutes, during
which time a dense white precipitate formed, and then carbonated as
previously described. After warming to room temperature, water (5 ml),

followed by dilute hydrochloric acid (20 ml) was added and then the
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organic layer was separated. The aqueous layer was further
extracted with ether, the organic layers combined, dried (MgSO4),-
aqd the solvent distilled leaving a crystalling residue of 2, 4, 6~
trifluoronicotinic acid (0-4 gm, 65% yield) which, after

sublimation under vacuum and recrystallisation from hexane, gave
m.pt 125° - 126°¢.

(Founds €, 40-33 P, 32:2; eq.wt. 175. C6H2F3]_\I02 requires C, 4063
F, 32:3%; eq.wt. 177) p.ka  3-55.

I.R. Spectrum No. /7 page 2¢9.

2, 4, 6-Trifluoropyridine -3, 5-dicarboxylic acid

‘2, 4, 6-Trifluoropyridine (0¢85 gm, 6-4 m.moles) in dry tetra-
hydrofuran {3 ml) was added slowly to a st;rred solution of butyl
lithium (19¢2 m.moles) in hexane (6 ml) and tetrahydrofuran (10 ml)
at —7500 and under an atmosphere of dry nitrogen. After 5 minutes
a dense pale orange precipitate formed and the tempefature was
maintained at —7500 for a further 15 minutes and then dry carbon
dioxide, diluted with an equal volume of nitrogen, was passed into
the mixture. Initially a dark crimson colour was formed which turned
dark brown and the reaction mixture solidified to a stiff paste.

Continued passage of €0, caused the dark colouration to disappear

2
and as the temperature was allowed to rise to that of the room, the
reaction mixture became fluid. Water (5 ml) was added, followed by

dilute hydrochloric acid (50 ml) and the organic layer was removed.
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The aqueous layer was extracted with ether (2 x 25 ml) and the
combined organic layers was dried (MgSO4) and the solvent removed
by distillation leaving a solid (0-6 gm). When this solid was
heated to 50°C under high vacuum a white solid sublimed (w0:25 gm)
and both the m.pt and infra red spectrum of this compound were
identical with those of an suthentic specimen of 2, 4, 6-trifluoro-
nicotinic acid. The remaining solid was heated to 140°C also
under high vacuum when it was observed to sublime slowly, and gave

, 2, 4, 6-trifluoropyridine -3, 5-dicarboxylic acid, m.pt 218°¢ (décompj;
(Found: €, 38:2; P, 25-5; eq.wt. 111-8, C7H2F31\T04 requires C, 38-1;
F, 25:7%; eq.wt. 110:5). 1p.ka  3-33.

I.R. Spectrum No. /8 page 209.

When this exchange reaction in tetrahydrofuran was carried out

at temperatures higher than -75°C, noor yields of 2, 4, 6-trifluoro-~
nicotinic acid were obtained and no dicarborylic acid was isolated.
The main product was involatile pelymeric pyridine carboxylic acids
similar to those obtained from the carbonation of decomposing

fluoropyridyl Grignard reagents and fluoropyridyl lithium derivatives.

2, 5, 6-Trifluoropyridine-3, 4-dicarboxylic acid

2, 5, 6=Trifluoropyridine (0-30 gm, 2-26 m.moles) was dissolved
in tetrahydrofuran (10 ml), the solution cooled to —78°C and then

n-butyl lithium (6 m.moles) dissolved in a mixed solvent (hexane
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(2 m1)/T.H.F. (6 ml)) was added slowly with stirring at -78°C.
The reaction temperature was allowed to rise to -70°C over 15
minutes when dry carbon dioxide was passed into the mixture. The
passage of carbon dioxide was continued while the temperature of the
mixture was allowed to rise to that of the room. Dilute
hydrochloric acid (5 ml) was added, and the mixture transferred to
a separating funnel and then conc. HC1l (10 ml) was added. After
other extraction, the extracts were combined, dried (MgSO4),
filtered, and the solvent removed by distillation leaving a viscous
brown liquid residue. This was heated "in vacuo" to SOOC when a
white solid (0-08 gm) sublimed. This was probably 2, 5, 6-tri-
fluoropyridine-3-carboxylic acid and/or 2, 5, 6-trifluoropyridine-
Ad=carboxylic acid. Further heating of the residue to 140°C in
vacuo" caused a tacky solid (0°2 gm, 42% crude yield) to sublime.
This was recrystallised with difficuliy from benzene to give a
compound of m.pt 160° - 500.
(Found: eq.wt. 114. C7H2F3N04 requires eq.wt. 110°5)
This gave a mixed m,pt with an authentic same of 2, 5, b6=tri-
fluoropyridine-3, 4-dicarboxylic acid (prepared by the oxidative
degradation of perfluoroiosquinolineé) of 160° - 500, causing no
depression in the melting point of the authentic specimen.

The infra red spectrum of this compound prepared in this
experiment was identical to that of an authentic sample of 2, 5, 6-
trifluoropyridine-3, 4-dicarboxylic acid. pKa 3-30.

I.R. 3pectrum No. /1J page 2o,
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Determination of p.ka values of Polyfluoropyridine Carboaylic acids

Equivalent weights and p.ka values of the carboxylic acids in
aqueous solution were determined by potentiometric titration against
standard sodium hydroxide solution, using an E.I.L. pH meter and
calomel and glass electrodes. p.ka was given by the PH value at
half equivalence point according to the Henderson equation.

A typical determination is described below.

The determination of p.ka and equivalent weight of 2, 4, 6-Trifluoro-

nicotinic acid

A known weight of 2, 4, 6-trifluoronicotinic acid was dissolved
in distilled water (LO0 ml) and this solution titrated against
standaﬁd sodium hydroxide solution. A graph of pH ys volume of
NaOH soln added was drawn, and the end point determined by the
maximum value of /\ pH.

Wt. of 2, 4, 6-trifluoronicotinic acid = 0<0160 gm.

Sodium hydroxide solution = 0:02100 N.
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DETERMINATIGN OF pK., AND Ea. WT, OF

2, 4, ¢~ TRIFLUORG NICOTINIC ACID

~——
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NaOH (ml) pH A pH NaOH (ml)  pH A pH
0 3.22 4:2 5-70 0-71
05 3:29 4.3 648 0-78
1:0 336 4<4 7.70 1.22
15 342 45 873 1-03
. 2.0 3.51 4:6 9-22 0-49
2:5 3.61 4:8 9-60
3:6 3-79 5:0 9-84
3:2 3-89 5- 10-12
J 34 3.99 60 1030
3:6 4.09 65 10-41
3.7 4:21 7.0 1052
3.8 4-30 7-5 1060
3:9 4:-44 8.0 10-67
4+0 463 0:19 85 10-72
4:1 4.99 0+34 9.0 10:79
From the graph:- End pt.= 435 ml NaCH soln.
Eq.Wt. _ 0.0160 x 1000

4-35 x 0-02100

Bq.Wt. = 175 (Theoretical eq.wt.=177).

pka = pH, ;g = 3:55
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Methyl Ethyl (2, 4, 5, 6-Tetrafluoropyridyl) - Carbinol

Butyl lithium (6-6 m.moles) in hexane (2 ml) was added to a
stirred solution of 2, 4, 5, 6-tetrafluoropyridine (1 gm. 66 m.moles)
in dry hexane (5 ml) at - 60°C and under an atmosphere of dry
nitrogen. After 15 minutes a dense white precipitate had formed
and methyl ethyl ketone (0:475 gm, 6:6 m.moles) was added dropwise
while maintaining the temperature at -60°C. The mixture was
allowed to warm slowly to room temperature, dilute hydrochloric acid
(5 ml) was added, and the organic layer was separated and dried
(MgSO4). The products were separated by preparative-scale v.p.c.
(silicone grease as stationary phase, 200°C). The main product was
methyl ethyl (2, 4, 5, 6-tetrafluoro-pyridyl)-carbinol b.pt. 7%° -
76°G/l3 mm Hgs (0«7 gm. 48% yield) ngn_1~4457.

(Foqﬁd: ¢, 48:13 P, 34¢3; H, 3-87. C9H9F4NO requires C, 48-3;
F, 34-1; H, 4:0%).

I.R. Spectrum No.22 page 2.

Reaction of 2, 4, 5, 6-Tetrafluoropyridyl Lithium with mercuric

hromide
2, 4, 5, 6-Tetrafluoropyridyl lithium was made as previously
described, by adding butyl lithium (3:3 m.moles) in hexane (1 ml) to
2, 4, 5, 6-tetrafluoropyridine (0:5 gm, 3-3 m.moles) in hexane (10 ml)
at —60°C and under an atmosphere of dry nitrogen. After 15 minutes

a slurry of mercuric bromide (0-61 gm, 1:7 m.moles) in dry hexane
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(10 ml) was added while maintaining the temperature at -60°C.

The reaction temperature was allowed to rise to that of the room and
dilute hydrochloric acid (10 ml) was added. On stirring, part of
the precipitate dissolved and the remainder was filtered (O+4 gm).
The agueous layer was extracted with hexane, the hexane solutions
combined, dried (MgSOu), and the solvent removed by distillation
leaving avhite crystalline solid (0-1 gm).

Both this residue and the solid obtained by filtration were
sublimed (100°C/0.1 mm Hg) and recrystallised from hexane but analysis
and melting points demonstrated that no single pure substance was
obtained by these operations. I.R. Spectroscopy showed the
presence of carbon-hydrogen bonds and fluoropyridyl units in the
product, which was probably a mixture of unreacted mercuric bromide
and mixed alkyl and fluoropyridyl mefcurials. Separation of these
to yfeld the desired bis (2, 4, 5, 6-tetrafluoropyridyl) mercury could
probably be accomplished if the experiment were performed on a larger

scale.

Reaction of 2, 4, 5, 6-tetrafluoronicotinic acid and Mercuric Acetate

To a solution of 2, 4, 5, 6-tetrafluoronicotinic acid (0.5 gm,
2:56 m.moles) in water (50 ml) was added a solution of mercuric
acetate (0O-4 gm, 1:26 m.moles) in water (10 ml) with stirring. After
15 minutes a dense white precipitate had formed and the solution was

filtered. The white solid filtrate was dried under reduced pressure
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to give mercuric (2, 4, 5, 6-tetrafluoronicotinate). (0-60 gm,
81% yield) m.pt 225°%¢ (decomp. )

(Found: ¢, 24-63 C,oFgl Hg requires C, 24-5%)

2%

I.R. Spectrum No.23 page 2ix.

Decarboxylation of Mercuric (2, 4, 5, 6-Tetrafluoronicotinate).

Mercuric (2, 4, 5, 6-tetrafluoronicotinate) (0:45 gm, 0.76 m.
moles) was heated to 230°C underreduced pressure in a sublimation
apparafus when it decarbomylated smoothly and caused a white solid
to sublime (0:3 gm).

This sublimate was recrystallised from carbon tetrachloride and
shown to be bis (2, 4, 5, 6-tetrafluoropyridyl) mercury, m.pt 200° -
201°%0. (sealed tube). (79% crude yield).

(Found: C, 24-23; mol.wt. 507, vapour pressure osmometer.
ClOFBNZHg requires C, 24¢0%; mol.wt. 500:6).

I.R. Spectrum No zu page 212,

Bis (2, 4, 5, 6-tetrafluoropyridyl) (bipyridyl) mercury

Bis (2, 4, 5, 6-tetrafluoropyridyl) mercury, (0-018 gm, 0-0036
m.moles), prepared as described above, in 1:l v/v benzene~hexane
(10 m1) was added to 2, 2'~bipyridyl (0-0l0 gm, 0+0072 m.moles) in
benzene (1 ml). The volume of the mixture was reduced to (5 ml) by
boiling and allowed to cool when vhite crystals began to appear.

After some time, the supernatent liquid was decanted and the crystals
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washed with cold benzene to remove any excess bipyridyl. The

solvent was removed from the crystals under vacuum leaving pure

bis (2, 4, 5, 6-tetrafiuoropyridyl)(bipyridyl) mercury m.pt 142° - 3°,
(0-015 gm, 75% yield). Recrystallised from benzene/hexane to give

m.pt 142°C.
(Found: €, 36°6; H, 1-63. 020H8F8N4Hg requires C, 36-6; H, 1-22%).

I.R. Spectrum No. 25 page 212.
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an i.r. spectrum of an impure sample showed that they contained the

perfluoropyridyl function.

2, 4, 5, 6-Tetrafluoropyridyl Lithium with-Lithium cumene peroxide

The Lithium salt of cumene hydroperoxide was prepared by
adding butyl lithium (6-95 m.moles) in mixed solvent (hexane (3 ml)/.
ether(10 ml)) To a solution of cumene hydroperoxide (1-34 gm, 6°6
m.moles) in diethyl ether (2 ml) at - 78°C and allowing to stand for
30 minutes.

2, 4, 5, 6-Tetrafluoropyridyl lithium was prepared by adding
butyl lithium (6-5 m.moles) in mixed solvet (hexane(2-7 ml)/diethyl
ether (10 ml)). to a stirred solution of 2, 4, 5, 6-tetrafluoro-
pyridine (1 gm, 6:6 m.moles) in diethyl ether (10 ml) cooled to
-78%¢.

After allowing both reactions to stand for at least 30 minutes,
lithium cumene peroxide was added slowly with stirring to the
solution of tetrafluoropyridyl lithium at -78°C under an atmosphere
of dry nitrogen. This mixture was allowed to warm to room
temperature and dilute hydrochloric acid (10 ml) was added. The
reaction mixture was then transferred to a separating funuel where
cone. hydrochloric acid (10 ml) was added. The contents of the
gseparating funnel were extracted with ether and an insoluble yellow
solid (0:3 gm) was filtered. The i.r. spectrum of this solid

showed it to be similar to the polyperfluoropyridylenes formed by
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decomposition of 3-lithio-tetrafluoropyridine. The etherial
extracts were combined and shaken with aqueous sodium bicarbonate
(10%). The aqueous layer was separated, acidified with hydro-
chloric acid, and extracted with methylene dichloride. The
combined organic extracts were dried (MgSO4), filtered, and most of
the solvent removed by distillation leaving.a viscous brown liquid
(0-5 gm) with a phenolic smell, which solidified at 0°C. Vacuum
sublimation (7000/2 mm) gave a white solid (0<3 gm) which melted to
a colourless viscous liquid on warming to room temperature.
Analytical scale v.p.c. showed this to contain two components, the
minor one (10 mole %) having a retention time identical to that of
an authentic sample of 4-hydroxy-tetrafluoropyridine.

The major product (27% yield) was probably 3-hydroxy-tetra-
fluoropyridine although at this time of writing an eiemental analysis
has not yet been obtained.

I.R. Spectroscopy suggested that the mixture was of fluoro-
pyridyl hydroxy compounds, one component being 4-hydroxy-tetrafluoro-
pyridine.

The fluorine-19 n.m.r. spectrum confirmed the presence of 4-
hydroxytetrafluoropyridine as a minor compoment by its
characteristic chemically shifted peaks,

8 = 162-6 p.p.m. (3~, 5-F) and 90-5 p.p.m. (2-, 6=F), with
respect to CCl.F.

3

The main component showed four chemically shifted groups of
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peaks of equal intensity,
8 = 876 p.p.m. (6-F), 96-1 p.p.m. (2-F), 133-2 p.p.m. (4-F),

and 1652 p.p.m. (5-F) with respect of CClF These values are

3.
consistent with those expected for a 3-substituted tetrafluoro-

pyridine.

This experiment was repeated except that instead of allowing
the mixture of tetrafluoropyridyl lithium and lithium cumene
peroxide to warm directly to room temperature, the mixture was
maintained at -SOOC for 30 minutes. The product from this
reaction was only 3-hydroxy-tetrafluoropyridine, i.e. no polymer

and no 4-hydroxy-tetrafluoropyridine were produced.
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2, 4, 5, 6-Tetrafluoropyridyl Lithium with Furan

Butyl lithium (6-6 m.moles) in mixed solvent (hexane (2-8 ml)/

Furan (5 ml)) was added slowly to a stirred solution of 2, 4, 5, 6-
tetrafluoropyridine (1 gm, 6°6 m.moles) in dry furan (10 ml) at -7500
under an atmosphere of dry nitrogen. The reaction temperature was
maintained at - 7500 for 20 minutes and then allowed to warm slowly
to 10°C when a vigourous reaction occurred causing the mixture to
turn very dark in colour. After stirring for 1 hour at room
temperature, water (10 ml) was added and the mixture extracted with
ether. The etherial extracts were combined, dried (MgSO4),
filtered, and the solvent removed by distillation to give an
involatile yellow-brown solid (0-8 gm). Infra red spectroscopy
showed this to be gimilar to the produet obtained from the

decomposition of tetrafluoropyridyl lithium in previous experiments.
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