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i.

ABSTRACT

This work deseribes the use of electron spin resonance spectroscopy
in investigations of the reduction of & number of organic compounds by sclutions
of sodium in liquid ammonia. Solutions of alkali metals in ammonia contain
the ammoniated electron, in all its possible forms, and essentially this species
is the effective reducing agent. The simple reduction step is the one-electron
addition to a suitable substrate molecule, which may then undergo & number of
successive reactions before a stable product is formed. The nature of the
metal -ammonia solutions, and the paths the reductions may take are discussed
in Chapter 2,

The simple one-glectron reduction product, a radical-anion, is often
too short-lived to allow observation by normal static methods, and therefore
a relatively high concentration of radicals must be artificially maintained to
permit their detection. Basically two different approaches have been utilised :

(i) stabilising the radicals either by direct production

or trapping in a solid matrix, therefore preventing
the radicals from reacting, and

(ii) production of a high steady state concentration of
radicals in solution by either continuous electrolysis
or by use of a flow system,

A brief discussion of the methods used in the study of transient radicals is
. given in Chapter 1, Generally the e.8.r. spectra are less well -resolved in
solid matrices than in solution, and for species showing a large amount of
hyperfine structure, production of the radicals in solution is preferred,

A rapid mixing device has been developed to allow observation of
transient intermediates by e.8.r. spectroscopy. The mixer was designed
particularly for the type of system and experimental technique under con=-
sideration here, and is based on 2 design used in biological kinetic studies.



Observations 2 - 5 msec, after mixing are possible, and this represents a
considerable advantage over the more widely used aqueous solution mixing
device, where observations are made on a 10 gec. time scale, The mixing
chamber and experimental technique are presented in Chapter 3,

Analysis of the e.5.r. spectrum of 2 compound allows the calculation
of its unpaired electron distribution, the coupling constants being related w the
unpaired electron spin density. Spin densities have been calculated theoretically,
and it has been found that simple Hlickel calculations of pi-electron spin
densities show good agreement with "experimentally” determined values.
Accordingly, both Hlickel and McLachlan spin densities have been calculated
for most of the substrates used, and in general it is found that the McLachlan
treatment gives better agreement with experiment than the simple Hiickel
model, A brief discussion of the relevant molecular orbital theory is presented
in Chapter 1, and the computer programme used te perform the theoretical
calculations is given in Appendix 3. Analysis of the e.s.r. spectra is some~
times very difficult if a large number of lines are present, and two computer
programmes used for the simulation of single and mixed e.s.r. spectra are
given in Appendices 2 and 3, respectively.

In Chapter 4 is described the reduction of a number of aryl halides.
With the exception of fluoro-substituted compounds, the halo -pyridines,
pyrimidines, benzenes, biphenyls, and naphthalene all give the e.8.r.
spectrum of the radical -anions of the parent compounds on reduction. On
. the other hand, fluorine is retained as is evident from the spectra, for a
much longer period, as shown by observations 0.1 and 1.0 sec. after mixing,
while static experiments show some products to be stable for longer periods
of time in this system. Mechanisms have been proposed to accout for these
reductions, Halobenzonitriles have also been studied and the results are in
agreement with the proposed reduction mechanisms,

Reduction of pyridine, pyrimidine and some simple ring-substituted



compounds has been investigated, and their e,8,r. spectra characterised in
most cases, Previous attempts to cbserve the pyridine radical -anion had
failed, the spectrum of the 4,4'-bipyridyl being obtained instead, Observa-
tions 0.1, 1.0 sec, and 1 min. after mixing allow the reduction path of these
nitrogen heterocyclics to be followed, and it is shown that pyridine, pyrimidine
and simple alkyl - and alkoxy-substituted pyridines undergo dimerisation to give
exclusively the respective 4, 4'-dimers, unless the 4-position is blocked,
Pyridine-N -oxide undergoes a more complex reduction, giving pyridine-N-
oxide, pyridine and finally 2, 2'-bipyridyl radical-anions. Pyridine-3- and
4-carboxylic acids give spectra of the radical-anions, while pyridine-2-
carboxylic acldgtvd-alpactmm suggesting some form of nitrogen -hydrogen
bonded species, Pyridine dicarboxylic acids all have one feature in common,
a splitting from an extra proton which arises through a protonated nitrogen
atom. Reduction of pyridine in the presence of excess ethanol also shows
this feature, and its spectrum is due to CJHNH - .
Calculation of the nitrogen sigma-pi interaction parameters gives
NW“Q:‘-HI.SM. nnde:l--o.Soc.. in good agreement with
results obtained previously. Theoretical calculations have been performed,
and comparison with experiment has enabled the assignment of coupling con -
stants to particular positions, and also gives the best set of parameter values
required for the calculations, providing a check with values used for com-
parison with other measurements. The results are presented in Chapter 5,
In Chapter 6 is described the reduction of benzoic acid and some of
its simple ring-substituted derivatives. lonisation occurs initially, followed
by reduction to give the corresponding radical -anions. These species are
short-lived, as no spectra are obtained when observations are performed
0.1 sec, after mixing. No further paramagnetic products are found,
Molecular orbital calculations have been performed for each compound, and
excellent agreement with experiment obtained using the parameter values



kor.g= 1.2 ko o =1.6, h, =2.0for the ionised carboxy group.

Reduction of nitro -substituted isophthalic end terephthalic acids
shows the presence of two distinct species, one being unstable while the
other is stable for more than one hour, in both cases, The unstable species
show a large splitting from an extra proton which is thought to be attached to
the nitrogen atom. This proton is lost to give the stable radicals, experimental
evidence and comparison with computer calculations suggesting them to be
the nitro ~substituted radical -anions.






1.1, INTRODUCTION

Chapter 1 is essentially an introductory chapter, dealing briefly with
the principles of electron spin resonance spectroscopy, the relationships
between the experimental coupling constants and unpaired pi-electron spin
densities, and methods which have been used to generate and observe transient
radicals,

The basic principles involved in an electron spin resonance experiment
are given, and the expressions for the experimentally observable coupling
constants derived. These coupling constants are proportional to the unpaired
spin densities in pl-electron radicals, and a knowledge of such an electronic
distribution is useful in explaining the properties and reactions of these
radicals, Assignment of the coupling constants to particular ring positions
is essential before such an electronic distribution can be obtained, and this
is sometimes difficult where the molecule in question is magnetically un-
symmetrical. This problem can be solved by comparison of the “experimental”
spin densities with theoretically calculated spin densities, which permits such
an assignment to be made, Spin densities have been calculated by two
methods, and the details of these treatments are presented in Section 1.3.

One-glectron reduction leads to products which are often too short-
lived to be observed by the usual static methods, and therefore some means
. of maintaining a sufficiently high concentration of radicals for detection and
observation is required, This has been achieved in liquid solution by con-
tinuous electrolysis or by the use of a flow system, and in the solid state
by direct production or trapping in a solid matrix of either the material
under consideration or an inert material. A large number of compounds

have been studied by utilising these techniques and brief details are given
in Section 1.4,



1.2, ELECTRON SPIN RESONANCE

1:2.1. Basic Principles

Electron spin resonance (e.s.r.) spectroscopy, as its name implies,
depends upon the property of spin associated with an unpaired electron. This
gives rise to a magnetic moment

—a

h, = -gbb

where g is the electronic spectroscopic splitting factor, ¢ is the electronic
Bohir magneton and 5T is the spin angular momentum vector of the electron.

hhwdumﬂywmmﬁ. interaction
between the electron magnetic moment and the field occurs. This interaction
is represented by the Hamiltonian

i --:'on 2‘&3.3
If the applied magnetic field is in the z-direction, the Hamiltonian becomes
X = ‘B"H

mszummdmdmmnmzmmnu
the field strength in the z~direction. For a single electron with spin 8 = §
there ave 28 + 1 = 2 allowed orientations for the spin, either parallel or
antiparallel to the field H, and these are characterised by the quantum
‘numbers u.-+lmdu.- ~4 respectively,

Similarly, interaction of a nucleus of spin I with the steady magnetic
field gives an energy

X = -.NBNI.H
m‘uh&.mnhnrhﬂn. BNuthonwhlrmndl'ﬂn

component of the nuclear spin in the z-direction, The Hamiltonian representing
the interaction of both an electron and a nucleus with a steady magnetic field,



the so-called Zeeman interaction, is therefore

Wy gﬁ:S‘H § ‘NBN!zH
Coupling between the magnetic moment vectors of the electron and
nuclei may occur in two distinct ways. One is isotropic and is the Fermi
contact interaction, which is given by

W o= al.§ = ?gaguanb(‘r.).f.g
The 6 ~function implies that there must be electron spin density at the nucleus
for contact interaction to occur. The coupling constant a is proportional to
the electron spin density at the nucleus.

The second form of interaction is anisotropic and is analogous to the

classical interaction between two dipoles. The Hamiltonian for this dipolar
interaction is

(o - ooy (L - MLDED

where r is the distance between the electron and nucleus, The dipolar inter-
action averages to zexo for a molecule with spherical symmetry,

Accordingly, the complete Hamiltonian for a molecule with spherical
symmetry is given by

K = aal.u - ;NaNl.H + ns'l.

and in the high-field limit this "spin" Hamiltonian gives rise to the energy
levels

E = (ga“ - .Nauul)u + aM lll
where M u:ﬁmhcummnmmumm
respectively and a is the hyperfine coupling constant for the nucleus,

For a single unpaired electron two levels exist with energies +4gn H
and - § g¢ H and trausitions between these two levels will occur if radiation

)

2)

@)



of energy hv (where v is the frequency), equal to the difference in energy
between the two states, is applied. These transitions are governed by the
ldutlmmhnnu'ailndaul-o. The relative populations of the two
levels are governed by a thermal distribution and transitions from the lower
to the upper state will predominate with a net absorption of the incident
radiation. The resonance condition will therefore be

hv = gpH 4)

For the case of an electron interacting with a single nucleus, the rescnance
condition becomes

hv = ggH +3Mt
i

Weissman' has shown that for molecules tumbling rapidly in solution,
the dipolar part of the interaction averages to zero, This gives the molecule
an average spherical symmetry and thus to a good approximation the e.8.r.
Spectra of most radicals in solution can be described by equations such as
(2) and (3) above.

For hyperfine interaction to occur there must be some unpaired
electron density at the nucleus in question, i.e., the unpaired electron must
have a certain amount of s-orbital character. In the radicals described in
this work, the unpaired electron is in a pi-orbital which has & rode in the
~molecular plene. In the approximation of independent sigma- and pi-electrons
in organic molecules, it is difficult to see how the wealth of hyperfine structure
exhibited by radicals derived from such molecules arises, as the contact term
I8 expected to be zero for nuclei in the nodal plane. Once it had been determined”
that the hyperfine structure of some aromatic molecules was due to nuclei
attached to the ring carbon atoms, it became necessary to account for spin
density at the nuclel. Zero-point vibrations of the protons> and an indirect



coupling between the electron and proton magnetic moments through the
chemical bond® were proposed initially, Out of plane vibrations of the
protons were ruled out by the lack of dependence of the coupling constants
of the hydrogen isotopes on their atomic welghts. Polarisation of the sigma
electrons by sigma-pi configurational interaction has been used by several
suthors®'! and this approsch appears to give the best results. Proton
hyperfine interaction has been studied extensively due to its importance in
the analysis of free radical spectra. McConnell’ proposed that the proton
coupling constant & u is directly proportional to the unpaired electron

CH
density o in the pi atomic orbital of the carbon atom to which the proton

is bonded
o~ % e ©

where Qc: is the sigma-pi interaction parameter. Further theoretical work'~ '~

has confirmed this, as have a vast number of experimental studies reported
‘N*lh-mm However, despite the success of the theory, the value of
anvmammmmmahmmmw A value
of =23.7 Oe, based on theoretical considerations and a comparison of the
YA aiinting shostsnd in the metiyt sodiest heo troqeemaly bom waed.*é
MecLachlan'’ has carried out a valence bond treatment to account
for the splitting exhibited by methyl group protons, arriving at a result
- Similar to that for proton splitting

cai, * Scc, % ©
lc:stodnndmmmpuucmudp is the electron spin
density on the trigonal carbon atom. Qm is the spin polarisation para-
meter and is given & value of 28 Oe. uvy“ calculated methyl and
methylens hyperfine coupling constants based on a hyper-conjugative model
for the substituents.



Applying configuration interaction techniques similar to those in the
earlier work, Kerplus and Fraenkel'® derived an expression for the hyper-
fine coupling a° of an sp>-hybridized '°C atom

3 3

o = ¢+ chc)p+‘7:Qxc° oy )

e g -
whmpudp‘(t-1.2.3)mdupt-dcetmophmummcm
X‘. respectively, The contribution of the is~electrons to polarisation of the
bonds is determined by 5° and that of the 2s~electrons by the Q's, where
Qc: is the sigma-pi parameter for the nucleus of atom A resulting from
the interaction between the bond C - X and the pi-electron spin density on
atom C, The constants in the equation were evaluated,

The Karplus-Fraenkel method is applicable to all appropriately bonded
elements in the first row of the periodic table, In particular, it has been used
extensively to interpret nitrogen hyperfine coupling, when the equation becomes' *

SRR PR ®
i
aNumwmm pnudp‘thpl-cphmudn
nmumuddnoh_rmhdodwtbm. respectively, Q::
has been writeen for (7 + Q™). P ana Quy. Tepresent the
i i

. polarisations of the ritrogen 18- and 2s-electrons, respectively. Qx‘,?

s a sigma-pl parameter representing polarisation of the N -X, bond
wmmuux‘m.
1.2.3. Analysis of Spectsa

Generalisations about the analysis of e.s.r, spectra are impossible.

In some cases, when the radical has few interacting nuclei, the pattern of
spectral lines is obvious by inspection. For more complex systems a
knowledge of the splitting pattexns for all equivalent groups of nuclei in



the molecule will be of assistance in analysis, In particular, care must be
taken to ensure that low intensity lines in the extreme wings of the spectrum
are not accidentally missed. In doubtful cases the spectrum should be over-
modulated in order that the wing lines become discernible. Less overlap of
lines occurs in the wings of the spectrum, hence related groups of lines are
more obvious and partial analysis can result from careful inspection of the
Spectrum in this region, Theoretical spectra obtained by considering likely
combinations of the coupling constants can then be constructed, either in the
form of a “stick-plot” or with the aid of a computer, In this work spectra
have been simulated by computer. This method has the great advantage of
glving accurate intensities of non-overlapping and overlapping lines as well
as line positions. Suitable alteration of the coupling constants and linewidth
can then be made in order to obtain an accurate fit of simulated spectrum with
experimental spectrum. Good agreement between simulated and experimental
Spectrum is taken as indicative of correct analysis,

Two programmes have been used for this purpose. One involves the
input of more data and was used for molecules containing a large number of
equivalent nuclei, The outputs for both programmes are identical. The main
programme is given in Appendix 1.

Careful examination of some spectra indicate the presence of two
paramagnetic species. When such cases occur, analysis is relatively easy
if one species is in excess, but if the amounts of each radical are comparable,
analysis presents a much greater problem. Only accurate measurements of
line positions and intensities reveal the details of each component spectrum,
and if a tentative analysis for each can be made, simulated spectra can be
obtained and superimposed. This procedure is very unsatisfactory as overlap
of lines is ignored, and a programme has been written to simulate such
Spectra, allowance being made for different intensities and line widths,
permitting more accurate interpretation, The programme is given in
Appendix 2,



Once a set of hyperfine coupling constants is determined which will
reproduce exactly the experimental spectrum, it then remains to assiga the
coupling constants to particular positions in the molecule. In some cases
this is facile, for example when all positions are equivalent, as in the
benzene radical-anion, or where all magnetically equivalent positions give
different splitting patterns, as in the radical -anion of 3, 5-dimethyl pyridine.
Assignment of the coupling constants in ambiguous cases is more open o
doubt but may be achieved in various ways, Substitution at certain positions
by deuterium chenges the coupling constant and splitting pattern for those
positions, while leaving the rest of the molecule approximately unperturbed,
Coupling constants may then be assigned to particular positions. Methyl
substitution can also be used, although this causes greater perturbation of
the system,

Alternatively, comparison of theoretically calculated spin densities
With experimentally determined ones may lead to assignation of the
corresponding coupling constants., "Experimental” spin densities are ob-
tained from the hyperfine coupling constants by application of equations (3) to
(8) above, Caleulations of theoretical spin densities are discussed in the

Theoretical spin densities have been calculated for all the systems
considered to obtain & correlation between simple molecular orbital (MO)
WMNMWWMM.
Caleulations were carried out using the simple Hiickel linear combination
of atomie orbitals (LCAC) method>" and the approximate configuration
interaction treatment of MeLachlan >’

In the Hilckel molecular oxbital (HMO) method, the sigma- and



pi-bonds are treated as non-interacting, the sigma-orbitals being localised
into bonds, whereas the pi-orbitals are formed as a linear combination of

the 2p -atomic orbitals of the conjugated atoms. These atoms are assumed
to share the same nodal plane. Each LCAO MO can therefore be written in

the form
a

!" = ‘;C“it
i

where ¥, is the jth MO, &, is the atomic orbital of the ith atom (2p, orbitals
nrmmmcuummdmummum
jth MO, These MO's are eigenfunctions of a Hamiltonian operator (con-
sidered for the pi-system alone), which on solution, gives the set of co-
efficients for the best energy value of the molecular orbital. Solution is
effected by applying the variation principle, and reduces to the solution of

a set of simultaneous homogenous linear equations, the secular equations,
of the form

JC @  -E.8 )=0

T
where H = [8 ico dv and S = o 0 dv. Theterms H_, the diagonal
mm:«mmumumn”m:n.mw-
diagonal matrix elements are the resonance or bond integrals. In the
Hiickel method the interaction energy between non-bonded atoms is taken
‘ ummaﬂbtrmmnuum. mwsﬁm
the overlap integrals. mummummsu-smz--m
S.g=0forr/s. E inthe above equation is the energy of the molecular
orbital r. Solution of the secular equations yields n values for the energy

given as an algebraic sum of a Coulomb integral end some multiple of a
resonance integral

E=a+mp

i
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« i the Coulomb integral for an sp--bonded carbon atom and § is the
resonance integral for a carbon-carbon bond in benzene. Although both
« and p are negative energy quantities, the convention is to take « as the
relative energy zero, then the energy levels can be represented by levels
ahwc(mjctmmdhnmtnfmthum. Forpoﬂtlnm,thcomh
mmMzW‘n.mber’Mmmau-
bonding MO's, hmmn’mhmﬁnhwdmw
is the same as that of any constituent carbon 2p-orbital. This is termed a
non-bonding MO, Onece the values of the energy of each MO have been found,
the values of the coefficients may be determined and hence the eigenvalues
(energies) and elgenvectors (coefficiants) of each MO can be obtained.

In the systems under consideration here, all are alternant and so
each bonding MO is filled with two paired electrons in the neutral molecule.,
In the radical-anion, the extra electron is accommodated in the lowest-
energy antibonding MO, which therefore determines the properties of the
radical -anion, enabling the determination of the spin density at each atom
in the molecule. The unpaired electron density at atom i in the jth MO can
h-nmmuh.cu’, In HMO theory this is equivalent to the spin density
p, at that atom. Therefore, the spin density distribution in a radical -anion
is given simply by the squares of the coefficients at each atom position in
the lowest-lying antibonding MO,

Good agreement between spin densities obtained from HMO theory
and those determined experimentally has been found for even alternant
hydrocarbons such as naghthalene’>’ > and perylene > 2> In the case of
radicals derived from odd alternant hydrocarbons such as triphenylmethyl”® 7
and perinaphthenyl” agreement between experiment and theory is rather
poor. HMO theory predicts the existence of zero spin density for certain
positions, while finite couplings are apparent in the e.s.r. spectra. To
mmummummummm



i

out that hyperfine interaction can be either positive or negative, thus the
corresponding spin densities can be of either sign. The simple HMO theory
must therefore be modified in order to account for this effect, as inherently
it can predict no negative spin density, and this is achieved by considering
the interactions of electrons with one another,

It has been done in a particularly useful way for comparison with
e.s.r, mutmbymwm.” ‘The method is based on SCF
theory but it may be formulated in HMO parameters as

2 " 2
%2 " Co " . "%

8
hwmptuummum:uhmmu
odd electron. cuuuwmmauwmuumom
nuuﬂummwﬁydmxndown
- €. .6
w L R

where i and j are the occupied and vacant orbitals, mpcmay.nds‘m
the Hiickel energy level values, ) is an adjustable parameter derived from
the theory, the most general value of which is taken as 1.2 p-units. The
summation in equation (9) is taken over all atoms s. The largest part of
the spin density is due to the electron in the lowest antibonding orbital,
~ while the unpaired spins of the half-filled clectron shell give a small
correction. These corrections can lead to negative spin densities,

Application of the McLachlan technique gives in most cases, better
agreement with experiment than the HMO method. It is in better agreement
with the total width of e.s.r. spectra which are generally wider than the
23.7 Oe value expected if negative spin densities were absent. All positions
which the HMO treatment predicts to be zero have negative spin densities,

®)



while numerically larger values occur for the other positions. This must
unmomm_;p‘atm“wm.mwmu.

Alﬂnqhho;awdswmmhmoteoum
they can be modified to include the average effects of other electrons, hence
« i8 expected to vary from carbon to carbon and ¢ will vary with bond length,
These variations will be particularly felt if heteroatoms are present in the
conjugated system. Such changes due to heteroatoms can be incorporated
in the theory by appropriate changes in the empirical ~ and # parameters,
by the definitions

oy "o th.B, -
Pgox * Xcexfo

oy uda mmmmmm respectively, associated
mmmx % nda mhummwmh-pzﬂdd
carbon pi-systems,
The theoretical calculations were carried out on an 1.C. L. (Elliott)

4130 computer, as were the spectra simulations, The programme for the
spin densities consists basically of the matrix selution of the secular equations,
giving the eigenvalues and eigenvectors. Procedures have been written to
minimise the input data and to calculate and output Hiickel and McLachlan
spin densities for radical-anions. The programme and its mode of operation
~ are given in Appendix 3.

: Comparative theoretical studies are useful in ways other than for
assignment purposes. E.8.r. provides a sensitive method for obtaining
spin distributions in molecules, hence variation of the empirical para-
meters involved in the MO calculations can be carried out to obtain the
best fit with experiment, Through the MO calculations comparison may be
made with the e.s.r. data and polarographic or spectrophotometric data
of a molecule. Details of the stereochemistry of a molecule can, in some

12



cases, be determined by e.s.r. and this can be followed by manipulation
of the theoretical data.

1.4, F STUDY OF ‘ RADICALS

Many radicals are, of course, sufficiently stable to be examined by
e.s8.r. at leisure either at ambient temperatures or simply on cooling the
sample to, say- 80°C. More rapidly decaying radicals can be stabilised
by preventing diffusion through working at very low temperatures, Alternatively,
a sufficiently high steady-state concentration of radicals can be maintained
to overcome the rapid decay.

Both possibilities have been realised in many instances and exhaustive
mhwsﬂnﬂohmmﬂ” Particularly important examples
of these general techniques are radiolysis, photolysis, electrolysis and the
use of flow systems, and these are now covered,

1.4.). Radiolysis

Radicals have been identified following radiolysis both of gases (by
trapping from a stream of gas on to a cold finger) and of solids (by in situ
irradiation). Unless one is dealing with single crystals, the e.s.r spectra
are marred by line-broadening, Nonetheless, radiation-induced e.s.r.
spectra of both glassy and pelycrystalline solids and solutions have given

information both on the electronic structure of the radicals and on the
' Alkyl radicals have been obtained on y -irradiation at 77° K of alkyl
halides’® 3! and aliphatic hydrocarbons’? the latter also giving alkyl
radicals on continuous irradiation with 2.8 MeV clectrons in the lquid
state®® X- or y-irradiation of aliphstic alcohols, aldshydes and ketones®2* >4
produces radicals by selective alpha-hydrogen abstraction. Carboxylic acids.>
amides,’® and particularly amino acids®’ have been irradiated and their
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e.8.r. spectra determined, both in single crystals and polycrystalline
states. Radiolysis and e.8.r. mﬁmlon” of frozen neutral acid
and alkaline aqueous solutions has provided details of the primary
radiolytic species, including the trapped electron, E.s.r. has been
used for the characterisation of radicals formed during irradiation of

1:4.2. Pomwlysis
Photolysis with u,v, or visible light in both solid and liquid phases
gives rise to radicals, the latter exhibiting better resolved e.s,r. spectra.

Observations of short-lived radicals in liquid solution is effected by flowing
the solution through the cavity during intense irradiation.

Transparency of the matrix is an essential requirement for photolyses
in solid matrices, and is met by the inert gases, Small alkyl radicals’ and
small inorganic radicals’' have been prepared in such systems. When
frozem, alcohols®> are transparent, and give well resolved e.s.r. spectra
on photolysis, Similar ¢.s.r. spectra are obtsined when simple alcohols
containing about 1% hydrogen peroxide undergo intense u.v, irradiation ¥

Oxidation of aliphatic compounds by high valence metal ions can be initiated
by photolysis at low temperatures

1:4.3._Rotating Cryostat

; One-electron transfer from a donor such as sodium to an acceptor
such as a halohydrocarbon forms the basis of the method. The two re-
actants are mixed intimately by directing them in gaseous streams on to the
oOuter surface of & rapidly rotating drum (ca. 2400 r,p.m.) filled with
deposit, containing radicals or radical-anions derived from the acceptor,

18 tranaferred to an 0,8, ¢, sample tube, Radicals are formed by the
reaction
RX + Na* = R+ +NaX
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Radicals such as €0,",*® ©5,7,*7 alkyls,'® phenyl,® aliphatic ketyls™ and
trapped electrons® have been obtained. Generally the spectra tend o be ill-
resolved compared to solution spectra because of dipolar broadening.

1.4.4. Flow Systems

Flow systems imcorporating the mixing device described by Dixon and
Norman®' have been widely exploited for solution studies of short-lived
radicals. Studies of aqueous solutions necessitate the use of the flattened
aqueous cell, and the flow system is based on this, the reactants being mixed
just outside the resonant cavity and then flowed into the flat portion. Examples
of the systems investigated by this technique are discussed briefly below.

Reaction of the titanous ion-hydrogen peroxide system with many
simple organic compounds results in the formation of radicals by cleavage of
carbon-hydrogen bonds, e.g., the radical - CH,OH from methasol solutions !
The relative activating or deactivating effect of substituent groups can be in-
ferred from this type of measurement > and electron transfer reactions in
solution, e.g., from m,oa" or 002?”'“ to electron acceptors have
been observed, Oxidations using acidic ceric solutions give the short-lived
aryloxy>® meta-semiquinone>® and anilino radicals>’ Nitrobenzene and
substituted nitrobenzene radical -anions have been obtained by reduction of
the parent compound using basic sodium dithionite solutions >°

Further applications of flow systems include the incorporation of plugs
of lead dioxide or silver oxide w achieve heterogenous oxidation >

1.4.5. Electrolytic Reduction

mmym sometimes enables a sufficiently high steady-
state concentration of radicals to be maintained for e.s.r. measurements
to be made, Radical-anions are formed by one-electron reduction at the
cathode which is placed in the centre of the resonant cavity. Reduction
mummuumhumw.“ llttllu.“
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kmu&'“ (some of which exhibit restricted rotation) are observed. The
mm-«hm.“ nttmoohcnm“ and some nitrogen-containing
hetercaromatics such as pyridine, pyrimidine and some of their ring-substituted
dnlvutm“ have been generated electrolytically in liquid ammonia,






2.1, AL-AMMONIA SOL

It has been known for many years that solutions of alkali or alkaline
earth metals in liquid ammonia possess very powerful reducing properties,
although their nature is by no means well underswod. In the first quantitative
studies on these solutions, Km" deduced from conductance measurements
that the positive electrolytic carrier is the metal cation and the negative carrier
is the solvated electron. It was found that the electron carries about seven-
eighths of the total charge, To account for this behaviour, Kraus proposed
that the alkali metals, M, exist in equilibrium with solvated metallic cations,

-+ an
M’, and ammoniated electrons, e

+ ~
M=M +
.m

However, m“ observed decrease in the molar paramagnetic sus-
ceptibility with increasing metal concentration necessitated further equilibria

involving diamagnetic metal species
= + 4
"2 2M" + 2¢
Becker, Lindquist and Alder® elaborated upon this theory in order to account
mmmmmuwmmmmwm
equilibria
Me=M 4+
amm
M+M = M,

In this model, the monomer M, consists of en ammoniated M ion with the
electron located in an expanded orbital on the protons of the co-ordinated
ammonia molecules, The dimer M,, consists of two ammontated M tons
with the electrons again located in an expanded orbital on the protons of the
co-ordinated ammonia molecules. Fu.l.dﬂmn suggested inter~

17



i8

action of two electrons to form a diamagnetic pair tc account for the decrease

in paramagnetism. This theory has been elaborated upon by various suthors’ @ ~/°
who proposed that the individual electrons are trapped in cavities which they
€reate in the solution and are in equilibrium with diamagnetic pairs of

electrons which are similarly trapped

- 2‘
2e = e,

The optical absorption spectra of metal -ammonia solutions show &
very broad and intense band whose peak oceurs at about 15,0004, 7> The
extended short-wavelength tail gives the characteristic blue colour to these
Solutions. Up to 0.1 M solutions of sodium, potassium, lithium and caesium
in liquid ammonia obeys Beer's Law, the spectra being identical for all the
metals. This is difficult to reconcile with the proposed models, as it is
expected that each species would show different spectral properties. To
MW-MM“M" assumed that species such as M and
M, consist of lonic aggregates in which the solvated electrons remain essentially
unchanged from their state at infinite dilution.

By adding a third equilibrium to that proposed by Becker, Lindquist
and Alder, Arnold and Patterson’ | found better agreement with magnetic and
conductivity data, They postulated the existence of two different diamagnetic
Species. The additional species M, consists of an electron trapped in the

field of an M centre, and is a negatively charged, diamagnetic entity.
M= M 4o

M M
M = M+e
l‘nut" has carried out extensive theoretical studies of the energies
of bound electrons in liquid ammonia. This work was based on electron binding

hhuemuhucm” was based on a system consisting of a
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dielectric medium and the additive electron, His proposal was that in the
limiting case of extremely dilute solutions the electron is removed from the
metal cation and is located in a cavity in the liquid, The electron is trapped
in the medium by self-induced polarisation, This approach gives rather better
agreement between predicted properties and experimental values than the other
methods outlined,

- For the purposes of this work, however, the exact nature of the reducing
Species is not essential to an understanding of the reduction paths which the
organic substrates undergo. The mechanisms of these reductions are dis-
cussed in the following section .

2.2, IN AMMONIA

'l‘h.muutth»ty'o of reduction was proposed to account for the

Treduction of unsaturated oxganic compounds by sodium amalgam in protonic
Solvents. In this theory it was supposed that the metal reacted initially with
the solvent to give hydrogen atoms, which then reacted with the substrate to
give the reduction products. Later work®' showed this to be erroneous, and
it was postulated that reduction occurs by addition of sodium atoms to the
Organic molecule followed by protonation by the solvent. In 1938 Michaelis
and Schubert>® presented the currently accepted reduction mechanism in
- terms of a reversible one-electron addition as the initial step, followed by
Protonation and dimerisation or further electron addition and protonation.
This theory has now been accepted for reductions by metal -ammonia solutions
and it has been possible to formulate two different reaction mechanisms, *°
(A) fission of & saturated bond, and (B) saturation of a double bond, both of
Which are illustrated below,
(A) Eission of a single band

Fission of a single bond requires the addition of one or two electrons,
the products undergoing one of a number of further reactions. The general



scheme for such reactions is given in Scheme 1.84

Direct addition of two electrons may occur, the product anions then
existing as such in solution or being protonated by either the ammonia itself
if the anions are strong bases or by added proton donors such as ethanol or
ammonium salts, Stepwise addition of electrons in the fission of the bond
gives rise to a radical and an anion as intermediates after addition of one
electron, The anion so formed may be protonated while two possible fates
exist for the radical, Radical coupling may occur to give a dimer, with
possible further reactions, or the addition of a second electron may occur
to give the corresponding anion, which may then undergo further reaction
as shown,

For a reaction of this type to occur, the stability of the anions and
radicals formed on reduction must be considered; for example, it is to be
expected that bonds between electro -negative atoms or between carbon and
a very electro-negative atom will be split, particularly if the carbon atom

is part of an unsaturated system, e¢.g., carbon-halogen bonds are readily
split with the production of halide ions and organic radicals,

| ¥ | -
-?-Hﬂ*—o - -?.+Hn

(B) Saturation of a double bond

An isolated double bond A = B can be considered as a model for all
conjugated systems, As with the fission process, the reduction can involve
the simultaneous or stepwise addition of electrons, The general scheme is
Muschmz.“

In this case a dienion could be formed by the simultaneous addition

of two electrons if the double bond is part of a conjugated unsaturated system
where the charges could be stabilised by resonance. One-electron addition

may also give a relatively stable radical-anion which resists further reaction,

20



SCHEMES FOR REDUCTION IN LIQUID AMMONIA

Scheme 1 : Fission of a2 single bond
Scheme 2 : Saturation of a double bond
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or again protonation followed by further electron addition may occur. The
radical -anion may dimerise giving the dianion which may then be protonated.

The metal -ammonia solutions permit the reduction of organic materials
in a homogenous phase by chemical means. The electrons required for the
initial reduction step are produced by the dissolving metals, and the low
acidity and relatively high solvating power of ammeonia permits the formation
and enhances the stability of the radical-anions formed. If the substrate is
insoluble in ammonia alone, a cosolvent such as tetrahydrofuran may be
added to achieve satisfactory solvent properties.

In many metal -ammonia reductions protonation of anions occurs to
give saturated products, me:h.mmuuun(px.-u)am
a very low concentration of protons is available in ammonia alone. Proton
availability may be increased by the addition of substances such as ammonium
fons or aliphatic alcohols which behave as strong acids in ammonia,

Reduction of organic compounds in ammeonia has also been achieved
by electrolysis. Early work on the electrolysis® of tetraalkylammonium
salts showed the cathode potential to be essentially independent of the cation
used. This led to the suggestion that the solvated electron was produced at
the cathode and further work>® showed that the only cathode reaction was a
dissolution of electrons into solution. Levy and Myers®® report that the
e.s.r, spectra of electrolysed solutions of tetramethylammonium iodide in
ammonia are similar to those of sodium in ammonia, suggesting that both
- chemical reduction and electrolytic raduction in ammonia occur essentially
by the same species and so the paths of reduction in each case should be
similar. Electrolytic reductions of a number of species have been reported®’’
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3.1. THE E.S5.R, SPECTROMETER

In the e.8.r. spectrometer a klystron oscillator generates a micro-
wave fleld of frequency 9270,339 Me. sec. | which is applied to & resonant
cavity containing the sample under investigation. The cavity is situated
centrally between the poles of an electromagnet producing a steady static
magnetic field of about 3300 oe, and is connected to one arm of a micro-
wave bridge. Before resonance occurs no power is absorbed by the sample,
the microwave bridge is balanced and no signal is detected, At resonance,
energy is absorbed by the sample from the microwave field and the bridge
becomes unbalanced, the imbalance being sensed by a semiconducting crystal
detector. Coils in the cavity provide for application of a 100 ke, sec, ™'
modulating magnetic field, Modulation of the field at resonance causes the
e.s.r, information to appear as an alternating current superimposed on the
microwave energy reflected from the cavity to the detector. This allows
phase detection and, after amplification, the resultant e.s.r. signal,
appearing as the first derivative of the absorption curve, is applied to an
oscilloscope or graphic recorder. In order to traverse the whole absorption,
a small sweep field is superimposed on the steady magnetic field, This allows
the detection of absorption which can be spread over tens of oersteds for
organic radicals.

The spectrometer used in this work was a Decca X1 model with a
Newport Instruments 7 inch magnet system and employing 100 ke . sec, '
frequency modulation,

3.2, LARY

The essential feature of a flow system is the mixing chamber. For
accurate and reproducible results mixing must be fast and efficient. This is



particularly so with e.s.r, studies, as inefficient mixing can lead to broadening
of the hyperfine lines of the ¢.s.r. spectrum and hence to a lowering of resolution.

Flow systems used in e.8.r. studies have been based on the designs first
described by Hartridge and Roughton ®® In these systems the mixing chambers
have been adapted in numerous ways to suit the experimental conditions, They
range from the very simple system used for detecting the relatively stable
pmw.‘ through designs to mothodud-lpneo” inherent
in the mixers to the more complex designs used for reactions in biological
systems !

mmmm”'” used in previous e.s.r, work
incorporates a time-lag between mixing and observation which is too large
for certain of the radicals reported in this work to be observed. The dead-
space is about 0.1 em® and with a maximum flow rate of 5 ml.sec. ., ob~
servation can be made 0,02 sec. after mixing, A mixing chamber has been
developed in which mixing occurs much closer to the centre of the resonant
cavity and where cbservations may be made 2 - 5 msec. after mixing.

The cell used is shown in the figure. It is a considerably modified
version of the multicapillary mixer of Moskowitz and Bowman > Contained
within the outer glass jacket (B) (ca. 6 mm, i.d, at top and 2 mm., i.d. at the
mixing point) is a bundle of 10 - 20 capillaries (A) (ca. 0.5 mm. i.d.). These
are held in place at the top by Araldite (C). The mixer is constructed in the
following way. The jacket is blown to the required shape and size and the
end pulled down to 2 nozzle, The capillaries are drawn to the required length
and diameter, and inserted into the jacket, as many being packed in as
possible, The ends of the capillary tubes at the top of the mixer are then
flame sealed and the mixer inserted into liquid Araldite until it reaches the
level of the side arm, This is allowed to stand for 24 hours, when the
Araldite is firmly set, and the end cut off with a diamond saw, The nozzle

is then sawn off at the correct diameter and the observation tube (D) fixed,
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again with Araldite. The relatively low dielectric constant of ammonia
(22 at -33°C) permits the use of 2.4 mm. 1.4, tubing as sample cell,

Mixing is complete within 2 - 3 mm, of the nozzle (as evidenced by
runs with acide, bases and indicators, and also the ammonia solutions)
indicating a dead-space of about 0,01 em> At the fastest flow rates of about
8 ml.sec.”!, complete mixing is effected within 2 msec., although such large
flow rates were not generally required.

Comparative experiments between the aqueous solution -type mixer
used previously and the multicapillary mixer described above showed, where
spectra were obtained in both cases, that the multicapillary mixer gave better
signal ~to-noise ratios and, in most cases, higher resolution. This type of
mixer allows obsexvations on radicals with half lives an order of magnitude
lower than those obtained by the ageuous solution mixer.

3.3 CAL

Each solution was contained in a 21, round-bottomed flask, cooled
-with solid carbon dioxide ("Drikold"), The solution of sodium in liquid
ammonia was forced under pressure of nitrogen through the side arm of the
mixer and down the interstices, a solution of the substrate under investigation
being similarly forced through the capillaries, All flow tubes were cooled with
"Drikold” throughout each run and the products collected in 2 cooled 51, flask,
The cavity was surrounded by a polythene bag through which a constant stream
&nﬂmmmdhprmwwndwbudtndm. Ne
cooling of the cavity was necessary.

Distilled anhydrous ammeonia, purchasad from [.C.I. Limited in
283 b, (88 1b. ammonia) cylinders and quoted o be 99,98% pure, was not
further purified. Before adding the substrate or reductant to the ammonia,
small pieces of clean metallic sodium were added, initially giving a deep blue
colour. Any impurities cause decoloration of the solution and when a very

6



faint, permanent blue colour remained, the required amounts of substrate and
reductant were added. The substrate solution was made up to a concentration
of 10™2 - 1072M, the concentration of reductant being normally slightly greater.
In cases where the substrate was only partialiy soluble in ammonia alone,
purified tetrahydrofuran was used as a cosolvent (ca. 5% v/v). Runs were
normally performed with 21, of each solution and at the fast flow rates em-
ployed, the large consumption permitted spectra to be run with a maximum
magnetic field sweep time of only 500 sec. Consequently the resolution of the
spectra is inherently lower than would be expected from a static system,
Bxperiments permitting observation of secondary radicals were carried
out by allowing mixing to occur up to 1 sec. before the cavity, and static ob~
servations gave the ¢.8.r, spectra of any paramagnetic products, The static
experiments were conducted by adding a few milligrams of substrate to a
0.5M solution of sodium in ammonia, maintained at about -60°C. The
mixture was rapidly transferred to a variable temperature assembly in the
spectrometer cavity, and spectra run about 2 min. after mixing. The electron
signal was invariably always present initially, but on stirring this disappeared
to be replaced by a more complex spectrum if paramagnetic species existed,
No special effort was made to exclude air but the blueness of the mixed solution
and the strong signal due to e_ 18 reasonable guarantee of the absence of

oxygen,

3.4, RECORDING OF SPECTRA

The basic procedure for operating an e.8,r, spectrometer is very
varied and depends upon the instrument itself, and will not be considered here,
A number of precautions, however, should be noted in order to obtain the best
spectrum from a free radical sample. With some easily saturated systems,
too high a microwave power level will cause docrease in signal intensity and
resolution due to line broadening "> Low power levels should therefore be



used, though not too low to prevent sufficient signal intensity. The modulation
amplitude should be as low as possible to avoid line broadening™> which ob-
scures much of the fine detail in spectra. The sample should not display too
much dielectric "loss" and should be placed in the centre of the cavity so that
it experiences the greatest microwave magnetic field density and least electric
field density. The cavity itself should be in the position of maximum field
homogeneity. A low concentration of radicals is preferable to prevent spin-
spin broadening, Also, distortion of the line shape will occur if the magnetic
field is swept rapidly, so a slow sweep speed should be used if possible.

With a flow system such as that described above, all the conditions
for obtaining good spectra cannot be realised, The available parameters must
be optimised to obtain the best possible spectrum. In all cases, relatively
short magnetic field sweep times have to be used, and this is balanced to some
extent by a relatively high modulation amplitude to give satisfactory signal size,

In all cases the magnetic field was calibrated using a dilute alkaline
solution of potassium nitrosyl disulphonate (Frémy's salt). The radical dianion
*NO(50,); " i8 produced and gives a three line spectrum, of relative intensities
1:1:1, the lines being separated by 13,07 Oe, Determination of the coupling
constant of Frémy's salt was made by averaging 2 number of runs in which the
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magnetic field was plotted directly along the X~axis of an X -Y recorder, Cross-
checking of coupling constants was also carried out occasionally with the perylene

radical -cation (obtained from a solution of perylene in concentrated sulphuric
acid).

Calibrations were always carried out on the same day as the samples
were run, and the average value of a number of scans taken. The quoted
coupling constants for all radicals were obtained from an average of several
spectra, where possible, and are estimated to be accurate to 0.03 Oe,

The solvated electron gives a single, narrow line with a g-value of

2.&)!1.“ and centred at @ field-value, for this work, of 3310 Oe. By taking



the e.s.r, spectra of Frémy's salt, diphenylpicrylhydrazyl (DPPH) and sodium

in ammonia simultaneously, the g-value of the solvated electron can be calculated,
as those of Frémy's salt and DPPH are known. As the microwave frequency is
known (9270,339 Me, sec.”), and the values of Plank's constant and the Bohr
magneton, the field-value can be calculated from equation (4).

Assuming the g-value for the solvated electron to stay constant in the
presence of other radicals, the g-values for these radicals may be directly
determined from

. 8 Hy

Srad 'ﬁ:“-‘i

vhmgmmdg.mmgwwdmmmmmddum
respectively, u.uunm-mmexmwm. and x is the dis~
tance, measured in oersteds, of the centre of the spectrum of the radical down+
field from the solvated electron line. All g-values quoted have been determined
on this basis, and are estimated to be accurate to 0,0001.



CHATTER ¢

REDUCTION OF ARYL HALIDES



4.1, INTRODUCTION

The high electronegativity of the halogens renders the carbon-halogen
bond highly susceptible to cleavage by metal-ammonia solutions, the halogen
being cleaved as halide ion, However, other factors such as bond energy will
be important in determining the ease of cleavage of the bond, and the relatively
high carbon-fluorine bond energy’ > probably accounts for the fact that enly
species containing fluorine show halogen splitting on one-electron reduction on
the time-scale of our measurements, cm:uy“ first demonstrated the re-
action but made no product analysis. Fluorides excepted, alkyl halides’® =%
aryl halides”® '® and polyhalogenated benzenes'®! lose halogen on reaction
with sodium in ammonia ; for example, chlorobenzene gives benzene, diphenyl-
amine, triphenylamine and sodium chloride, and 1-iodonaphthalene gives
naphthalene %  Cleavage of a variety of benzyl halides gives a mixture of
aucmumam-ww.'“

Dehalogenation of organic halogeno compounds has also been studied
by (1) ultraviolet and gamma -irradiation of alkyl and aryl halides.'» 104 - 108
(i1) electron trmnhr from () lithium metal in diethylether to chloro-substituted
naphthalenes,'” (b) sodium naphthalenide to alkyl hatides,' ' (c) sodium atoms

m;huylioddo“' (d) the radicals COz or GOHWMbm

mmmwm«w»mwm and (iit) by re-
WMMmmmumm“’ E.s.r. studies were made

humolﬂnnaun’ o 54, 108, 165, 100 but poorly resolved spectra were
mmmwmm“' - Auhmm'" of aromatic
halides are few and e.8.r, spectra are normally obtained only when the sub-

strate contains a strong electrvon-withdrawing group, The radical -anions of the
fiworo-'"? "M% 4nd chtoro-'"? nitvobenzenes exhibir splitting due to the
mm.umummmuumuh
mmdp-ﬂmmum -adz.'l-dlnuomn\nm"‘ the
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fluorani] semiquinone’’’ and certain fluorobiphenyls''® 1rradiation of single
cryouho!m-"' adtrl-uo fluoroacetamide gives e.s.r. spectra showing
fluorine splittings.

Nuclear halogen atoms are readily removed from nitrogen heterocyclic
rings catalytically'>’ and with zine dust in acid or alkali,'?* end dehalogenation
of some chloroimidazopyridazines has been observed on treatment with sodium
hnquldamu.‘”

A study of the reduction of aryl halides was undertaken, utilising the fast
mixing device and flow system described in Chapter 3, in an attempt to observe
the aryl halide radical ~anions first formed on reduction. Altogether twenty-
seven examples of ring-halogenated pyridine, pyrimidine, benzene, biphenyl,
naghthalene and benzonitrile were examined and the results are presented below,
Halogenated benzoic acids have also been examined and the data are presented

in Chapter 6.

4.2, EXPERIMENTAL

Substrate concentrations were made up t 10 - 10> M, the individual
concentrations depending on optimum signal size and resolution, and a slight
excess of sodium was normally used. In the cases of 2,3~ and 3, 5~-dichloro~
pyridines, 2,2'-difluorobiphenyl, 1-iodonaphthalene and 4-iodotoluene, ammenia
with 10% v/v of purified tetrahydrofuran as cosclvent was used to obtain
anﬁmzmm.MIWmem.
© Maximum flow rates of ¢a. 8 ml, sec, ' were used in every case, but
when the radical -anion of the parent compound was the only one observed,
lower flow rates provided comparable spectra. Spectra were also run in some
cases with mixing occurring ca. 0.1 and 1,0 sec. before the cavity, to allow
observation of any secondary radicals which may have been formed,
Materials

The anhydrous ammonia was used without purification further than
that indicated previously. Sodium was carefully washed with light paraffin

-3
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oil and dried immediately before use. All the halides were commercial
products and were purified, if necessary, by recrystallisation or distillation,
lodobenzene

Commercial jodobenzene contains 0.5 - 17 nitrobenzene (determined
by G.L.C.) and when this material was used at 5 x 10" M, the e.8.r, spectrum
obtained was identical to that of the nitrobenzene radical-anion. lodobenzene
was therefore prepared by the method of Barker and Waters' =¥ to ensure the
complete absence of nitvo~compounds (B.Pt, =29 - 30° at 0.5 mm), G.L.C.

showed it to be free of nitrobenzene,

4.3, RESULTS AND ANALYSIS OF SPECTRA
The coupling constants obtained from a number of mono- and di -halogen

substituted aromatic hydrocarbons and nitrogen heterocycles are listed in
Ta. ‘Q'I

All the pyridines (with the exception of 2-fluoropyridine) and two

pyrimidines gave the e¢.8.r. spectrum of the radical -anion of the parent
heterocycle. The coupling constants are in close agreement with those of
Talcott and Myers™ who obtained the anions of the unsubstituted heterocycles
by electrolytic reduction in ammonia. The e,s.r. spectrum obtained from
3-todopyridine is shown in Figure 4.1. 2,4, 6-Trichloropyrimidine was
reduced under similar conditions to the two dichloro-compounds, but no
e.s.r, spectrum could be detected.

Fluoro -substituted pyridine behaves quite differently from the other
halogenated pyridines. 2-Fluoropyridine retains the fluorine atom on reduction,
because the ¢.8.r, spectrum of the radical-anion shows 82 lines, the larger
proportion of which are of equal intensity. The number of lines expected from
a pyridine nucleus substituted with an atom of spin 1/2 in the 2-position is '
96 if no simple relationship exists between the coupling constants ; hence if
overlap is allowed for, the spectrum can be rationalised in terms of



TABLE 4.1.
COUPLING CONSTANTS FOR RADICAL ANIONS
PRODUCED FROM SUBSTITUTED COMPOUNDS
- Coupling Constants (oersteds)
Substrate Radical -anion a
% 8 & v § &
2-Fluore- 2 -fluoro - b

o~ Siding 4.82 7.12, 462 3.67,1.67° 8.31
2-Bromo- ) |

prae: - ; 6.26 3.54 0.82 9.54
2-Chloro~

ol ; 6.5 3.7 0.8 9.9
3-Chloro- )

4 6.30 3.35 0.81 9.63
3-lodopyridine ; 6.33 3.55 0.81 9.66
2,3-Dichloro- ) pyridine

W.f" ; 6.8 3.4 0.8 9.6
2, 6-Dichloro-

s ; 6.30 3.54 0.83 9.72
3,5-Dichloro- )

o ; 6.18 3.49 0.78 9.58
2,6-Dibromo -~

v ) 6.23 3.50 0.78 9.54
Pyridine pyridine® 6.28 3.55 0.82 9.70
3, 4-Dichloros 4 iaine s.sf 0.7 8 1.8% 9!
4, 6-Dichloro- i

0 pyrimidine 3.27° 0.758 1.8  9.82
Pyrimidine pyrimidine® 3.26' 0.728 1.8® 9,78
lodobsazene ) 2.72 0.40 5.44
4-mm; bighenyl 2.70 0.40 5.41
2-Jodobighenyl ) 2.70 0.38 5.40



Coupling Constants (oersteds)

Substrate Radical -anion ‘1‘ 2 8 A 8
Biphenyl bipheny!) 2,73 0.43 5.46
- - 3.78° 3.25  0.35 075" 5.4
1-lodonaphthalene naphthalene 5.02, 1.85™
Naphthalene naphthalene” s.01) 1.79™
e

Pmblhlyap
€ MO calculation ambiguous
d

Spectra not very well resolved, so the coupling constants
are open to larger errors,

® vValues from Ref, 38,
". ‘3.
H.
h
ag.
.‘. .6'
} In THF or DME; values from A. Carrington and J. dos Santos-Veiga,
Mol. Phys, 1962, §, 21.
mmmapnktps> Py Mummm%-o.‘noo.
adu,-o.uu.
1
By B¢ 85 85
m
.zo .’.
® In THF or DME; values from T. R. Tuttle, R, L. Ward and .1, Weissman,
J.C.P, 1956, 25, 189,



(2) Spectrum from 3-iodopyridine
(b) Computer simulated spectrum
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CSH‘NF7. Imposition of a 1.0 sec. delay between mixing and observation

left the spectrum unchanged. The coupling constants are given in Tuble 4.1
and the spectrum is shown in Figure 4.2, Static experiments were also per-
formed with this substrate and the e.s.r, spectrum obtained a few minutes
after mixing is highly complex, and although a complete analysis has not been
made, it would appear from the very low nitrogen coupling constant' of ca. 0.3
oersted that the 4, 4'~dimer is not formed. Assignment of the coupling constants

is discussed below, The g-value for the monomer radical -anion is 2, 0020,

4.3.2. Halogmated axomatic hydrocarbons

Reductions of 1 -iodonaphthalene and 2-iodobiphenyl gave the e.s.r,
spectrum of the radical -anion of the parent hydrocarbon, In these cases the
coupling constants must be compared with those previously obtained in ethereal
solvents and ammonis’>> (ses Table 4.1). Reduction of commenrcially obtatned
iodobenzene gave an e.8,r, spectrum identical to that obtained on reduction
ammmmmm."u.a: lz.‘S.G; 8 5 1.1,
n‘a.sunud). The purity of the iodobenzene was checked by gas -liquid
chromatography and it was found to contain 0.5 - 17 of nitrobenzene. When
this material was used at $ x 10°° M (i.e, with [CHNO,].. 5 x 107 M) the
spectrum obtained was that of C(HNO, , whereas reduction of lodobenzene
prepared by the method described previously gave a low intensity e.s.r,
spectrum identical to that of the biphenylide ion. This suggests that an
electron -transfer from biphenylide ion to the nitrobenzene impurity may be
taking place, The biphenylide ion spectrum was also obtained from 4-ditodo-
benzene, although reduction of bromobenzene, 2-diiodobenzene and 4-chloro-
iodobenzene gave no detectable signal. [ll-resclved spectra were obtained
from 3- and 4-lodotoluene,

2,2'~difluorobliphenyl gave a complex spectrum on reduction, which
can be analysed in terms of five non-equivalent 1 :2 :1 triplet splittings, This
could only arise if the fluorine atoms remsained attached to the molecule
giving an unsymmetrical charge distribution, The coupling constants are



FIGURE 4.2,

(a) Spectrum from 2-fluoropyridine
(b) Computer simulated spectrum
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given in Table 4.1 and the spectrum in Figure 4.3. Superimposed on the main
signal is a very much smaller one due to the biphenyl radical-anion. By
employing a twentyfold excess of sodium, or by allowing mixing to eccur

1.0 sec, before the cavity, it was possible to enhance the biphenylide ion
signal to the complete exclusion of the difiuvorobiphenylide. Discussion of
the assignment of the coupling constants is given below. The g-value for

the radical is 2,0081. 4-fluorobiphenyl gave a small, poorly-resolved spec~
trum for which no analysis could be made, although it appears to be unlike
the biphenylide spectrum, suggesting the retention of the fluorine atom.

4.3.3. Halogenated benzonitriles

Using the rapid-mixing technique the e.8,r. spectra of the three
monofluoro -substituted benzonitriles have been obtained. The benzonitrile
radical -anion alone was observed with 2~ and 4-chlorobenzonitriles, while
pentafluorobenzonitrile gave a very small and uninterpretable spectrum,
The coupling constants are given in Table 4.2,

Analysis of the spectra from 2- and 3-fluorobenzonitrile was tedious
but straightforward, splitting from a single nitrogen atom and five non~
equivalent nuclei, each with spin 1/2, being obtained in each case. The
“spectrum obtained from o -fluorobenzonitrile is shown in Figure 4.4, The
spectrum from the reduction of 4~-fluorobenzonitrile presented a much more
difficult problem, as the wings exhibit different splitting patterns, as can
be seen in Figure 4.5a. This asymmetry suggests the presence of two
radicals, and the spectrum can be analysed in terms of two species, the
spectra being separated by 0,55 oe. In each case, splitting from a single
nitrogen nucleus, two groups of two equivalent protons and a single nucleus
of spin 1/2 was observed. By imposing a 1.0 sec. delay between mixing and
observation, the spectrum shown in Figure 4,6a was obtained, and can be
~ analysed in terms of one radical only, the unsubstituted benzonitrile anion,
with coupling constants in close agresment with those previously obtained' >0
(Table 4.2.). The first spectrum can now be analysed as a combination of
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FIGURE 4.3,

(a) Spectrum from 2, 2'-difluorobiphenyl
(b) Computer simulated spectrum



}_H,

' W D 3
T
T
I
S
1183
T
S E e
TR L
Mg R
b S i (I ¢ I
Tt
pEEBE NSNS
+,WA, H

o
20 1 B O
T
56 ) B 2 0 )
o i W
S HS
' R {
T
BB T
- >
3 i i U t
porer for e
E R ENER
Tt
oy ¢|44r+, — 4 -
+r 1t
T EEr T
— -
wﬂlH. 1» =
BENESSEEENNE
! i vy 208 B
: g 4 -1
1 1§
P b
- TEEELT :
P13 IR
- Bandn tmen o8 o o
1 i
- T3 i
IR R f e s oo o
82 ERBE SES R B8N
{Baa % | SRR REEE 1
. = S I G I +
S |8 ! 3 }
. % - Py fpt f" H; 4444
et ) T sy 13-t <~HA:. u;
R 0 8 G O O R
e S8 1 — bt 0 08 155 O H
P e . 1 1A ‘w..rﬂ‘. +Lr.« '*QM,«M
TR 8 i M S B 1 i 3
. . . . et Ll S
- e
SEug dush px iy uls e
11 . g o 111
RS RO 6l s BT ) Awiﬁ, t
t t tt Tl 25 5 0




FIGURE 4.4.

' (a) Spectrum from 2-fluorobenzonitrile
(b) Computer simulated spectrum
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FIGURE 4.5.

(a) Mixed spectrum from 4-fluorobenzonitrile
(b) Computer simulated mixed spectrum






FIGURE 4.6.

(a) Spectrum of benzonitrile
(b) Computer simulated spectrum of 4~fluorobenzonitrile






the benzonitrile radical ~anion and the 4-fluorobenzonitrile radical -anion,
with the coupling constants shown in Table 4.2, The computer simulation
of the mixed spectrum is shown in Figure 4.5b, and that of the 4-fluorobenzo~
nitrile radical-anion in Figure 4.6b, ‘

The unsubstituted benzonitrile radical ~anion was also obtained from
2 ~fluorobenzonitrile if observation was delayed for 1.0 sec. after mixing,
but it could not be obtained at all from 3 -fluorobenzonitrile, A discussion of
the assignment of coupling constants to particular ring positions is found
below,

4.4, DISCUSSION

Reduction of monohalogenated aromatic compounds with alkali metals
in liquid ammonia has been shown to proceed rapidly and efficiently, Although
no direct evidence for the mechanism in this type of reduction has been ob-
tained, it has been postulated on the basis of data from the results of competitive
reactions and from isotope effects’ that the first step is the rapid reversible
addition of one electron to the aromatic nucleus to form a radical-anion. This
species is them protonated by a molecule of solvent, or by a stronger acid if
present, in the rate determining step. The rapid attachment of a second
electron and loss of halide ion follows.
: maw:mwmubxmma.“?gmam
-mmummmommm indicating
moeentrmoctuw fast electron addition,

Substrate FMCN FBr Pl
107 &, 0. mole™ sec.!) 6 43 12

mmammcmudmyx Mb-nsyl
chbrmmm mmmwmwzymmm
isclation to be one of dissociative electron attachment

RX +e° = R* + X~



provided that the electron affinity of X exceeds the bond dissociation-energy
of RX,

4.4.1. Chloro-, bromo-, and iodo -substituted compounds
With the exception of the fluoro~derivatives, for all the compounds

listed in Table 4.1 the observed spectra can be rationalised in terms of an
initial fast (k, = 10” 1.mole™' see.”) production of an aryl radical which
then undergoes rapid secondary reactions, involving an attack on the solvent
or solute, Radicals from all the monosubstituted aromatics except iodo~
benzene appear to abstract hydrogen from gither the solvent or cosolvent,
The hydrocarbon so produced attaches a second electron to give the observed
radical-anion, The polyhalogenated aromatics undergo a sequence of such

steps, for example, for 2, 6~dichloropyridine,

(e )

e—

S ()l

Electrolytic reduction’'>’ in dimethyl sulphoxide of some chloro-

substituted nitropyridines and nitropyrimidines show the stepwise reduction
mechanism, Reduetion of 2-chloro-5-nitropyridine at about 0.9 v, gave



an e.8.r. spectrum exhibiting splitting due to the chlorine atom, Reduction
of the same sclution at ~1.45 v, gave an e¢.8.r, spectrum identical with that
of the 3-nitropyridine radical -anion, as did electrolysis of 2-chloro~3-nitro~
pyridine. Electrolysis of 2~-chloro-5-nitropyrimidine gave an initial unstable
radical followed by a stable radical assigned to the 5-nitropyrimidine. These
results further demonstrate the loss of chloride ion followed by abstraction
of hydrogen and further electron addition,

In the cases of iodobenzene and 4~diiodobenzene, radical coupling
or, more probably, attack of aryl radical upon substrate are important (but
byummlm)'m and both compounds produce the well -known
spectrum of the biphenyl radical-anion. The first stage of the reduction of
iodobenzene has been characterised by means of the rotating cryostat
vechnique,' ! and by photwlysis in liquid solution ' 130 1y each case
the phenyl radical is the reactive intermediate, arising in the former case
by dissociative electron attachment, and in the latter by dissociation. In
benzene solution’* ¢he phenyl radical attacks a molecule of solvent to give
biphenyl, It has been proposed™® that in ammonia & carbanion is formed
by the overall addition of two electrons to the phenyl halide to give ultimately
benzene in 757 yield which is resistant to further attack by metal -ammonia
solution alone’>! at low temperature.

: The appearance of the relatively low intensity biphenyl radical -anion
spectrum and the high concentration of benzene can be accounted for by the
following mechanism, The phenyl radical formed in the initial reduction step
can abstract hydrogen from the ammonia to give benzene which is inert to
further reaction, Attack by the phenyl radical upon a further molecule of
phenyl iodide can also occur, with subscquent reactions giving ultimately
the stable biphenyl radical -anion.
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It is not clear why reduction of bromobenzene, 2-dilodobenzene and

- 4-chloroiodobenzene gave no detectable signal, as presumably the reaction
mechanism should apply also to these compounds,

: According to the mechanism depicted, reduction of 3- and 4 -iodotoluene
should give bitolyl radical -anions, If these are unsymmetrical their e.s.r,
spectra would be expected to be composed of small splittings from non -
equivalent protons, and so be ill-resolved, Comparison between the spectra
obtatned and those of 4,4'-bitolyl' > and 2,2'-bitolyl'>> negative lons show
no similarities in either case, indicating the formation of unsymmetrical
bitolyls.

4.4.2. Fluoro-substituted compounds
Fluore -substituted pyridine and biphenyl behave quite differently from

47



halogeno -compounds discussed above. On a short time-scale both the fluoro-
substituted compounds retain the fluorine atom to give the corresponding
substituted radical -anion, Assignment of the experimental coupling constants
to particular ring positions was made by comparison with the unsubstituted
compounds and with MO calculations,

Comparison of the 2-fluoropyridine radical -anion with the parent
radical -anion suggests splitting of the order of ¢4 oersted at the 2- and
6-positions, 1 oersted at the 3~ and S-positions and ca. 9 oersted at the
4-position. MO calculations using the values of Carrington etal' ' show
a redistribution of charge around the ring due to the perturbing influence

of the fluorine. Using the rouuonlhtp"s

4 = Qo
Mpcummmmlmdnllqu&ocuhmammmwhhh&o
fluorine is bonded and Q° = 50 + 10 ve., the Hilckel method predicts the
fluorine splitting to be ¢a, 1.3 x a, with a, ~ 4.3 oe., while the McLachlan
method suggests a, ~a, witha, ~ 4.5 ce. Values of ca. 8 oe. and 10 ce.
are predicted by the Hllckel and McLachlan methods respectively, bra‘.
~ Both methods show ambiguity with the 3~ and 5-positions, although it is
ukclythnaarns. hvuwotthohctthatthovmuofaruumnylbom
‘mothadmcmtmmm-umdnmeomd. for

example, in the nmmmn.“s and that Hlickel spin densities

show better agreement with experiment, the assignment shown in Table 4.1
is based largely on the Htickel values.

MO calculations on the 2,2"~difluovobiphenyl system, using the
parameter values' > k, . =0.7, hy =1.6, and 6 = 0.1 (auxiliary
inductive parameter for the carbon atom bonded to fluorine, defined by
o =g + ShgBh andk, L =0.7, b =3.0, and s, =0.1'"" gave
almost identical results, the McLachlan treatment giving better general

agreement with experiment. The assignme: shown in Table 4.1 is based on

48
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the McLachlan spin densities.

The behaviour of the fluoro -substituted compounds towards reduction
can be explained in terms of the relatively greater bond energy for a carbon~
fluorine bond than for a bond between carbon and the other halogens, Allred
and Bush''® astribute the stability of the C ~F bond in part also to the lack
of transfer of the unpaired electron to the fluorine atom, whereas occupation
of vacant d-orbitals in the other halogens can occur, resulting in the immediate
formation of halide ions. The C -F bond in 2-fluoropyridine is sufficiently
strong to withstand the extra electron density associated with the radical -
anion, but loss of fluoride ion occurs with the fluorobiphenyl, though more
slowly than the other halogens, Subsequent hydrogen abstraction and electron
addition gives ultimately the biphenyl radical-anion,

In Table 4.2. are given the coupling constants of the three monofluoro-

substituted benzonitriles, The assignments indicated therein are based on
MO calculations and on comparison with the unsubstituted species. Calculations
on benzonitrile were first performed to obtain the empirical parameters for
the nitrile group. A number of values were tried, but as Rieger and Fraenkel
-~ zoported! ¥ no veasonsbie choice of parameters would produce both the
correct magnitude of the splittings and the correct ortho to para ratio. Their
suggested values of k ..0-0.9. kc.N’-z‘.e.hN-t.OmuMmuh-
out as these gave the best overall fit with experiment, though both the Hilckel
and McLachlan treatments underestimated the magnitude of the spin densities
of the 2- and 4-positions, Consequently, the theoretical spin densities in the
fluorobenzonitriles are lacking in accuracy, aithough they show qualitative
trends which can be used for assignment purposes. The fluorine parameters
glving best overall fit with experiment ave k,, o = 0.7, by =3.0 and
tc-o.l. The spin densities so obtained are given in Table 4.2, Generally
the McLachlan procedure gives values closer to the experimental values and



the assignments are based on the spin densities derived by this method.

A value of lchl = 23.6 oersted was used to correlate proton
coupling constants with spin densities throughout., The most general equation
correlating fluorine coupling constants with spin densities is an adaptation
of the Karplus~Fraenkel equation (Chapter 1, equation (7)), with suitable
choice of sigma-~-pi parameter values., However, there is some discrepancy

mucmcﬂmunhn'” and it was wmmm"’

2 = @ og
with Q¥ =50 4 10 oe. gave equally good correlation as the more general
equation, and this equation was used in the present calculations,

Ring substitution by electronegative groups greatly modifies the
tendency of aryl halides to shed halogen on reduction; for example, some
monohalogeno -substituted nitrobenzenes readily lose halogen on electrolysis,
ndod:mhumdllyormaull.‘“ The electrolytic reduction of
4 -fluorobenzonitrile in N, N ~dimethylformamide produces the radical -anion
of 4, 4'~dicyanobiphenyl,>> indicating that the presence of a cyano-group
on fluorobenzene labilises the carbon-fluorine bond. This suggests the

: reaction sequence :

—_—

e CN

- CN
F

NG NEENC
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It is clear that for all three fluoro~substituted benzonitriles the first
stage of the reduction is the formation of a radical -anion such as (I). The
2- and 4 -substituted compounds then give the aryl radical (Il), the rate of loss
of fluoride ion being greatest in the 4-substituted case. In DMF, radical
dimerisation occurs, followed by a one-electron addition to give the 4,4’
dicyanobiphenyl radical -anion, while in ammonia hydrogen abstraction occurs
in a similar manner to the halogeno-compounds discussed above ; for
example with 4-fluorobenzonitrile,

—

CN B,

NH3

G_ O

Loss of halide ion from the chlorobenzonitriles occurs on a shorter
time-scale, the only paramagnetic species observed being the benzonitrile
radical -anion,

- -
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REDUCTION OF NITROGEN HETERCCYCLICS



5.1, INTRODUCTION

Substitution of an electronegative group into an aromatic ring greatly
facilitates reduction ; for example, pyridine is much more readily reduced
than benzene because the electronegative heteroatom is better able than
carbon to stabilise the resulting negative charge., Depending on the method
and conditions of the reduction of pyridine, two possible main types of products
arise (i) ring-hydrogenated pyridines, and (ii) bipyridyls.

Partial or total hydrogenation of pyridine occurs in the presence of a
proton source in the reaction medium, or by catalytic reduction, Sodium in
ethanol reduces pyridine to 1, 4-dihydropyridine'>’ while in butanol '8 o
tetrahydropyridine is formed. Reduction of some 2-alkyl pyridines with
sodium and alcohol in liquid ammonia gives the corresponding 1, 4-dihydro~

d-rluum.'” W'“ udunlyuc‘“ reductions of pyridine

and its homologues give the corresponding piperidines.
The formation of the dihydropyridines can be represented by :

Na"~
[ s

Further reduction is supposed to occur by similar steps.
Unlike simple aromatic hydrocarbons, the alkali metal reduction of

- Nat
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pyridine in ethereal -oluden.“z liquid ammonia dm.’“ hexamethyl -

phosphoramide (HMPA).'“ or neat pyrulm“s' 46 does not terminate
at the simple radical-anion stage, but instead a dimerisation takes place

yielding as the end-product 4,4'-bipyridyl. It is found that reduction by
sodium in HMPA solution' 4 produces an equilibrium quantity (ca. 10"5M)
of the monomer radical -anion by virtue of the reaction :

2t s

Excess of sodium effects aromatisation of the diamagnetic dianion to give
bipyridyl and sodium hydride. In neat pyridine the aromatisation proceeds
in the absence of excess sodium.'® These results can be explained in
terms of the reactions :

“Qu
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In none of these cases is any hydrogenated pyridine or hydrogenated bipyridyl

produced.
Opucll udclr“z'“. spactroscopic techniques have been



used to observe the path of this reductive dimerisation reaction, but the
initial intermediate, the pyridine radical-anion, proved to be too unstable
for detection, the 4,4'-bipyridyl radical-anion only being observed. This
prompted us to apply the fast-mixing device and flow-system described above
to enable observation by e.8.r. of the monomer radical -anions of pyridine
and some methyl-, methoxy-, and carboxy-substituted pyridines, Since
beginning this work, reports have appeared of the production of the pyridine
radical ~anion » 184 andaomcoﬂumd:ylmm.“ The e.8.r.

spectra of the relatively stable radical-anions of 3, S-dimethylpyridine,'4°

lmpyrm.'”' e m-andpnu-eympyﬂdnu.“’ 3-“2 and

4-1” nitropyridines, Cmylwndno” and methyl- and ethyl -nicotinates
have been presented, A number of other stable nitrogen heterocyclics have

been studied, and their e.s.r, spectra obtained, including acridine and many
uhu"’ 148, 155

154

The present work was undertaken in an attempt to study the reduction
of pyridine and a number of its derivatives by dilute solutions of sodium in
liquid ammonia, Observation is made within a few milliseconds of the
formation of the radicals and continuous renewal of the sample reduces or
eliminates the effect of secondary reactions, unless longer delays between
mixing and observation are deliberately introduced. The further course of
the reaction can be observed by e.s.r. if any additional paramagnetic
intermediates or stable products are formed, and this has been achieved
by making observations up to a few minutes after mixing., Analyses of
the spectra were obtained in every case where possible, and assignment
of coupling constants to particular ring positions made by comparison with
MO spin density calculations, using the relations between coupling constants
and epin densities given in Chapter 1. '
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5.2, EXPERIMENTAL

Concentrations of 2 x 10> M substrate and § x 10™° M sodium fn

ammonia were generally used, allowing optimum signal size and resolution
in most cases. Some compounds required a rather high modulation amplitude
to give satisfactory signal size and consequently this led to a lowering of
resolution. Pyridine-2, 3~ and -2, 4~ dicarboxylic acids are not soluble to
the extent of 2 x 10" M in ammonia alone, and 200 ml. of purified tetra~
hydrofuran were used as cosolvent, although the spectra obtained in the
mixed solvent were no better than those from the saturated solutions in
ammonia alone., Maximum flow rates were used initially in each experiment,
but no changes in any of the spectra were apparent on using lower flow rates,

Static experiments were conducted as described in Chapter 3. Initially
the strong electron signal was present but stirring caused its immediate
disappearance. In this way spectra could be obtained within 1 -2 minutes
of sample preparation, and in some cases decay of the first paramagnetic
species and build-up of the dimer species could be easily followed.

Reduction of pyridine in the presence of ethanol was carried out by
adding to a solution of pyridine in ammonia the required amount of ethanol.
The reductant solution was made up as normal, The two solutions were
. then mixed as described previously,

Materials

All the materials, with the exception of pyridine-2, 6-dicarboxylic
wﬁd«hﬁm“hnmuwmmmm
and were purified by distillation or recrystallisation where necessary. Reduction
of 2,4, 6-trimethylpyridine (B.D.H. product) gave an e.8.r. spectrum identical
to that of the 3, 5~dimethylpyridine radical-anion. Attempted analysis of this
material by G.L.C. was made but no separation of the trimethyl - and dimethyl~
pyridine peaks could be achieved, so the purity of the trimethylpyridine could



not be determined, Proton n.m.r. spectra of the two compounds were taken,
the two spectra being dissimilar, but again no estimate of the purity could
be made, 2,4, 6-trimethylpyridine (Hopkin and Willlams, Material for
Chromatography grade) was examined, the e¢.8,r, spectrum obtained on

its reduction showing the presence of two species. The material purchased
from Reilly Tar Co, (assay 97% trimethylpyridine, guaranteed free of

3, 5-dimethylpyridine) failed to give a signal on reduction, although the blue
colour of the solvated electron was destroyed, indicating that reaction had
occurred,

Pyridine-2, 6-dicarboxylic acid diethyl ester (diethyl dipicolinate)
The diester was prepared from the acid by the method of Barnes and
Fales!® yield, using same quantities, 10.4 gm. M.Pr. 40 - 42° (Lic.

41 - 42°),

Pysidine-2, 6-dicarboxylie acid-N-oxide

The N-oxide was prepared from the acid by the method of Heywood
ndD\nn.w' Yield, using same quantities, 2.0 gm. Decomp. 163°. (Lit.

M.Pt, 155 - 157° : Catalogue decomp. 163°).
3. RES ANALYSIS OF §

: The coupling constants for the nitrogen heterocyclic radicals are
;mum.s.t.

5.3.1, -N and

Flow experiments
The first spectrum obtained was that from the reduction of pyridine

itself. The spectrum is analysed in terms of a 1 :1 :1 triplet, two unequal
1:2:1 triplets and a 1 :1 doublet. This splitting pattern can only arise by
interaction of the unpaired electron with a single nitrogen nucleus, two groups
of two equivalent protons and a single proton and so must be assigned to the



COUPLING CONSTANTS OF RADICAL ~ANIONS

TABLES. 1.

PRODUCED FROM PYRIDINE AND DERIVATIVES ®

37

Constants g-
Substrate N 2 3 4 5 6 value

Pyridine 631 3855 07 9.6 2.0034
Pyridine dimer” ¢08 o058 2.70°
Pentadeuteropyridine 6.38 0.50° 0.43% 1.4 2.0035
“‘""’W““"""“‘“ 3.9 0.0° 0.3
Pyridine -N-oxide 11.00 3.0 0.4 8.2 2,005
Pyrimidine 3.28° 0.73 9.80° 1.33 2.0025
4,4’ -Bipyrimidine 3.14 1.57 1.57 1.57 0.20
2-Methylpyridine 5.64 2.34% 1.56 9.58 <0.1 4.39 2,0034
2 -Methylpyridine

pn 2.75 0.60% 2.75 1.82 0.18
3-Methylpyridine 6.3¢4 4.07 0.45% 9.61 1.35 2,68 2,0036
o m‘““”g’"“‘” 3.57 2.08 1.93% 2,39 0.45
4-Methylpyridine 5.67 3.68° 0,058 11.318 2.0033
2,3-Dimethylpyridine 5,78 2.89° 0465  8.66 0.82 2.89 2.0034
2,6-Dimethylpyridine 4.86 3.165°5 o0.71%  9.29 2.0033
gttt U Y MY
3,4-Dimethylpyridine 5.77 4.98  <0.2 11.48%5 1.51 2.34 2,003
3,5-Dimethylpyridine 6,40 3.18°  1.06%% .85 2.0034
S-DNNNNE .t 0t LmS
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TABLE 5.1. (continued)

Coupling Constants (oersted) g
Substrate N 2 3 4 3 6 value
2-Methoxypyridine  8.86 0,28 1,09 7.144  0.46 4.29 2.0032

2,6-Dimethoxypyridine 4.41 ~0,15°® 0.88%

2, 6-Dimethoxypyridine ¢, h d
simer D 268 0.14 2.56

10.16 2.0082

Assignments based on MO calculations ;

'dimer' refers to the corresponding 4, 4'-bipyridyl ;
w bl

ag =ag;

l' '.;i

I‘-l‘;

& methyl proton coupling constant ;

mxypmuuﬂhgm.
The compounds in the table are labelled as :

- E % 56
N N,
6 N el |
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pyridine radical -anion itself rather than the dimer. The coupling constants are
in good agreement with those of Talcott and Myers® but differ somewhat from
those of Cheudhuri gt al. /4% who carried out the reduction of pyridine in HMPA,
The spectrum obtained by the reduction of pentadeuteropyridine is entirely
consistent with this interpretation, the splitting patterns for each group changing
as expected, and the deuterium splittings being related to the corresponding
mmmhnm:aan/.“w.is.uwﬂauwum
deuterium atoms were in a magnetic environment similar to the protons,
Thoumotcsbsuf is shown in Figure 5.1,

Flow reduction of pyridine-N-oxide gave a very well resolved spectrum
assigned to the N-oxide radical -anion. The coupling constants are in excellent
mmmam-duym.“ The spectrum was unchanged
on observation 1,0 sec, after mixing.

Pyrimidine produced a well resolved spectrum on reduction exhibiting
splittings from two equivalent nitrogen atoms, two equivalent protons and two
non-equivalent protons. This is the expected pattern from the monomer radical-
anion and the spectrum is assigned to this species, again in agreement with
Talcott and Myers &

Static experiments
‘ Pyridine itself produced only the 4, 4'~bipyridyl radical -anion even

within 1 min, of m