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INTRODUCTION



VIt ey Sn, INTRODUCTION

Electron spin resonance (¢.s.r.) investigations of organic free radicals
have been mainly concerned with the observation of either stable {ree
radicals which can exist in solution for at least several minutes or un-
stable radicals whose lifetimes, typically of the order of a few seconds
or less in solution, have been extended by freezing the reaction medjun
once radicals have been formed, or, more usually, by the production of
radicals in an already frozen medium by irradiation, E.s.r. observation
of radicals in the solid phase suffers from the disadvantage that poorly-
resolved spectra are usually obtained. Two methods of producing short-
lived radicals in soluticn in a sufficiently high concentration to be
obsexved by e.s.r. are electrolysis and rapld-flow, The former method
18 useful for radicals with lifethnes of a few seconds whereas the flow
method can yleld a sufficiently high steady state concentration of radicals
where lifetimes are of the order of a2 few milliseconds. The rapid-flow
technique has been used by a few groups of workers employing an e.s.r.
aqueous flat cell mixing device and although excelleat work has been
carried out with this mnixer - in particular the observation of phenoxy
radicals and simple neutral radicals from the reaction of the hydroxyl
radical with organic compounds - it has the two major disadvantages of
a {airly large dead space between mixing and observation and a certain lack
of robustness when used with a solvent such as liquid ammonia,

Although the e.8,r, spectra of a very large number of radicals
have been described in the literature, there are a8 number of slmple radical-
anfons which have so far escaped detection using the conventional method
of production (reduction by alkall metal in an ether in vacuo). Examples
of such hitherto unobserved radical-anions are those from henzamide,
styrene, benzoic acid, cyclohexenone and funtll recently) pyridine, The



following chapterg ceseribe the cevelopment and application of a rapid-
flow reductiori teclinlque designed primarﬂ? to bbserve by e.8.1r. radical-
anions of such compamds r
- Almough 2 somewhat hazazous materlal, the ma:dlum of llquid
ammonia was chosen both for irs pmpertiea as a solvent and because
a solution of sodium (or other alkali metal) in ammonia provides a source
of solvated electron, an extremely powe rful reduciang agent, lhdt;utxedly
the greatest difficulty encountered during the work was tha deéign ofa
robust and efficient mixing cell to copqwith rapid temperature changes
and high pressures during the initial stages of flowing, - ’
Results obtained from solvated clectron reduction of many"ofganlc
compounds are given in tho following f::hapters where 1t is seen ttﬁt
although in many instances straightforward addition of an clectron occurs
to give radical-anions, some rcsuita are tmexj)ected owing to secoﬁdary
reactions (e.g. protonation) taking place or to relatively slow molecular
motions (ea_g hindered rotation). Often analysis of the spectra proved
at least as difficult a task as production of radicals, especfally for styrene
and related compounds, |



ELECTRON SPIN RESONANCE

Electron spin resonance (¢.8,x.) spectroscopy 13 used for detecting
unpaired electrons, often at very low concentrations, and giving
detailed information on their location and energy: it has therefore
direct application in the study of organic free radicals., E.s.r, has
become a standard technique ia the hands of the physical-organic =
chemist and many articles and reviews have been wrltten}l'ﬁ |

For a free radical containing one unpaired electron, which does
not interact with any magnetic nuclei, all directions of the magnetic
moment vector of the electron are equally probable and there 18 no
cnergy difference between them, I this free radical is then placed
in a magnetic field then two orientations of the electron magnetic moment
become possible,elther parallel or antiparallel with the applied fleld.

No {ntermnediate conditions arc allowed by the restriction of quantisation
since S = 3. Those electrons with magnetic moments aligned with the
ficld have a lower energy (§giH less) than in the absence of 8 magnetic
{ield, and those which are aligned against the field have a greater energy

(4g5H more),

T Ms=4

energy in  \
absence of field ‘\\

\‘ V

encrgics in
presence of ficld



H is the magnetic field in Cersted, 8 is a constant and s called the Bohr
magneton, .g is the spectroscopis splitting factor which for 8 {ree electron
has the value 2,0023, :- However because of the fact that the unpaired
¢lectron in a free radical is still slightly bound to paramagnetic atoms
causing some interaction with the orbital motion,  the g-factor differs
front 2,0023 by small axiounts,

. The detection of electron spin maomcedependammc difference
between the number of electrons in the ground state (S = ~3) and the
excited state (S =+4), This difference le glven by the Maxwell-
Boltzmann expressjon - ’

where N and Noare the electron populations of the excited and ground
states, AE is the energy separation of the two stateg, k is the Boltzmann

congtant and T the absolute temperature,
If radiation energy of frequency v is fed to the sample the electron

in the lower énergy state will be excited to the upper energy level and
those having the higher eaergy will be stimulated to return to the lower

level, ‘This only occurs at the resonance condition where
hv = giEH

Apan from stlmulated emisslon another mechanism oecurs - relaxation -
to allow the higher energy electrons to become lower energy electrons,

If this did not operate tha enzrgy lavel populations would soon equallse
and there would ba no further abzorption of radiation, Ik {sthis
absoxption of radiation valch tho e.s.r. spectrometer is designed to



detect. The frequency usually used for organic free radicals is the
radar X - band 1.e. about 9000 MHz,., which after substituting in the
above equation requires a magnetic field of about 3000 Qersted,

If the orbital of the unpaired electron encompasses an atom which
has a nucleus with a magnetic moment then the energy levels of the
electron will be split. For interaction with one proton (M] =14) both
the upper and lower electronic energy levels will be split into two,

s. F
m‘
“
" « 9
Ms = -4

V. M=+

'

The seléciion rule A My = 0 opcrates scﬁoﬂthat there will be two possible
transitions,each occurring at a sllgi:xtly'P different {ield value, Therefore
in the e.s.r. exﬁeriment as the magnetic field 1s altered two radiation
absorptions will be detected at different ficld values, Interactions with
a greater number of magnetic nuclel of varying nuclear spins yleld
complex multiline spectra. ‘The number of lines is given by




(2n,1
nu::l::i within each group with a nuclear spin of in

The analysis of a spectrum ylelds two quantities hnportant in the
discussion of results cbtained {n the present work: ) the g-value and
b) one or more coupling constants which measure the extent of the
interaction between the electron and interacing nuclel, The gevalue
rarely deviates significantly from the {ree electron value of 2,0023
for organic free radicals in solution although the presence of some
nuclel such as sulphur causes it to alter more than others,

- ¥or a small simple molecule where the electron 'sees' only two
or three magnetic nuclel the e.5.7. spectrum will consist of just a
few lines. The smallest coupling constant will be the distance in
Cersted from the first line to the second. Since these two lines may
now be reduced to one line the whole number of spectral lines can be

reduced by half (for I = 4); this process is repeated until all coupling
constants are obtained, As a check of the analysis the coupling

constants can be incorporated into a computer program to gimulate

the spectrum after which minor adjustments can be made to correct for
small measuremnent errors, For most of the spectra actually obtained

the pattern 1s not a simple one. The first lines are not always scen

but more usually the difficulty lies in having a large number of lines
overlapping so that a guess has to be made as to the location of even

the third or fourth lines, In the case of 2-methylpyridine, a comparatively
simple molecule, for example, 192 lines are expected and over 900

lines for the dimer produced from further reduction of 2-methylpyridine,
Analysis must therefore proceed by inspired and intelligent guesswork.,

The computer is a valuable aid to iInterpretation but {ts5 extreme

+ 1) (211212 + 1)... '(2nnIn 4+1 ) where n is the number of



sensitivity to small changes 1s something of a disadvantage; an error
of as little as 0.0F g in onc coupling constant often yiclds an fncorrect
simulatlon, ) - | | o

" "< The hyperfine coupling constants obtained can often {dentify a
particular radical and give precise information en the structure,such
&5 coplanarity of substituent groups and the addition or removal of atoms
during reaction,e.g. addition of & proton to pyridine di-aclds and
removal of fluorine from fluorobenzonitrile (g.v.). How the interpretation
of a spectruni has been used to identify and examine other radical-anions

is discussed In following chapters,



THE .RAPID FLOW. TECHNIOUE

The mechanisms of chenileal and biological reactions have long been
Investigated by the isolation of end-products and by-products, the
reconstruction of possible reaction routes and elimination of some of

theee routes by further experfmentation, Tiis has led to maay inspired
and often correct interpretations of the behaviour of molecules towards

othexr molecules and blological materials to varjcius substrates,

To find the correctness or ctherwise of these reaction paths it is
necessary to obtain positive physical evidence for the postulated
intermediates; until the early 20th century this was not possible in most
cases where these Intermediates were not {solable, The problem of
the identification of these short-lived intenmediates is one of two parts:
the production of these transients and thelr observation.

Translent {ntermediates may be produced by a variety of methods:
two lmportant techniques are electrolysis (e.g. ketyl radical-anions .
from ketones’), and Y-irradiation (e.g. methyl radicals from alkyl
halides at 77°K3). A particularly novel method of preparing primary
radicals has been described by Bennett; alternate layers of substrate
and alkall metal are deposited on a rotating c:ryc:nstat:...t9 The flow method,
which 1s widily used, has the advantages firstly that the lfetime of a |
particular species does not necessarily have to be extended by lowering
the temperature or solidifying thereby changing reaction conditions, and
algo a steady state concentration of intermediates can be produced at
a given place oaly a few milliseconds after mixing, This was the method
used to obtain the results presented in this work,

Poseibly the first use of the flow principle for studying reactions was



in 1905 when Rﬁschigm followed the NO/ Og reactida by allowing each -
gas to cater one side arm of g T-shaped glass mixer, Following mixing,
the products were absorbed after very shoxt time-intervals (the shortest
0.025 secs) In 2 solution whish quenched the reaction, the absorbing
solution being then analyzed, In 1922 a similar study waz madell on
the ethylene - bromine reaction which was monitored meaomerrically,

but the first application of fast mixing of solutfons wes by Hartridge

and Roughton!z This experimental procedure was used!3 for the
measurement of the rate of oxidation of a dilute solution of reduced
hactnaglobin with oxygen-saturated water and the rate of reduction of oxy-
hacmoglobin; the reaction was menitored spectroscopically, - Since the
experiment of Hartridge and Roughton many modificatioss have been -
made to the original technique of fast mixing to sult the enormous range
of reactions studied, Some revicws dealing with these modifications

and their reagons are given in refs, 14-17, Many cxidation stwdies have
been carried out using the mixer of Dixon and Normanl8 where observation
of radical intermedlates was by e.£.r. spectroscopy. These include
exidation of phenols19<21 plipmatle aldenydes, 22 carbohydrates?S and
esters.24 Biological applications inclide experfments on blood pigments?S
and harmoglobin and 1ipoate dehydrogenase, 29 27

Considerations in Deﬁslo-nm of 2 Fast Mixing Apparatus '}

The production of an efficient mixer necessitates a consideration of
both the method of introducing the separate solutions to the point of mixing
and the behaviour of the mixing colutions,

It is essential for equal or almost equal volumes of each solution to -
axrive at the mixing point, ‘This can be achieved in & slow flow apparatus
by pressing down on a platform to operate two syringes, For faster flow
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raics a constant pressure head of gns, inert to the solutions being used,
is usually employed, Whan two ﬁdwlng soluticns are suddenly pladed
together in a tube there is a findte length in which mixing {8 taking place,
An ideal mixer would keep thiz lensth negligible with respect to the
reaction and the method of obsarvaticn. To ikeep this mixing length as
gmall 88 possiblie in practical mixers it {8 nccessary to considar fluid

properties such a5 mass-flow, turbulence and cavitation.,
Once in the observation tube the solution mus: be as necar mass-flow

as possible, that 1s, the solution velocity at the centre must be as close
a8 pnssible to that at the periphery. Thls does not uswally present a

problem sicce deviations from mass-flow are negligible for solutions
travelling above the critical value for turbulence which in turn iIs a pre-

requisite for efficient mixing, Turbulent flow is caused by radial
components due to eddying and the minimum velocity, ug, is given by
Reynold's equation: |

uc = 1000 i}

p XX

where 1 18 the viscosity in poises, p the density of the solutionand r
the radius of the tube in cm. For water at 20°C ia a tube of 1 mm

diameter ue » 200 cm/sec or 1.6 ml/sec,

Cavitation is caused by variations in the hydrostatic pressure of the
streaming liquid at different parts of the observation tube giving rise to
a stream of bubbles. Thuis only occurs at very high flow rates and s
enhanced by the presence of soluble msasﬁza

‘The results presented {a this thesis were obtained with a rapid-mixing
device and the application of the above criteria in the development and
construction of this mixer {8 described in the experimental chapter.,
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THE  SOLVATED -ELECTRON AND REDUCTION 1IN

LIQUID AMMONIA

The fact that alkall metals dissolve in liquid ammonia has been
known for over a hundred yeam” and that the blue solution contains
golvated electrons was postulated as early as 1903 by Kraus, 30

Kraus postulated that the metal dissociated {3 ammonla solution
to give both solvated catfons and solvated electrons,

M = Mioly + ezoly
Although solvated electrons are still thought to be present in alkalf metal -
ammonia solutions the exact nature of the solvation cloud is still uncertaln.
It is thought31 ~33 that the electrons of the solvent molecules are dis-

placed to form a cavity, the unpajred electron being at the centre,
Supporting evidence for this is that on dissolving for example, sodjum
in ammonia there Is an increase in volume greater than expected,i.e.
60 - 80 ml/mole of sodfum instead of 23 ml/mole, 3438 Tne efrect of
temperature and pressuxe cn light absorption also indicates that e 18
in a cavity. 32 Knight shift meaaﬁrenwntsm' ¢ indicate that the metal
catfon {s not totally scparated from the electron; possibly the polarised
solvent molecules In turn polaxise the Mt ions.42 This model of one
clectron in a solvent cavity appears to be true only for dilute solutions
(lesc than 0,05 M), At bigher concentrations (0.05 - 1M) the cavitles

appear to contaln clectroa spliu~compensated pairs and at higher
concentraiions still the solutlon takes on wetaliic properties such as

high conductivity and metallic lustre, viz:

e é"%‘ 2 Cyet
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Whether a single unpalred electron or an electron pair reacts with an
organic compound may affect the reduction path in sodium/liquid ammonla,
The initlal process of reduction was thought to be the action of nascent

hvdmavn“ but this was rejected on the basis of the high “ﬁroduct yields

sometimes obtained, H willstitardé proposed that the first stage was
the addition of alkall metal followed by solvolysis, There were other
thmries45 but the most successful 18 that of an initlal one or two electron
addition?0 to form either a radical-anfonor a dianfons which subsequently
undergo further reaction with either electrens solvent or gubstrate.

The addition of electrons to a molecule may cause bond cleavage,

X—Y + 26—
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or opening of a double bond,

Y—=X—X=Y"
x—//
X=Y + e- >X = Y457 — v

A\

\,
X—Y—H

X=Y + 26e—=>X—-Y_

It 13 vot obvious chemlically whether one or two electroas are added In
the injtial step but it {3 by e.8.r. since 2e” addition gives diamagnetic
products (unlcss further reactions give a radical). It is possibleto
distinguish wwhether anionie or radical Intermediates are present by
altering substituents, e, 5. inercasing alkylation (ia place of H) may
decrease reaction rates?’ (duc to increased heats of formation) whereas
eny Increasing extent of substitution stabilises radicals®3e 42 and hence
increaaes the reaction rate.

voduct analyesis provides little evidence but cortain factors such as
the presence, or especizlly the absence, of dimerie products inay indicate
preeence or absence repectively ef radical reactisas,
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- The obsexvation of short-lived free radicals ever by a fast-flow
method demands radical lfctimes of at least a few milliseconds, As
will be seen In later chapters the {nitial uptake of an electron may not
produce the first radical observed by e,s.r.; the radical ocbserved may
be the second or third {n & chais of eveats as in the reduction of aryl
halides, Competing reactions may also occur to reduce the concentration
of e, iye This is the case when protons are deliberately introduced,
as for ethanol/substrate mixturcs, or incldeatally iatroduced as for
carboxylic acids which icnlse to produce protons, Iathese cases
either the protons reduce the avallable concentration of electrons so
that no reaction betwcen e;ohr and organic substrate can dccur,or the
radical produced is protcnated and this protonated species may be the
first radical observed, Protans in ammonia will exist as NHI and
the rate constant for

k
NH-; + & ot NHy + !fﬂz (D

i3 about lOw m'lsec'l. S0 Tiis is of the same order as k2 in

the reaction
. K -
e + R = R (1)
In reaction (I) the formation of atomic hydrogen 18 Inconsistent with
rate constants in liquid ammonia®0 and probably the rate dsetermining
process Is

NHy + ¢ NH,
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then
(a)

or (b)

There are many other reactions which account for the non-observation
of radicals and these will be discussed as they occur,



 REDUCTION OF PYRIDINE

AND

RELATED COMPOUNDS
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INTRODUCTION

- Intermediates in the reduction of pyridine by solutions of alkall metals
have loang evaded positive identification glthough the end-products of -
this reaction were known to be dipyridyls.®! - Pyridine, neat or dissolved
in a vaxiety of solvents, e.g. tetrahydrofuzan (THF), 52 dimethoxyethane
(DME), 59 or acetic anhydride, 54,53 and treated with alkdll metals (or
zinc for acetic anhydride) always yielded 4, 4"-dipyridyl or (inore ravely)
2,2°-dipyridy1® or a mixture of {somers, Water and oxygen were
rigorously eliminsted by some worke:8°% to prevent decomposition of the

intermediates but 4, 4"-dipyridyl was still the first product characterised.
The initial step in the reaction of pyridine and an alkali metal solution

was accepted as the transfer of an electron f10m the mctal to pyridine to
formn the radical-anion (py? ) or, more probably in low-dielectric solvents,
an lon pair M™ C,H.N.  The pyridine radical was then assunied either

to dimerise extremely rnpidly?'? which accounted for the faflure to

56

obsexve py?, or to 1eact with a neutral pyridine molecule’” toforma

diamagnetic g-complex of the form

The elimination of hydrogen with either axygen or metal fons gives the
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neutral dipyridyl which can take up & fusther electzon to become dipy: idyl®.

Many pyridine radical-anions stabilised by substitution have been
characterised by @.8.7.50 0% p Kuwata®® interpreted 2 singiet e.s.1.
spectrum, obtaincd from a mixture of pyridine and sodium in THF, as
PY'. The dissolution of potassium in pyzidine/THF solutfon instead of
sodfumn was claimed®® to be responsible for the observation of gn
optical absorption peak at 330 nm which was ascribed to py’, but a later
attempt to confirm this by e.s.r. fafled.57 Confirmation was obtained,
however, by several workers, of 2 band at about 330 nm which can be
ascribed to py® in pyridine solution, 68 liquid amunonie, 69 gnd a solld
matrix of methyltetrahydrofuran ( MTHE ).70

More positive characterisation of the pyridine radical-anion would be
desfrable to prevent any fusther confusion f.om ‘static’ techniques which

require a ;adical lifetime of at least several minutes, Thishasbeen -
achleved in the present woik by the rapid-flow technique introduced In

Chapter I and described in detail in the experiinental section.
Since thesa 1esults were obtataed Talcott and Mycmn have published

similar resuits using an electrolysis apparatus and Kimmel and St;rau,ss69
have made use of this to correlate the optical band at 330 nin with the
pyridine zadical-anion.
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RESULTS AND DISCUSSION

The e.s.r. spectrum of the pyzidlne radical-anlon was observed after
a solution of pyridine in liquid amrionla was mixed in the cavity of the
spectrometer with a solution of sodium in liquid ammonia using the rapid-
Tow apparatus described iz the experimental section, ‘The coupliag
constants and g-values of this and many substituted pyridiaes are given
in Table HI.

The best spectruiu was obtalned witn'very dilute eolutions of ca, 10°
10"1M golwtions produced a very broad signal from which only the large
coupling censtants could be measured., Lower solute conceatrations than

10°°M could not be used owing to the Instability of the dilute solvated

s

electron solution,

In an attempt to confirm Othér workers® observation of the 4, 4 -dipyridyl,
a dead volume was introduced betweea the point of mixing and the point
of obsexvation equivalent to a delay of approximately 1/3 sec and then 1 sec.
At the shorter time only a2 very small pyridine radical-anion spectrum
was seen and no spectrum at all at 1 sec, This confirms Henning"i?
guspicion that the decay of py* {s fast and the difference between this
half-1ife (less than 1 sec) and that determined by Talcott and Myers71
(approx. 1 min) can be accounted for by thedifference of the tempexztures
used (approx. -43° C in this work, -70° C in ref 71). After the disappearance
of the pyridine spectrumn the anticipated 4, 4 *-dipyridyl spectrum was not
produced, which supports the ﬂuggesuonsl that oxygen is required before
dimerisation can occur, It 18 a possibility that by using equal concentrations

of ¢ and of substrate that sufilcient reducing solution was not present to
remove hydride lons from the postulated sigma complex as sodium hydride,
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A number of flow experiments were conducted to provide further
information at the concentrations and delay iimes shown in Table ]

where it can be seen that with only one exception (a small and unidentiffable
spectrum) either no spectrum, the e~ signal alone or the py® spectrum

was obtained. _ 7

A semi-quantitative ‘static’ (as opposed to ‘flow') system was developed
to study the reduction reaction over a longer period of time, 7This
cémprised the mlxh;g of pyridine with sodium in liquid ammonia In a glass
tube placed in the cavity of the e.s8.r. spectromneter, the required temperature
being maintained by passing precooled nitrogen gas round the tube.,
Obsexvation occurred within one minute of mixing and the spectrum of
4, 4+-dipyridyl was produced which was stable for several hours; py' was
not observed.

The three mono-methylpyridines, 2-, 3+ and 4-methylpyridine gave
the simple monomer radical-anjons on the flow systeui~ the Ebectrmn of
3-methylpyridine is shown at the end of this chapter. The ammonia
solutions were passed through the mixing-cell at very high flow rates and
the reservoirs of reductant and substrate solutions (2 litres each) were
soon exhausted, with the consequence that only short scan times were
used to sweep the magnetic field range of fnterest, This disadvantage
is seen in the 3-methylpyridine spectrum where the fast scan time (less
than 5 minse) does not allow the recorder pea to keep pace with the number
of hyperfine lines towards the centre,

Three dimethylpyridines, 2,6-, 3, 5- and 3, 4-dimethylpyridine were
reduced to give the monomer radical-anjons. 3, S-Dimethylpyridine has
previously been characterised®® and although 2, 6-dimethylpyridine has
produced a spectrum undoubtedly of the monome e/t it was not analysed,
Both miono-and di-methylpyridines were mixed with sodlumn in liquid




21
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Reaction of Sodium with midine in l;lgu!d Ammonia.

"
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- (Nat !&r!dhiel
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py® (major triplet split into
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¢ | I(Eé)w& chwii of (b) " No sfgnal
ST (d)m 5103 5:10 -3 Very small slgml not
A " identii able
'(¢) Repeat of (d) | No signal

o «5 x10%  5x 10'3*' No signal

x
o

“Delayfrommlxlngtoom:vatlnn | e
~In cavity - all (mixing within few mllllseconds) S

)3' from cavity - 0,3seconds .. .. . . . ., . .
- 63* from cavity = 1,53 seconds ... .. B -
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ammonia In the 'static’ technique and 41l except’'4-methylpyridine and

3, 4-diméthylpyridine exhibited spoctra showing that dimerisation had
occurred; coupling constants for the dimers are shown in Table V. It
appears that the blocking of the 4-position prevents dimerisation, and
decay of the reduced monomer possibly proceeds via diamagnetic products;
this hag baen noticed by other warkers.n ‘

The two trimethyl pyridines reduced were 2, 4,6~ and 2, 3,6-collidine;
the latter produced an'expectedly complicated pattern of lines both from
‘ilow* and ‘statlc’ methods, and the symmetrical collidine produced &
spectruni of'J, S-dimethylpyridine radical-anion even after xepeated
distillation, - Two pure samples were therefore obtained, one commercially
which was guaranteed to be free of 3, S-dimethylpyridine, and the other
by formation of the pure picrate (which is separable from that of other
methylpyridines by recrystallisatior) and regeneration of the oxiginal
collidine on an alumina columa,  Neither sample prodiced a spectrum
{from {low or static reduction, | | T '

A similar inseparable impurity cifect was noticed for 4-methoxypyridine
when the nitrobenzene radical-anion appeared, but no further work was
done on this because of the small sample available,

i 2=Methoxy- and 2, 6-dimethoxypyridine both behaved *normally’ glving
monomer and dimer spectra on flow’.and 'static’..' ‘The small coupling’
due to methoxy groups only appeared when very dilute solutions were used
in the reduction. - S - “

Pyridine-N-oxide gave the gnticipated spectrun by ‘flow* but & curjous
sequence of reactions was obsexved by the "static’ method, The pyridine
radical-anion spectrum itself was obtained and found to be stable for several
minutes until dimerisation occurred yielding 2,2 “-dipyridyl. This was
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confixmed by comparison with the spectrum obtained by reduction of an

authentic sample of 2,2°-dipyridyl. The formation of 2,2 °~dipy® from
pyridine-N-oxide has been noticed by other workers’S while 4, 4°-dipy®
has also been obtained,’4

- Pyridine-d: cave extremely well-resolved monomer and dimer radical-

anion spectra and the expected Ay Ap ratlo of approximately 6 : 1.

Pyridine-3- and -4-carboxylic acids produced the expected spectra but
two different spectra were oltained from pyridine-2-carboxylic acid,
After several xung a yeproducible doublet of quartets was usually observed
but {rregularly a more complex spectrumn would appear, The first spectrum
was attributed to a radical similax to that produced by the other mono-
carboxylic acids, although the Mnes due to the 3- and S~ protons were not
regolved, with consequent line width broadenlng (&2 1 Gc), The second
was analysed In terms of ene proton additional to the muanber expected.
An extra proton was also apparent from the analysis of the spectra of
tfive pyridinedicarboxylic aclds, The fact that pyridine-2-carboxylic acid
and not 5~ oxr 4~ mono-acids shows an extra proton might guggest hydrogen-
bonding to the nitrogen but thiz is ruled out by the fact that pyridine-3, 5-
dicarboxylic acld exhibits an extra proton where hydrogen-bonding is not
possible, .

It 18 not unreasonable to assume that the extra proton {s attached to the
pltrogen atom and not, for example, at the 4- position, ag the lattexr would

probably give a recognisable 1 : 2 3 1 pattern superimposed upon the spectra
of unsymmetrical molecules such as the 2, 5-diacid, Melchior and Maki75
have calculated that the ratio of hyperfine coupling constants of nitrogen to

& protoa bonded to that nitrogen should be 1 ¢ 1,12 and their investigation

of para-phenylenediamine radical-cation confirms this quite nicely by giving

a ratlo Ayt Aot 1:0.90. A similar value for this ratio of 1.03 - 1,07
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(depending on the temperature) has been oltained for the N H : mdlcah?é

An Ingpection of coupling constants obtained for the pyridinedicarboxylic
acids (Table III) reveals a gimilar ratio,hcnce streagthening the asswmption
that the nitrogen is protonated, Table II shows the ratios olained, These
Yatlos are in quite good agreement with the expected value of approximately
1.1,

Pyridine-2, 6-dlcarboxylic acid N-oxide was investigated in the hope
that reduction would produce an unprotonated species, However, the
gpectrum of protonated pyridine-2, 6~dicarboxylic acid only was seen,
which presumably arises either by removal of Ne-oxygen by the reducing
medium or front an hupurity of the original acid,

The fonisation of HY from the carboxylic acid group must be the source
of protons in liquid ammonia solition and the sodit+« galt of the 2,6~
dicathaxylic acid was investigated in order to eliminate surplus protons
fromt the reductfon process but was fouwnd to be insoluble, A simfilar
attempt W remove protons was made by dissolving potassamide with the
diacid fn ammonia:NHy + H™ - NH3$ no spectrum was chtained.

In contrast to the previous cxperiments to prepare the parent acld
radical, the preparation of pxotcnatéd pyridine radical was attempted,
Pyridine was dissolved in liquid ammonia (10"3M) and ethanol was added
to make the solution IM in H'Y; this solution wan then mixed with 10'3M
godivm solution in the mixing-cell, A spectrumn, analyscd &s arlsing
froms coupling with two palirs of equivalent protons, two {nequivalent
protong and a uitrogen atom was obtained (Table 1I) attributable to the
neutral pyridine radical

H

H N




TABLE II

Ratios of Nitro fen and Anéchéii Pro'ton CagEz !ng
Constants for Pyrid inecarba:_tzllc acid Radicals

Substrate

Pyridine-2, 3~
dicarboxylic acid

Pyrldme"Z' Se
dicarboxylic acid -

Pyr ldlne'2. 6'
dicarboxylic acid

Pyrlde'S' S"
dicarboxylic acid

6-Methylpyridise-2, 4-
dicarboxylic acid

Pyridine-2-carboxylic
acid

0,85
4,22
6.16

4,78

3,05

5,60

5,63
- 3.86
4.03

5.19

AN/Ay

1,00

0,90

1.09

1,23

1,25

1107
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Similar coupling constants have been noticed by Chachary’’ who obtalned
a much less wcll-rcsolv& 5pcct1“.n;1 by y-radlolysis of {rozca solutions
of pyzidine in ethanol at 7K. Only the particuiar concentrations cf .
pyridire/cthanol and sodium mentioned above zave the protonated pyridine
radical spectrum; all other concentrations attewpted gave efther py? or no
spectrum,

The sequence of reactions 1o produce pyH” are a3 followss

Py + ¢ =y
EtOH + Nij = B10” + NH;' J
- py® + NHgY « oy’ + NHg

accompanied byﬁthe}followlngl reaction competing for e'EOIV °0 a5 discussed

in the introduction:

NHg* + e = NH3 + $H,

The presence of a competing reaction probably accownts fos the critical
concentration found to be necessary eince too high a conceatration of cthanol
would use all available golvated electron at the expense of pyridine radical-
enfon reduction and too low a concentration of ethanol would not provide a
sufficicnt quantity of protons for reduction. For all the substituted pyridine
compounds investigated the critical concentration for ethanol/substrate
mixtures could not be found and no gpectra were obtained, In orxder to obtain
& better spectrum of protonated pyridine and to oltain a serics of protonated
svostituted pyridines a two-stage mixing device was developed,  Pyridiae
and solvated electron were mixed at stage 1to produce py* which, a few
milliseconds later, was mixed with ethanol solution at stage II. It was hoped
that this device would minimise the effect of the competing reaction, but
either no spectrum at ail was obtained or by decreasing the ethanol
concentration only the substrate monomer spectrum was obtained,
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MOLECULAR ORBITAL CALCULATIONS -

A computer program (sce experimental chapter) was used to calculate
the Hiickel and McLachlan theorctical spin densitics for substituted
lyridines shown in the Tables, No attempt was made at a detailed
theoretical investigation, the only aim of evaluating approximate spin
densitics being to assist in ussigning experimental coupiing constants,

Ia order to calculate spin densizies the following parameters are required:

b the Coulomb {nfegral for each atonmt, representing
»thé,p:_ag;gir of an electron in a T atomic orbital,
% ° the resonance integral for each bond representing
the cnergy of an electron when it is betveen two atoms,
A the approximate configuration {ateraction constant

used by McLachlan,’

Tae approximate spin densliics for pyridine were obtalned froul a knowledge
of the values for substituted pyridines,e.g. 3, S-dluwﬂrylpyridmeég and
moze cxact figures from the coinputer prograw by latelligent adjustment

of the parameters. Spia dexmitm::fof tiie substituted pyxldines were then
chtained by retainlag the previously determined values of i, k and A for the
pyridine nucleus and inserting appiopriate values for thic substituent,
Carbog atom Coulomb Intograls axe usually taken as zewo; )\, following

rel, 71, was glvea the value 0,75 and the other varlables were sct as follows:

i
L,

hN & 0,3 kC'N . 1:1
kg = 1.0




For methyl groups a combination of thia inductlve and hypezrconj ugativc73
models waeg uzed;

“i‘ hc' = '0.2 k t“cﬂ = 0;76

%

N S ”
'.' C_C=H3 hc‘" = «(,1 kC“'}Ia ez 2.0

The Coulomb and resonance fntegrals'for -COOH were olxained from a
stwly of benzoic acid and its derivatives (see Chapter 1V)

D\ 0 oy = 2.0 kc'-c" = 1,2
\ v /

h}is = 'O¢5

. ’ e’
/C-—-C\ kgr.g = 1.6
' 0
The McConnell relationship’® provides a lak between experimentally

observed coupling constants (A) and spin densities (P ),

A= pQ

Q 13 a constant and for pyridines Q%H was found to be 23.6.
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TABLE III

Coupling Constants and Theoretical Spin Jensities

for Eyrltﬁna Radical-anions

Ring positions are numbered as in the following diagram;
2 3

29

| N / 4
6 5
Experimental Calculated
Coupling Spin Spin densities
constants deasities
Substrate  Position (Oc) Hickel MecLachlan
Pyridine 1 6.3l 0.226 0,255 0.273
2 3.55 0.150 0.143 0.148
3 0.79 0.033 0.059 0.011
4 2.63 0.403 0,338 0.403
pyridine 2 0.30
3 0.13
4 1.49
2-Methylpyridine 1 5.604 0,202 0,239 0.252
| o 2 2.34 0.083 0,032 0.079
3 1.56 0.106 0.074
4 Ped0 0.40c 0.333 0.401
S « .l < 0.004 0.023 '0-029
6 4.39 0.186 0,189 0.212
3-Methylpyridine 1 0.34 0.227 0,259 0.274
2 4.07 6.172 0.1835 0.203
3 0.45 0.016 0,039 -0.012
S 1.35 0.057 0,079 0.040
6 2,63 0.113 0.103 0,105

sue continued



TABLE Il (continued)
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Experimental ‘Calculated
Coupling Spin: Spia densities
RV , Chastaats d&nsities 5 |
Substrate Position (Ce) Huckel Meclachlan
4 ‘Mcthylpyridine = 1 5.67 0,204 0.246 0,260
2 3,68  0.155 0,144 0.155
3 0.058 0.024 0,044 -0,004
4 11.31  0.403 0.320 0.3383
2, 3-Dimethylpyr- 1 5,78 0,206, 0,243 0,258
idine 2 2,89 0,103 0,132 0.132
3 0,46 0,016 0.078 0,039
4 8.66 0.366 0.320 0.388
o S 0.82 0.034 0,044 ~0.004
6 2.89 0,122 0,147 0.159
2,0-Dimethylpyr- 1 4,86 0,174 0.224 0.235
idine 2 3.16 0.112 0.130 0.133
3 0.71 0,030 0,065 0,123
4 9,29 0,323 0.341 0.413
3, 4-Dimethylpyr- 1 5,77 0,208 0,247 0,261
idine | 2 4,98 0,211 0,189 0.213
3 <«<0,2 <0,007 0.026 ~0.027
4 .48  0.410 0.308 0.369%
S 2.,3¢ 0,099 0.065 0,025
6 1.51  0.064 0.103 0,107
3, 5-Dimethylpyr- 1 6.40 0,229 0,264 0,281
idine 2 .18 0,134 0,142 0,158
3 1.06 0,037 0,036 0.012
4 8.85 0,375 0.306 0.373
2: Mcthoxypyr- 1 06 0.232 0.243
{dine 2 0.23  0.007 0,006 0.001
3 1.0 0,040 0,130 0.10S
4 7.14 0,302 0,321 0.397
5 0.46 0,019 0.018 - 0,043
6 4,29  0.181 0.212 0.241

. ¢ o s CONtinued



TABLE 1II (contlaued)

3%

Exmxgme_ntal Calculated
Coupling Spin Spin densities
constants densities
Substrate  Position  (Ue) Hickei McLlachlan

¢, 6-Dimecthoxypyr- 1 4.41 RN 0.217 0.227
m 2 o 0.15 0-005 0.010 Q.Lm
3 0,83 0,035 0,073 0.030

4 10,16 0,430 0,361 0.437

Pyridine-N-oxide 1 11.00 0,270 0.273
2 3,03 0,128 0.116 0.118

3 0.43 0.018 0,038 0.020

4 §.52 0.361 0.303 0,368

Pyridinge2- 1 4.1 0,132 0.206
rboxylic acid 2 0,203 0.227

3 0.062 0.045

4 .5 0.230 0,09 J.083

o 0,183 0,211

6 4.1 0.173 0,005 «~0,037

Pyrldme‘Z' 1 5.60 0.224 0.146 0,143
carboxylic acid 2 0,240 0.286
(meOMted) 3 0.96 00 041 0: 021 - 0- 030
4 9.39 0,398 0,192 0.224

5 1.06 0.020 0,091 0.067

6 3,03 0.131 0,103 0,105

N'H 5¢ 19

Fyridine~3-carb- 1 0,064 0,050 0.019
oxylic acid 2 0.046 0,035 0.050
3 0,157 0,152

4 7.28 0.308 0,216 0,259

5 0.47 0.019 0,009 1), 049

6 8,83 0.3714 0,278 0.339

Pyridine-¢-carb- 1 3,51 0.19¢ 0,192 0.215
oxylic acid 2 1,96 0.083 0,071 0.051
J 1,96 0,083 0.115 0.116

4 0,201 0.218

. s o sCONtinucd



Substrate
Pyridine-ethanol

Py rldine'2 ’ 3=
dicarboxylic acid

Fyridine-2, 5-
dicarboxylic acid

PYﬁdlnG'z ’ 6'
dicarboxylic acdd

PY rld‘ne'z ¢ 6"'
dicarboxylic acid
diethyl ester

Pyrldlne"3. o=
dicarboxylic acid

TABLE IIl1 (coatinued)

Position

1

2
3
4

b OB 2O o B e T e ot e D
b o ot o

ol B - o (D B e z

A
s
=

Experimental
Coupling Spin
constants densities

(Ce) '

5.79 0.241

S5.79 0,245

0.74 0.031
11,62 0.492

4,21

0.85

3.41 0.144

3.41 0.144

0.85 0.036

0.85

4,22

1.59 0.067

8.51 0.360

0,91 0.038

4,08

6,16

0.83 0.035

0,07 0.384

9.63

3,08

0.60

1,19

9.93

4#73 0:225

5. 52 0}233
12,31 0.521

3.86

Calculated
Spin densities

0.164
0.226
O.ms
0,328

0.125
0.304

0.049
0.0%4
0.104
0,010

0,102
0.265
0.031
0.216
0.095
0,022

0.176
0,183
0.G03
0'195

0.121
0.160
0,030
0.431

Huckel McLachlan

0.150
0.266
- 0.043
0.404

0.124
0.369
0.013
0.099
0.078
0.019

0,097
0.320
«0.019
0,256
0,079
0.002

0.176
0.212
« 0,048
0.238

0.106

0.187
- 0.. 029

0.543

. » ¢ sCONtinued
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TABLE IIl (contloued)

Experimental Calculated
Cowpling - -Spiln- = &pin densities
constants densities
Substrate  Position  (Cr) Hiickel MclLachlan
6-Methylpyridine- 5.05 0.121 0.133
2y 4-dicarboxylic 0.175 0.202
&i:ld : * 1.35 0; 053 0: 000 » 00 044

3.26 0.142 0,157 0.163
2,70 0.096 0,103 0.101
N-H 4.03

1
2
-3
4 0.178 0.193
S
6
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TABLE 1V

Calculated g~ Valucsfor Pyridine Radieal-anions

Substrate

Pyridine

Fentadeuteropyridine
Pyridine-N-oxide
2-Methylpyridine
3-Methylpyrildine
4-Methylpyridine

2, 3-Dimethylpyridine

2, 5-Dimethylpyridine

3, 4-Dimethylpyridine

3, S-Dimethylpyridine
2-Methoxypyridine

2, 6-Dimethoxypyridine
Pyridine-ethanol
Pyzidine-2-carboxylic acld
Pyridine~3-carboxylic acid
Pyridine<4-carboxylic acid
Pyridine-2, 3-dicarboxylic acid
Pyridine-2, S-dicarboxylic acid
Pyridine-2, 6-dicarboxylic acid
Pyridine-2, 6-dicarboxylic acid diethyl ester
Pyridine-3, 5-dicarboxylic acid
6-Methylpyridine-2, 4-dlcarboxylic acid

geValue

2,0034
2.0035
2.0035
2.0034
2,0036
2.0033
2.0034
2.0033
2.0033
2.0034
2.0032
2,0032
2.0038
2.0036
2,0034
2.0037
2,0038
2.0036
2.0035
2.0037
2.0033
2,0033
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"TABLE V

Couﬂins Constants and Thooretical sEm Doneitizs

of Pyridine Dimer (i, 4°-dinyridyl) Radical-sntons

obtalned from the Statiz Reduction Te@gue

Ring positions are numbered as In ta2 following diagram;
z 3 3: zr

Calculated
Spla densitics

IIxperintental

Coupilng Stin
constants densities

Hilckel Mclachlan

35

Radical-anion FPositlon  (Cc)

Pyridine Jdimer | %,03 0.143 (C.126 ,140
p: 0.56 0.023 C.G6 0.033
3 2.70 0.114 0,076 0.077
4 0.150 0.140

Peatadewerio- 1 P34

pyridine dimer 2 0.07
3 0.30

2-Methylpyridine ) { 207D 0,097 0,117 0.130

dimer 2 0.60 .02y 0,020 0.023
o sl 0,116 0,00¢ 0.101
4 0.131 0.142
5 1, 862 C.077 0.054 0.062
6 0.18 c.007 0,050 0,039

J-Nlethylpyridine 1 Get 0.129 0,127 0.142

dimer 2 2.03 0.088 0,065 0.058
3 1.83 Q.03 0.059
& 0.120 0.129
S 2.37 0,101 0,083 0.038
6 0.45 0.019 0.0.4 0,018

. o » sCONtinued



TABLE V (continucd)
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Ixperimental Calculated
Couwnling Spln Soin densitles
couctants densities
Radical-anfon  Position (O2) Hicksl Mclachlan
2, 6~Dimethiylpyr- 1 2.84 0,100 0,103 0,120
idine dimer 2 0.28 0.010 0,042 0.029
4 0,133 0,144
3, 5-Dimethyl[wr= 1 J.71 0.130 0,129 0.145
idine dimer 2 0.58 0.024 0,051 0,042
3 1.85 0.066 0,009 0.069
4 0.110 0,118
2, 6-Dimethoxypyr- 1 2,68 | 0.103 0.116
{dinc dimer 2 0.14 0,004 0,004 0,001
3 2,56 0,108 0,084 0,089



Spectrum of the pyridine radical-anfon (upper)
and the computer simulation (lower).

37



33



Spectrum of the 2-methylpyridice radical-anfon (upper)
and the computer shnulation (lower).






Spectrum of the radical-anion of pyridine-4-carboxylic
acid (upper) and the computer simulation (lower).
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Spectrum of the radical-anfon of 3-methylpyridine,






Spectrumn obtained from reduction of pyridine-2,6-
dicarboxylic acid and the computer simulation.
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Half-spectrum of the protonated pyridine radical (upper)
and the computer slinulation (lower).
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Spectrum obtained from static reduction of 2,6-dimethyl-
pyridine (upper) and the computer simulati<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>