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ABSTRACT

E.s.r, spectra were obtained of as many amino-1,4- and amino-1,2- 
semiquinones as possible. This was achieved by means of catalytic hydro
genation of their respective nitro-1,4- and nitro-1,2-dihydroxybenzene 
precursors in ethanolic solution and subsequent radical generation under 
standard autoxidative conditions.

Assignment of coupling constants in the symmetrical species is obvious. 
The assignments in the mono-aminosemiquinones are made by a simple graphical 
procedure and in the asymmetric diamino- and triaminosemiquinones assign
ments are made by comparison with the corresponding dimethoxy- and tri-r 
methoxysemiquinones.

It is observed that the amino-proton coupling constants are sub
stantially smaller than those of the attached nitrogens and this is inter
preted in terms of out-of-plane movement by the amino-group.

E.s.r. spectra of a wide variety of nitrogen-containing heterocyclic 
semiquinones were also obtained. Assignments of coupling constants are 
made by comparison with similar systems and this simple approach is 
justified by a molecular orbital approach and on grounds of symmetry. It 
is also found that nitrogen has little effect on the spin density distri
bution in these heterocycles in comparison to their non-heterocyclic 
analogues.

McLachlan S.C.F. calculations were performed for all the radicals in 
this investigation and calculated coupling constants were, in general, in 
reasonable agreement with experimental.
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INTRODUCTION
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I.l. Starting Point

E.s.r. spectra of aromatic radicals in which nitrogen occurs as
either an amino-group substituent^"^ or as a ring heteroatom^ ^ are
well characterised. Generally, nitrogen splittings are explained in
terms of a TT-cr exchange polarisation m e c h a n i s m , a n d  for amino-
substituents and protonated heterocycles, the relationship a^f^ajj^ has 

2 3been demonstrated.
Recently, however, spectra from several amino-semiquinones have been 

l4reported and in these radicals the -NH^ proton splittings are, generally, 
much smaller than the nitrogen splitting. The work in this thesis started 
from an attempt to undertake a much more systematic investigation of these 
aminosemiquinones.

Three main areas of interest were identified. Firstly, it was hoped 
that the accumulation of a complete set of hyperfine coupling constants 
for aminosemiquinones would lead to a rationalisation of the spin density 
distribution, particularly in the amino-group, in terms of simple molecular 
orbital theory.

It has been observed in the literature that an interesting feature 
of some heterocyclic semiquinones in which the second rings contain nitrogen, 
is that there seems to be little effect on the spin density, which remains 
mainly on the semiquinone part.^ Since, in many cases, the spin distribution 
in the heterocyclic radical is virtually identical with that in the related 
aminosemiquinone, a second aim of this work was to obtain a wide variety 
of nitrogen heterocyclic semiquinones in order to see whether this relation
ship is of use in explaining the observed splitting patterns.

Thirdly, using the amino- and heterocyclic semiquinones as models, it 
was hoped to extend e.s.r, studies to a number of relatively accessible 
naturally occurring compounds.



1.2. Theory of Electron Spin Resonance

The fundamental requirement for the generation of an e.s.r. spectrum 
ty a molecule is that it should possess one or more electrons with unpaired 
spin and is based on the fact that such an electron has a magnetic moment.
The total magnetic moment includes its orbital moment and its spin moment.
The motion of the electron in its orbit results in the appearance of the 
orbital magnetic moment, while its rotation around its own axis generates 
the spin magnetic moment. Since magnetic moments of the electron are 
produced by its displacements to which correspond definite momenta, there 
is a direct relationship between the magnetic moments and the angular momenta 
of the electron. It is the interaction of the magnetic dipole associated 
with the unpaired electron with an applied external magnetic field that forms 
the basis of e.s.r. studies.

The electron can have two spins, as represented by the spin quantum 
number, = +|-, Thus, from quantum mechanical considerations, there
are two possible orientations with respect to the applied field, each of 
which represents an energy level. The separation of these two energy levels 
increases linearly with the applied magnetic field as governed by the 
relationship:

A E  = gpH (1)

where H is the magnetic field strength, g is a constant (close to 2 for 
most systems), and y3 is the Bohr magneton^^ which is a constant converting 
electron angular momentum to magnetic moment.

Resonance between the two levels can be achieved by supplying the 
appropriate energy, hv , to satisfy the resonance condition, where v is 
the frequency of radiation and h is Planck’s constant. The resulting 
transition can then be detected as an energy absorption.
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E 0

H.H = G

Flgo 1. Energy level scheme showing e.s.r. transition for

Thus a spectrum may be generated either by keeping H constant and 
varying the frequency of incident radiation until resonance occurs or by 
maintaining a constant frequency and varying the field strength. Usually 
it is the external magnetic field which is varied.

1.2.1. Nuclear Hyperfine Interaction

If the only observable interaction were that of the unpaired 
electron with the external magnetic field then an e.s.r. spectrum would 
consist of only a single line. However, the interactions which make e.s.r. 
so useful are those of the electron's magnetic dipole with other magnetic 
nuclei in the molecule. For this interaction to occur such nuclei must 
possess intrinsic spin with a resultant nuclear magnetic moment. For a 
nucleus of spin I, there are (21 + l) possible spin states where I can be 
1/2, 1, 3/2, 2...,etc.. For example, the hydrogen atom has nuclear spin 
I = Y so the electron will experience two local fields corresponding to
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M-r = +j» “2« These nuclear spins may he aligned either parallel or
antiparallel with the spin states of the electron making a total of four 
levels which have different energies in the presence of a magnetic field.
The allowed e.s.r. transitions are governed hy the selection rule, AM^ 1,
AMj =0, so that the spectrum of the hydrogen atom consists of two 
absorption lines, corresponding to the allowed transitions as shown in 
Fig. 2.

Energy

Field, H.

= + I ... H +
'local

= - i ... H - H
= + -2 ••• H + H

local
local

Fig. 2. Energy level scheme showing allowed transitions resulting from 
interaction of an unpaired electron with a proton in an applied 
magnetic field.

4------ > Observed transition
<   > Transition which would occur in the absence of proton.

The magnetic field strength, H, in eqn.(2) represents the field 
experienced by the unpaired electron. Any local magnetic field, 
will add vectorially to the external magnetic field, H, to give an effective
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field, Thus:

«eff = «local (")

and the resonance equation becomes:

AE = hV = S P(H + (3)

The two absorption lines in Fig. 2, are of equal intensity because 
the energy differences between the levels with the same value but 
different are so small that their populations at room temperature are 
approximately equal. The distance between the two lines is called the 
hyperfine coupling constant and is dependent on the separation of the 
nuclear energy levels. The number of splittings from a single magnetic 
nucleus depends upon the nuclear spin value, I, and is given by (21 + l).

The relative intensities of the lines of a spectrum are dependent on 
the degeneracies of the energy levels. A doubly degenerate level will give 
rise to a line of double intensity. For a magnetic nucleus of spin such 
as hydrogen, the degeneracies of the lines of a spectrum from a set of n 
equivalent nuclei are given by the binomial expansion (a + b)^ and are 
shown in Pascal*s triangle.

H Relative amplitude of lines

1
1 1

2 1 2  1
3 1 3  3 1
4 1 4  6 4 1
5 1 5 10 10 5 1

îig. 3* Relative line intensities from a set of n equivalent nuclei of
spin
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For a nucleus of spin 1 = 1, such as nitrogen, the relative line 
intensities are given hy the expansion (a + h + c),^

n Relative amplitude of lines

1 1 1 1
2 1 2 3 2 1
3 1 3 6 7 6 3 1
4 1 4 10 16 19 16 10 4 1

Fig. 4. Relative line intensities from a set of n equivalent nuclei of 
spin 1 = 1 .

In systems where there are non-equivalent nuclei interacting with the 
unpaired electron, intensity patterns are often not obvious in the spectrum. 
Each non-equivalent nucleus will interact differently and there will often 
be accidental overlap of spectral lines. When spectral lines are coincident, 
the intensity of the resultant line is the sum of the intensities of the 
two coincident lines.

The hyperfine splitting constants are usually measured in gauss 
and are the same for equivalent nuclei.

1.2.2. Mechanism of Hyperfine Interaction^^

In organic free radicals there are two mechanisms by which the 
unpaired electron can interact with magnetic nuclei to produce hyperfine 
splitting. The first of these, anisotropy, is a dipole-dipole interaction 
between the magnetic moments of the electron and the nuclei. The magnitude 
of this interaction is proportional to the cube of the distance between the 
two interacting centres and is also dependent on the relative orientation
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of the two spins. In the liquid phase, however, the orientation of the 
radical relative to the external magnetic field changes rapidly due to 
Brownian motion and the dipole-dipole interactions average to zero.^^'^^
Thus anisotropic interaction is measured only in the solid phase.

18The second mechanism, isotropy (or Fermi contact), does not
average to zero when the molecule is moving randomly and is dependent on
there being finite unpaired-electron density at the nucleus concerned.
Theoretically, therefore, there should be no interaction involving electrons
in p, d, or f orbitals which have no electron density at the nucleus. An
explanation has therefore to be found for the hyperfine interaction arising
from TC-radicals which have the unpaired electron situated in a carbon 2p^

19orbital. The answer to this apparent paradox was found by McConnell.
He found that in planar conjugated radicals the proton hyperfine splittings 
are proportional to the unpaired TC-electron density on the carbon atom 
adjacent to the proton as represented by the relationships

E .Tl
CH

where a^^ is the proton hyperfine coupling constant, pj is the un
paired n-electron density on the carbon atom, and is the proportion
ality constant which usually has a value between 22.5 and 30 gauss.

The Tl-electron density on the carbon atom is explained by an inter
action between the unpaired electron in the carbon 2p^ orbital and the

20electrons in the carbon-hydrogen cr-bonding orbital. The interaction is
best demonstrated by considering a ^GH fragment of the conjugated system
in isolation. A C-H <y-bonding orbital is formed by the overlap of the 

2carbon sp hybrid orbital with the hydrogen Is orbital and is occupied
by two electrons. The unpaired electron occupies a carbon 2p^ orbital 
whose axis is perpendicular to the trigonal plane.
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There are thus two possible arrangements of the electrons, both equally 
likely if there were not an unpaired electron in the carbon 2p^ orbital.

(a) (b)

Fig. 5. - Diagram showing the two possible electron orientations in the 
C-H a-bonding orbital of a ^ C H  fragment in a conjugated 
system.

If there were no electron in the carbon 2p orbital then thez
configurations (a) and (b) would be equally probable and the unpaired
electron spin density in the nodal plane would be zero. However, there is

2a tendency for the carbon sp electron to orient its spin parallel to that 
of the unpaired electron in the 2p^ orbital thus making (a) the slightly 
preferred configuration. This results in there being a small amount of 
unpaired electron spin density at the proton which gives rise to the 
isotropic hyperfine interaction.

The spin density induced at the proton is opposite in sign to that
of the unpaired electron so that should be negative^^ and this has

PIindeed been confirmed experimentally.^^ By the same token there will be 
a positive spin density at the carbon nucleus. This polarisation effect 
is rather small and corresponds to an approximate ^  spin polarisation
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induced coupling when comparing the proton hyperfine splitting of a proton 
attached to a carbon atom with that of the hydrogen atom.



17,

1,3. Molecular Orbital Theory

The simplest approach to molecular orbital theory is to treat a
22molecular orbital as a linear combination of atomic orbitals (LCAO).

An expression can then be written for the wave function, ^ , of the 
molecular orbital in terms of the wave functions of the constituent 
atomic orbitals:

^   ^n^n

where 0 represents the wave function of the individual atomic orbitals 
and c is an associated coefficient. Equation (5) can be more concisely 
expressed as

where r is the index of the different atoms, and n is the number
of atoms which comprise the conjugated system.

The next step is the determination of the combinatorial coefficients,
23c^ , and for this the Variation method is used. By this method the 

coefficients, c^ , are chosen so that the energy of the molecular orbital 
is a minimum.

This energy value can be obtained from a solution of the Schrbdinger 
Equation which is written in the form •

-HV —  ehi (7)

V is the wave function of a single electron, E is its energy, and "H
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is a differential operator known as the Hamiltonian. This procedure has 
the consequence that equation (7) is solved for just one set of co
ordinates dealing with each electron separately rather than solving it 
with a multi-electron Hamiltonian involving an impracticably large number 
of terms.

The condition of minimum energy is given by the expression

E
dT

(8)

Substitution of the LCAO (eqn. (6)) into equation (8) gives

E (f °s(6s) at

( ^ = r ^ r )  ( l ° s < ^ > s ) ^ ^

(9)

dt

dT
(10)

In order to simplify eqn. (lO), it is convenient to introduce the notation

Hrs -

Hrr -

dx

dl

(11)

(12)

rs — dt (13)

rr - dt (14)
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The H -terms are a measure of the attraction of the bond region,
Zkbetween atoms r and s , for electrons and are called resonance or

bond integrals. They are conventionally given the symbol /B .
The H^^-terms are a measure of the attraction of atom r for

electrons and are called Coulomb integrals. They are conventionally
given the symbol oL .

The S -terms are a measure of the overlap between atoms r and srs
and are called overlap integrals.

If the assumption is made that the atomic orbitals are normalised
then

Using the definitions for the integrals ((ll), (12), (13) and (l4)j 
and substituting them into equation (lO) gives an expression which, in 
order to find those coefficients that will minimise the energy, is 
differentiated with respect to each c in turn. If there are n co
efficients then the minimisation yields n secuiar equations;

Ci(Hii-S^lE) + OgtHiz - S^gE) + ... + 0„(Hi„-S^^E) - 0

OiCH^i-S^iE) + CgCHgz - S22E) + ... + CaCHga - Sĝ E) = 0 (I6)

° l ( « n l - V ® )  + + .....  °n(»nn " = °

For a nontrivial solution to these equations the corresponding 
secular determinant must be zero.
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“■Il - ® ; P l Z  - ®12®   Pin ■ ®ln®

P2I " ®21® °^Z2 ~  ^    P z n  ” ®2n®

Pnl - W  Pn2 ■ ®n2®   «nn " ®

0 (17)

1.3.1. Hückel Molecular Orbital Theory'25

In 1931» Hückel introduced a simple set of approximations to the 
LCAO method. The Hückel molecular orbital (HMO) method applies to planar 
conjugated systems and from this arises the first assumption; that cr - 
and Ti- electrons in bonds act independently.

Hückel further assumed that the Coulomb integral, (X , is the same 
for each atom. This assumption is based on the observation that the ti- 
lattice consists entirely of electrons from carbon 2p^ orbitals and the 
Coulomb integral, (X , represents approximately the energy of a 2pTt- 
electron.

With respect to the resonance integral, jB , two assumptions are 
made, both based on the fact that interaction depends on the distance of 
separation of the two orbitals. Hence, when two atoms are not bonded, the 
resonance integral, /3 , is taken as zero. Furthermore, for any two 
atoms a and b bonded together, it is assumed that all values for 
are equal.

The most apparently drastic assumption of the HMO method is that there 
is zero overlap between atomic orbitals and the overlap integral, ,

is set at zero. This is equivalent to assuming that atomic orbitals on 
different centres are orthogonal. While in most systems this is clearly
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not the case for u-bonded carbon atoms has a value of about
0.25), this assumption does not seem to affect calculations very 
significantly.

Using these assumptions greatly simplifies the secular equations 
(16), which now become -

OqC ® + °2 P12 +

P2I + - G) +

+ cn Pin

+ cn Pzn (18)

^  Pnl °2 Pn2 + c^(a - e) = 0

and the secular determinant becomes -

CC — E

P2I

Pnl

P12

cC — E

Pn2

P 13

2̂3

Pn3

In

Pzn

OC — E

=  0 (19)

1.3.2. McLachlan S.C.F. Theory'26

One serious limitation of the HMO method is that it fails to
account for the occurrence of negative spin densities which have been

27 28found in certain aromatic free radicals. ' * This arises from the fact 
that HMO theory does not take into account the difference between 
electron spins ( CX or j3 ). If, for example, the unpaired electron is 
of spin CC then it will affect the motions of electrons of CC and jB 

spins differently. Electrons of like spin attract one another so there
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would be an exchange polarisation effect between the unpaired electron 
(conventionally of spin OC ) and paired electrons of like spin.

The occurrence of negative spin densities can be explained by 
assuming that electrons of Oc and jB spin occupy independent sets of 
orbitals^^ 0^, ^  ̂  ... and (j)̂  ,. where the odd electron
(of spin oc) occupies j6q . Thus a self consistent wave function is 
obtained:

C) « — k k k (20)

From this self consistent wave function the spin density, p  , 
becomes

p = i^oi + - ifir}
CC

(21)

exceeds Ifi atand a negative spin density arises when 
a node of (j)̂.

26McLachlan used the concept of self consistent orbitals in order to 
modify the Hückel calculations of spin density.Having assumed the unpaireci 
electron to be of spin CC he assumed that p  electrons are in unperturbed 
orbitals and that OC electrons are in perturbed orbitals due to exchange 
polarisation with the unpaired electron.The spin densities of the 
perturbed orbitals are obtained by modifying the Hückel Coulomb integral 
for that orbital.
Thus

OC (modified) = 0C + 2 r (22)
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where is the Hiickel Coulomb integral, 7\ is a constant of about
1.2, p is the Hiickel unpaired electron density and /3 refers to an 
electron of j3 spin, since ^(modified) for an electron of (X spin 
in terms of that of one of /3 spin.
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1,4. Heteroatoms and Parameterisation

When heteroatoms are introduced into the conjugated system it is 
necessary to make an adjustment for this in both the Coulomb integral, 
a  , and the resonance integral, j3 . This is achieved by treating hetero
atoms as pseudo-carbon atoms and expressing the adjusted values of <X 
and p in terms of the original values pertaining to a carbon-conjugated 
system. Thus, by introducing two new parameters, h and k , associated , 
with the Coulomb and resonance integrals respectively, new definitions 
can be written -

.(23)

Pox “ ^

where CCq and are the original integrals for a carbon-conjugated
system.

Specific values of h and k therefore have to be found for the 
various heteroatoms. Ideally, they should be derived from first principles 
starting with a correlation between some experimental property and a 
calculated quantity established for hydrocarbon systems. This would be 
followed with an application of this correlation to a number of compounds 
containing heteroatoms with a systematic variation of h^ and k^^. In 
practice, however, they are normally found empirically on the basis of 
best fit with some measurable experimental property. There are no unique 
values of h and k for any given heteroatom and the extent of the 
difficulty in trying to obtain them is reflected by the great profusion 
in the literature of different sets of parameters,
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Part of the prohlem is that there are several variations of MO
theory and each will require different parameters. There are also many
different criteria on which these parameters are "based. One such
criterion is electronegativity and it has been suggested that CC ̂  be

31proportional to empirical electronegativities and h^ be proportional
to electronegativity d i f f e r e n c e s . O t h e r  criteria used as a basis

33 3^for parameterisation include bond energies, resonance energies-'^ and
35dipole moments.

Recent studies on systems similar to those encountered in this 
investigation, using the McLachlan S.C.F, procedure for calculation, have 
developed a set of parameters found empirically on the basis of the best 
fit to experimental coupling c o n s t a n t s . T h i s  set of parameters gave 
calculated values which, broadly, were in good agreement with experimental 
values in a wide range of examples and these successful parameters have 
formed the basis for the calculations performed in this investigation 
(see Chapter III., Section 1,).
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Hyperfine Coupling

The relationship "between N hyperfine coupling and spin density 
at the nitrogen atom has been studied in a number of free radicals, both 
where nitrogen forms part of the conjugated aromatic system,^3»3^ and 
where it is part of an attached substituent.^"^ The interpretation of 
this relationship has led to much argument, the point of contention being

iZfwhether N splittings depend significantly on the spin density at 
adjacent atoms or not.

It has already been demonstrated (Section 1,2,2) that (T- tt inter
action accounts for the occurrence of unpaired spin density at the nucleus 
of aromatic protons, and is dependent upon the spin density at the 
contiguous carbon atom. This theory of interaction can "be extended to 
include intracyclic nuclei such as and by taking into account
contributions from nearest-neighbour atoms as well as from the Ti-orbital

—  G

Pig. 6. - Diagram showing spin polarization contributions to the 14N
splittings in a G 

G
"1̂  fragment,

The interactions are (a) (b) (c)
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37-4ispin density on the nucleus under consideration. Contributions from

nearest-neighbour atoms would be by means of a - o"electronic exchange
interaction transmitting unpaired spin polarisation into the connecting
bond, while exchange polarisation produces a large unpaired spin density
at the nucleus that is proportional to the tc -orbital spin density on
the atom containing the nucleus.

Thus equation (25) can be written, expressing the nitrogen splitting
4lin terms of the three contributions.

However, although there is undoubtedly a contribution to a^ from
nearest-neighbour atoms ^as shown in equation (25)) , the proportionality
constant, , for this relationship has been found to be small.
35 41-4*5* This does not, therefore, conflict greatly with the argument

l4that this contribution is insignificant and that N splittings can 
adequately be interpreted by assuming that they are proportional to the 
TC -electron spin density on the nitrogen atom i t s e l f T h u s  many 
workers have chosen to use the much simpler relationship -

^  = 4  Px ■ (2 6 )

The parameter is positive and has been found to be of the
order of 25G.^'^^»^^

1.5.2. Amino-group Spin Density

TJThe proton hyperfine splitting, a^^ for a hydrogen atom bonded 
to a carbon atom in an aromatic system is related to the tc-electron
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spin density, , on the carbon atom by McConnell's well-known
relationship:-

a^H = pQ (see eqn. (4), Section 1.2.2 ) ,
The sign of has been calculated as being negative^^ and this has

21been confirmed experimentally.
On theoretical grounds, a similar relationship would be expected to

yexist between the proton splitting, a ^  , from a hydrogen atom bonded to 
a nitrogen atom and the TC-electron spin density, pJJ" on the nitrogen 
atom. It is therefore possible to^write an equation similar to eqn, (4), 
(Section 1.2.2).

.TC
.(27)

would similarly be expected to have a negative value and linewidth
studies of the dihydropyrazine cation have confirmed this.^^ Studies by
various workers have found the parameter to be in the range -25
to -35 q ^2,8,11,26,46

Equation (4) is of the same form as equation (27) relating a^ to 
the TC -electron spin density on the nitrogen atom, differing only by the 
numerical value of Q . Since the parameters and have been
found to be of roughly the same numerical magnitude (though of opposite 
sign) it would be expected that the two splittings a^ and a ^  should 
be approximately equivalent. Thus

1 (28)

and this approximate relationship has been found to apply in a large 
number of compounds, both where nitrogen is a member of a heterocyclic
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2 3 11ring and where it is part of an attached substituent, ' *

However, more recent studies have shown that in the cases of two
N H Ia^^ no

longer holds.Since the contribution from spin polarisation to both
H • TX • • •and a ^  is dependent on the same function, , the implication

is that hyperconjugation must be contributing to the unpaired spin density
on the protons (see Section 2,, Chapter IV,),

In the case of a proton attached to a heterocyclic nitrogen, the
nitrogen 2p^ orbital forms part of the conjugated system and the nitrogen
atom is held firmly in the molecular plane. Consequently, the N - H bond
is also held in the molecular plane (apart from very small deviations due
to wagging). Therefore, the only mechanism which can significantly
contribute to the unpaired spin density on the proton is spin polarisation.
This situation is analogous to that of aromatic protons attached to a

N Hcarbon atom and as long as and are numerically roughly
equivalent, the relationship a^ a ^  should always hold where the
nitrogen atom in question forms part of the ring system.

In the situations where nitrogen forms part of an attached substituent, 
although in a great many cases it aligns itself so that the 2p^ orbital 
overlaps with the ring p ^ - s y s t e m , t h e r e  is the possibility of 
rotation about the C - N bond which moves the N - H protons out of the 
molecular plane. When the N - H protons move out of the molecular plane, 
positive spin density may be transferred onto the proton by means of a 
hyperconjugative mechanism and, as a result, equation (2?) would no longer 
apply.
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H

(a)

H

H

(i) When nitrogen 2p^ orbital over
laps with ring p^ -system protons 
are also held in molecular plane.

(ii) Rotation may occur about the 
C-N bond which moves attached 
protons out of molecular plane.

(b)

ïlg, 7* - Showing (a) heterocyclic nitrogen where attached proton is
held in the molecular plane and (b) substituent nitrogen 
where rotation about the C-N bond may move the attached 
protons out of the molecular plane.
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1.6. Hypercon.jugation^*̂

The concept of hyperconjugation as a means of explaining the 
occurrence of unpaired electron spin density on the protons attached to 
substituent groups in aromatic free radicals is most commonly related to 
methyl groups. In the case of a substituent methyl group, the 
occurrence of hyperfine splittings due to the methyl protons cannot be 
explained purely in terms of exchange interactions and so a hyper
conjugation model has been developed.

In this model, the three hydrogen Is orbitals (a,b,c) are combined 
to form three new group orbitals^^'^^ (see pig. 8.) which are -

= ;= (a + b + c) (29)
JJ

^2 “ (b - c) (30)
J2

V3 - ^  (2a - b - c) (31)

^  has c-symmetry about the C-G bond while and have
nodal planes in the axis of the C-G bond and have elements of 71 - 
symmetry perpendicular to the G-G bond axis.

The three methyl protons are treated as a single -H^ group attached 
to the methyl carbon atom by bonding through 4̂  ̂ , leaving the two group 
orbitals with K-symmetry, Y 2 and » bo overlap with the p^ and
Pg orbitals of the carbon atom respectively. Having an orbital, #
with Pg character, the -H^ group can now be considered as part of the 
overall conjugated K-system through which the unpaired electron may



be delocalised.
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b

't’l

b -c

-b -0

\2a

Pig. 8. Diagram showing the combination of the three hydrogen Is 
orbitals (a,b,c) to form the group orbitals 
and .

The quantitative treatment for MO calculations involves development 
of parameters for the group on the basis of it being a single pseudo
atom. Thus for the fragment -

the parameters and and and h^^ be evaluated.

However, although hyperconjugation has been found to be very much 
the dominant mechanism in hyperfine coupling in / Q - p r o t o n s , t h e r e
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is nevertheless still a small contribution from spin polarisation and
this has to be taken into account when evaluating a^ for j3 -protons 
The contributions to a^ for j3-protons from these two mechanisms is 
normally expressed in the form-^*-^^"^^ -

57,58

ajj = Bq + B^cos 0r (32)

where Bq is the contribution from spin polarisation and 0̂  is the angle 
of twist between the oc-carbon 2p^ orbital and the plane containing 
the p-proton G-H bond.

This hyperconjugation model can similarly be applied to the amino- 
group where two molecular orbitals can be formed from the two hydrogen 
Is orbitals.

h  “ ^  (a- + t)
Vz

%  = i (a - b)
Jz

a

-b

(33)

(34)

%

Fig. 9. Diagram showing the combination of the two hydrogen Is orbitals 
to form the group orbitals and ^2"
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^2 has C-symmetry about the C-N bond while has a nodal plane in 
the axis of the C-N bond and has an element of K -symmetry perpendicular 
to the C-N bond axis through which it may interact directly with the 
ring p^-system.



35.

Chapter II.

EXPERIMENTAL
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H .1. Materials

Many of the materials used in the syntheses of the radical 
precursors, which were commercially available, were used without further 
purification (Table (l)). Some commercially available starting materials 
were, however, purified before use (Table (2)). Other compounds were 
synthesised using methods given in the literature (Table (3)), and, where 
it was possible to obtain them, had physical constants in good agreement 
with those in the cited literature.

In certain cases, no attempts were made at isolating, and obtaining 
physical constants from, the immediate radical precursor. Aminohydro- 
guinones, for example, undergo rapid aerial oxidation and, therefore, 
could not be isolated. Also, certain azido derivatives were not obtained 
dry due to their explosive nature.

H.2. Instrumentation

E.s.r. spectra were recorded on a Varian E4- spectrometer 
operating at a fixed microwave frequency of ca. 9.5 GHz with a 
linearly varied static magnetic field strength of c^. 3400 G. (0.34 T).

II.3. Generation of Radicals

All radicals were generated in static autoxidation conditions at 
room temperature. Although ̂ “semiquinones can be obtained from the 
corresponding quinones, spectra so obtained are less well resolved due 
to exchange broadening and wherever possible hydroquinones were used as 
radical precursors. In the few cases where quinones were used, in situ 
reduction was achieved by the use of alkaline sodium dithionite solution 
as the radical generator.
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Table (!')

Commercial Materials Used Without Further Purification 
Adrenochrome
Catechol (1,2-dihydroxybenzene)
Diazald* (N-methyl-N-nitroso-2_-toluenesulphonaniide)
1,4-Dihydr oxybe n ze ne 
1,2-Dimethoxybenzene 
1; 4-Dime thoxybenzene 
Ethyl diazoacetate 
Glyoxal sodium bisulphite 
Guaiacol (2-methoxyphenol)
5-Hydroxyisoquinoline
8-Hydroxyquinoline
4-Methylamino-1,2-naphthoquinone
Palladium 10^ on charcoal
Silver nitrate
Sodium azide
Sodium l,2-naphthoquinone-4-sulphonate 
Sulphanilic acid

Dimethylformamide (DM?)
Ethanol
Potassium ̂ -butoxide 
Sodium dithionite

^Diazald is a registered trademark of the Aldrich Chemical Co. Inc.



38.

I
o3
I
I

-P

À

o
O
5
rH

CM\o

I
T)0)
<Dm

oo
S'

o(T\S'
CM
VO

O

S'
-p U2 ■P -P 01 •P CQ H-Î
•H CD •H CQ •H CD •H 0) •H
»H H H 6 iH H rH rH rH

Td CQ t :! •n
CD •H CD CD

O CD O P O CD O O
Cx- Ü P h 40» p p
Ov rH 00 o\ CM
rH |£ rH CM % rH iH

O o o o
rH rH rH rH

pH rH A 1—1 A rH P h rH P h
CD CD CD Q)

À >» 6 d >» 6 >» E '

CM

<DI
IQ)S

P:01
■•s

a

go
■■e

•H

t

o
•H

iHt
CD3̂

E Ëo OP P
"HH CD (HPP CD P
O N O

•H P •H■P CD -P
cd rQ cd
CQ CQ•H T ) •H

rH P rH
rH cd

CD
CQ

& 1
CQ

&
Ü rH Ü
CD O CD
« ■P «

I
CD

I
a
0

1 
•H iH3Ü1 §
& s 
§ sK rQ

I
O

CDTd
■e

$
CD

<

'S
V3I
N

I

gI
§
C

P CD CD
O P P

rH CD O O
2 P P P
9 g •5 *3g •H o cH CH
-p B P O O
CD cH o A X
E-t o rH -P -P
1 N 2 X i X

VO P O P h P h
CD •H cd cd

rO A P
1 1 1 1•P"

CM rH CM rH rH



39.

I
ü

IiH
-P
•H

s
(H

A

O
O

V00
ON

CM[X.
-P

O

V00
Os

A

5
7
g
CM

CMCx.
-P

X_/%
g
CM

A
E

!H
+)

TdI
to
o

CH
<D

Î
Tdo
g
<D
S

I
<D!
A
o

§ s
g §
-p

I

I
<DI
§ s

‘-P p
cd CD
a g 
■â ^

II
o ^ ',  

•H Qi 
-P
g g

-P
S I

I

Itq
§

s
oa gN •■d
u o

■p CQ
CD

-P A1 -P
NO •H

CD
P

NO O
NO CM P

CD •H
P (H 3
O O crc
P O

•H P tq
3 O P  fx -
cH •H CD NO
p -P rO  CD§

CD A -1
K iH cd

CQrHCd1
•s

«H
0
CQ

•H
CQ
O'

1

Td
a
g
o

I
-j-

I

InCM

cd

1tSJPI
g

cd

P
CD
NPI*d

: g

cd

CM

I

II
N 'ë

p
CDtq
pI

A- I
PI

II
N



40.

o
§

I
y
o

•H
CQ

O
â

s .
■p
•ri
O
VO00
A
E

S

■P
•H

O
NO
[X-tH
A
E

I

S
S .

-p
•HrH

s
A
E

a
[x_

-p

*r1

g
Â
E

O
s
rH
0

î1•a ■T'o
s -

NO ON

<P 00 
o NO
• -p
e- -AE

S
A

O
NO p
NO -P
rH •H

P
H  . •H  XP O-P ON-P 1 o

•H NO 1—1
rH » 1^  00

*  O
O rH

[X .
NO Ch 00
rH o NO

• -pA A  .H
• rHE E 'X-'

tdI
1
ü

00
NO

go

on
<DI

Td
o5
CD
S

%

G

1P •P
•H •H
WP

H

P
S

O >
O rH
cd •H

•H W
cd
§>

A

S

•p
O O

P a
O ü

•H-P rH
cdP ■P•P G
is

I
CD

1d
ü

%
P0

1is

ON
xs

0
ü
CD

ü
Ch
G
P
O

1

I—l
I
CD

ü

o o  
p
O

•H
-P I(d G
is •|

•H GI
is

g
N

I

nd

I
ü

cd

I!IS

iH rH
O G
X A
O OrH G G

O +3 -P
X cd cd
O ü G
G G p-P P P
cd -P -P
üo •a *a
a a
'â -d"1

cd

0

1
•an
\o
r \

II
I
*aî

0
ü
G

1*a
?NO



CO
Rr

41.

idÜ
a

0  VO CM

1
a “
• Td
(d o Ü £h Ü

---

koA oE GOO
-§ oCM
O CMrHiH 1CM rHA CM
X rH
CM VOrH Ox-
, -PA •(HrHE Xŵ
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In a typical experiment, one drop of 10^ sodium hydroxide solution
3was added to 5 cm of a solution containing approximately 0.001 moles 

of radical precursor. In some cases, the base used was potassium 
t-butoxide, particularly as this removes the possibility of sodium- 
splitting in the spectra of o_-semiquinones.

In the case of the aminohydroquinones, their nitro precursors (ig in 
25 cm of ethanol) were reduced by hydrogenation over 10^ palladium on 
charcoal catalyst (100 mg, 4 atm., 20°C) until the theoretical uptake 
of hydrogen had taken place. The catalyst was then quickly filtered off 
and the resulting solution used immediately for the generation of e.s.r. 
spectra.

All spectra were obtained from ethanolic solutions though in many 
instances solvent-shifted spectra were also obtained by the addition of 
water or N,N-dimethylformamide to the ethanolic solution. These solvent- 
affected spectra were often useful in the analysis of the more complex 
splitting patterns.
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Chapter III

RESULTS
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III.l. McLachlan S.C.F, Parameters

Previous investigations on phenoxyls have led to a set of para
meters which were found to give calculated values of coupling constants 
in reasonable agreement with experimental data and these formed the 
basis of the calculations performed in this investigation.

Initial studies on substituted phenoxyls led to the oxygen para
meters h^ = 1.6 and = 1.3 and these have been successfully used
for a number of aminophenoxyls and aminosemiquinones. The two nitrogen 
parameters h^ = I.3 and k^^ = 1.0 subsequently used were formulated by 
finding the parameters which most closely reproduced the experimental

Opcoupling constants in the aniline radical cation.
These four parameters formed the starting point for a further 

investigation to see if any improvements could be made. This was 
achieved by performing exhaustive calculations. In these, the experi
mental couplings and Q values were set and the four parameters h^ ,
kgg , h^ and k^^ were simultaneously varied over a fixed range of
values by set increments. Thus, the set of parameters which gave the
closest correlation with experiment was established. This procedure 
was repeated for each of the compounds under study.. In fact each compound 
produced a slightly different set of 'ideal* parameters but overall, the 
four parameters previously established were found to give the best results 
and the calculated values quoted are based on them. These are -

ho = 1.6

’'co “
hjj = 1.3 

’'CN =
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The only other parameter required in this investigation was the 
resonance integral. The best value found for this was = 1.0 .
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Ill. 2. Aminoseiniquinones

Although there have been many e.s.r -investigations of amino- 
substituted free radicals,^ 5»83 there have been very few reports of 
spectra obtained from aminosemiquinones in which the amino-group is not 
protected by substitution. This is due to the highly reactive nature of 
both the dihydroxy and quinonoid precursors of these radicals, which 
undergo rapid aerial oxidation.

The successful approach in this investigation was by means of 
catalytic hydrogenation of the stable nitrohydroxybenzene precursor in 
ethanolic solution. On removal from the hydrogenator it was essential to 
filter off the catalyst and use the aminohydroxybenzene solution as 
quickly as possible before the radical precursor underwent total destruc
tion from aerial oxidation. The aminohydroquinones underwent autoxidation 
in the usual way and, in general, well resolved intense e.s.r. spectra 
could be obtained from the aminosemiquinone solution for several minutes 
after generation of the radical. Spectra were obtained from all of the 
mono- and di-aminosemiquinones as well as 3,4,6-triamino-1,2-semiquinone 
and tetraamino-1,4-semiquinone, and the results obtained are given in 
Tables (4) and (5).

Although the aminohydroquinone precursor itself could not be isolated 
and identified, there is no doubt that the spectra obtained are indeed of 
the corresponding aminosemiquinones. Catalytic hydrogenation is a well 
established and successful method of cleanly reducing nitrocompounds to 
the corresponding amino-compounds and the identity of all the nitro- 
precursors was confirmed. Furthermore, all the spectra obtained had 
splitting patterns consistent with those expected from the aminosemi
quinones and having obtained all the possible mono— and di-aminosemi—
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Table (4)

values in parentheses).

Radical Skeleton ^2 b ^5 3-6

0 Sjj “ 1.70 -0.20 4.72 1.50
/ K ^ N H _ (2.14) (-1.20) (5.28) (1.31)

a? 0.85

II
NH,

NH,

= 0.60 a^ = 0.60 3.10 3-10
(0.58) (0.58) (3.77) (3.77)

4 k
0.00 H =  0.00

III
H^N

0

NH,t X

a^ — 2.80 0.80
(2.41) (-1.54)

aH
HTH 1.00

a^ = 2,80 0.80
(2.41) (-1.54)

H =  1.00

IV
NH,

“  1.10 
(1.50)

H
«BH " 0-25

1.30
(0.50)

1.30 = 1.10
(0.50) (1.50)

H

(continued)
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Table (4) (cont.)

Radical Skeleton

0
,N NH,2'

,N NH,2
0

= 1.10 = 1.10 a^ = 1.10 = 1.10
(0.73) (0.73) (0.73) (0.73)

4 = 0.20 4 = 0.20 4 = ° - 2 0  =  0.20
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Table (5)

values in parentheses).

Radical Skeleton ^4 *5 3-6

0

VI
V ^ N H 2

ajj = 1.65 
(2.25)

4  = 0-7°
0.00
(-1.15)

5.10
(4.46)

-0.85
(-1.73)

VII

VIII

NH,

NH.

1.88
(-1.52)

=  2.10
(2.20)

H

=  0.16 =  1.62 
(-0.12) (1.54)

^ 0.68 1.00

3.07
(5.39)

4.94
(5 .8 3 )

0,85
(1.02)

2.82
(0.13)

IX

a^ = 1.21 4.06
(1.50) (0.57)

H 0.21

a^ “ 1.21 0.21
(1.84) (-0.89)

H
=  1.21

(continued)
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Radical Skeleton a.

NH,

= 0,68 2,04
(0,56) (1.30)

H 0.68

2.04 = 0.68
(1.30) (0.56)

H =  0.68

XI

0

NH,

0.55 = 2.30 = 2.30 0.35
(-1.58) (0.56) (0.56) (-1.58)

4 = 0.17 = 0.17

XII

a.jj = 1.12 a^ -  2,40 
(0.98) (2.65)

0.15 • = 1.85
(-1.23) (2.50)

H =  1.82
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quinones, there is no ambiguity as to which species a particular spectrum 
came from.

In some cases, the assignments of the coupling constants are un
ambiguous due to the symmetry of the species. These include the sym
metrical diaminosemiquinones (radicals II, III, IV, X and Xl) (Figs.
15, 16, 17, 25 and 26) and tatraamino-1,4-semiquinone (radical V)
(Fig. 18) .

The problem of assignment of coupling constants in the asymmetrical 
aminosemiquinones has been dealt with on the basis of previous work done

28on substituted phenoxyls. This clearly shows that in a given class of 
radicals, the observed splitting patterns can be expected to change in a 
smooth way with substitution and that the substituent effects are in a 
similar order to their electron donating power. The observed trend in

28 88the change of spin density distribution by substituents is * -

NOg GO^H H Me OH OMe NH2 0“ ‘

and amino-substituted radicals would be expected to fit the observed 
pattern.

For any given substitution pattern, graphs may be drawn which give 
rise to smooth curves, showing that points which fall on the same curve

28 88 8qmust correspond to each other. * * This simple graphical procedure
has been used to assign the coupling constants in the three mono-substituted 
aminosemiquinones (Figs. I3, 19,20). Figs. 10-12 show graphs in which 
corresponding splittings of a number of similarly substituted semiquinones 
are plotted against each other. The assignments of the aromatic proton 
coupling constants are based on their fit with the appropriate curves.

In all three cases the splittings from the aminosemiquinones fitted on to
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NH,

NH,

NH,

-1 -

Fig. 10 - Graph showing the method of assignment of coupling constants 
for 2-amino-1,4-semiquinone.
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NH.
NH,

Pig. 12. - Graph showing the method of assignment of coupling constants 
for 4-amino-l,2-semiquinone.
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the respective curves, confirming the validity of this approach.
Because of the smooth variation of splitting patterns it is possible 

to assign coupling constants in a certain species by comparison with the 
splitting pattern of a similarly substituted compound. Since amino- and 
methoxy-groups are similar in their effect on spin density distribution 
in these radicals, the assignments for the two asymmetrical diamino
semiquinones VIII and IX (Figs, 21, 22) have been made by comparison 
with the correspondingly substituted dimethoxysemiquinones^^ (Scheme l),

0*

0“1.70

3.92

OCHL

0.00

^ch3 =

0”

0-2.82

NH<2
H

=  0.16 

4 h “ 0-68

“ 1-°°

0 “

0-0.95

1.70
0.75 0

ajj = 1.21 4.06
Oj, 1.21

4a. “ 0-21

Scheme 1. - Comparison of splittings (a/Causs) for radicals VIII and IX 
with corresponding methoxy-substituted semiquinones.
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Although slightly more tenuous, assignments for the triaminosemi- 
quinone XII (Fig. 27) have also been made by comparison with the 
corresponding methoxy-substituted compound (Scheme 2).

=  0.68'CH.

1.10 OCH,
CEOCH,

^  H N

- 2.40, a ^  2.35

Scheme 2. - Comparison of splittings (a/ lO"^ T) for radical XII with 
the corresponding methoxy-substituted semiquinone.

In all cases, the assignments of the coupling constants to the 
relative positions on the molecule were confirmed by McLachlan S.C.F. 
calculations.

Although well resolved, the spectra of the aminosemiquinones were, 
generally, complex and in most cases there was extensive overlap of 
spectral lines. As a result, wherever possible, spectra were obtained 
not only in ethanolic solution, but also in ethanol-water and ethanol- 
IMF mixtures. Changes in coupling constants due to solvent effects are 
well known̂ "̂ ”̂ *̂  and these solvent-affected spectra were very useful as an 
aid to analysis. Two examples where the change in coupling constants due 
to solvent effects is particularly striking are provided by the spectra 
of 3,5-diamino-l,2-semiquinone (radical IX) and 3,4,6-triamino-l,2- 
semiquinone (radical XII), The spectra of radical IX in ethanol and in 

ethanol-water solutions are shown in Pigs, 22 and 24 respectively, while
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those of radical XII in the same solutions are shown in Pigs. 27 and 28 
respectively.
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Fig. 13. - Spectrum of 2-amino-1,4-semiquinone.



6o,

4 - - - - - - - - =)

4.72G

1.70G

IGI----1

h

1.50G

0.85G

0.20G

Pig. 14 - Reconstruction of the spectrum of 2-amino-l,4-semiquinone.
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J

Pig. 15. - Spectrum of 2,3-diamino-l,4-semlqulnone.
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IG

Pig. 16, -  Spectrum o f 2 ,5 - f ia .T in o - l , ^-semiquinone.
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Fig. 17. - Spectrum of 2,6-diamino-l,4-semiquinone.
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IG

Fig. 18. - Spectrum of 2 , 3 , 6-tetraamliio-'l,4-semiquinone,
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Pig. 19. - Spectrum of 3-amino-1,Z-semiqulnone.
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Pig. -  S7-ectrj.T. o f ^-axino-1,2-sem iquinone.
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¥

il!.!
I:I
'H • Il ' ! I i;

i'

Fig. :i. - Spectrum of ],4-diamino-l,2-semiquinone,



68.

I <

Fig, 22, - Spectrum of ,3, j-dlamlno-l,Z-semiqulnone (in ethanol)
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4--- > 1.21G

4.06G

1.21G

IGI----1

0.21G

Pig. 23, - Reconstruction of the spectrum of 3, j-diamino-l,2-semiquinone 
(in ethanol).
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Fig. 24. - Spectrum of 3 2-semiquinone (in ethanol/water).
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Fig. 25. - Spectrum of 3,6-dlamino-l,2-semiquinone.



Fig. 26. - Spectrum of 4, j-diamino-l,2-semiquinone,
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Fig. 28. - Spectrum of 3,4,6-triamino-l,2-semiquinone (in ethanol/water)
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III.2.1, ^-Amino-1,2-naphthosemiquinone

^-Amino-l,2-naphthoseiniquinone gave a spectrum which analysed 
as four non-equivalent protons with splittings of 0.15G, O.38G, O.8OG 
and 1.20G, two equivalent protons with a splitting of I.IOG and a 
nitrogen with the splitting of 2.22G. The assignment of the splittings 
from the amino-group is unambiguous and the assignment of the splittings 
from the ring protons have been made on the basis of comparison with 
other 1,2,A— substituted naphthoquinone systems (Scheme 3)* McLachlan 
S.C.F. calculations support this assignment.

(2.03)0.80
(0.33) o.oorO"
(1.62) 1.20 .38 (-1.23)

0.15
(0.63) _ H

^  = 2,22. ajjjj = 1.10

O'
0.75

m.0.00
0.875 .30

0.10
o_

Scheme 3. - Assignment of coupling constants (a/Gauss) in 4-amino-l,2-
naphthosemiquinone by comparison with other 1,2,̂ -substituted 
systems (1,2,4-trihydroxynaphthalene^^ and 2-amino-l,4- 
naphthosemiquinone®^) (calculated values in parentheses).
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Ill .2.2. 4-Methylajriino-l, 2-naphthoseiniq'uinone

4-Methylamino-l,2-naphthosemiquinon.e gave a spectrum which 
analysed as five non-equivalent protons with splittings of 0.23G, 0.?4G,
I.25G, 1.40G and 1.77G, a nitrogen with a splitting of 2.30G and
three equivalent protons with a splitting of 2.50G.

The assignments of the nitrogen splitting and the methyl-proton 
splitting are obvious, but the single-proton coupling constants are 
ambiguous. They have tentatively been assigned as in Scheme 4. on the 
basis of comparison with 4-amino-l,2-naphthosemiquinone (Scheme 3)«

0.00

1.23 ^ ^^3 2.50

Scheme 4. - Assignment of coupling constants (a/Gauss) in 4-methylajn.ino- 
1,2-naphthosemiquinone.
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III.3. Heterocyclic Seiriiquinones

Well resolved spectra of a variety of heterocyclic semiquinones 
were obtained. The examples of heterocyclic semiquinones selected were 
chosen in order to illustrate the effects of nitrogen on the unpaired 
electron spin density distribution in a variety of compounds where 
nitrogen appears in many different heterocyclic environments,

3.1. Quinoline- and Isoquinoline-5.8-semiquinones

All of the ring positions in quinoline- and isoquinoline-3,8- 
semiquinones are chemically non-equivalent and although equivalency of 
coupling constants occurs, this is purely fortuitous. This asymmetry- 
also leads to ambiguity in the assignment of the coupling constants to 
the various ring positions. The assignments have been made on the basis 
of comparison with equivalent naphtho-1,4-semiquinone systems and with 
the aid of McLachlan S.C.F. calculations. This method of assignment has 
also helped to define the position in which oxygen (O ) is substituted 
into the two secondary radicals.

3.1.1. Quinoline-5.B-semiquinone

Analysis of the spectrum of quinoline-3,8-semiquinone (Fig. 29) 
showed there to be five non-equivalent protons with splittings of 3.16G, 
3.03G, 0.80G, O.32G and 0.12G, and an absence of a nitrogen splitting.

The assignment of coupling constants are shown in Scheme 3* » "with 
calculated values and values for the equivalent naphtho-1,4-semiquinone 
system.



78.

Fig. 29. - Spectrum of quinoline-5,8-semiquinone.
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(4.19) 3.16 

(2.59) 3.05

(-0.24)
0.12

0.00

0.80 (1.13) 
0.32 (-0.56)

0.58

Scheme 5* - Assignment of coupling constants (a/Gauss) in quinoline-5,8-semi
quinone by comparison with naphtho-1,4-semiquinone (calculated 
values in parentheses).

3.1.2. Q’jinoline-5.8-semiquinone (secondary radical)

The spectrum of the secondary radical was obtained when excess 
base was added to an aqueous solution of quinoline-5,8-quinone. The 
primary radical was initially observed but after about 10 minutes this 
decayed and yielded the secondary radical (Fig, 30).

The spectrum consisted of 20 lines, all 0.25 cm apart, and 
analysis was achieved by close inspection of the line intensities and a 
building up of the individual splitting patterns to reproduce the observed 
spectrum as shown in Fig. 3i. The analysis showed there to be a nitrogen 
splitting of 0.750 and four proton splittings of 2.250, 0.50G,0.25G 
and 0.250. Assignment of these coupling constants are shown Scheme 6.
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(X - Spurious lines from another species)

F3.g, 30. - Spectrum of quinoline-5f8-semiquinone (secondary radical)
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3 3 3
I

2H = 0.25 
IH = 0.50

IN = 0.75

IH = 2.25

1 2  1
1 2  1

1 2 2 2 1
1 2 2 2 1

1 2 2 2 1
1 2 2 3 3 2 3 3 2 2 1
________________________________________________________1 2 2 3 3 2 3 3 2 2 1

1 2 2 3 3 2 3 3 2 3 3 2 3 3 2 3 3 2 2 1

Fig. 31. - Build-up of line-intensity pattern in spectrum of
quinoline-5,8-semiquinone (secondary radical).
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(-0.76)
0.50

(-0.32) 0.25 2.25 (2.07) 
0.25 (-0.78)

Scheme 6, - Assignment of coupling constants (a/Gauss) in the secondary 
radical of quinoline-5,8-semiquinone by comparison with the 
secondary radical of naphtho-1,4-semiquinone (calculated 
values in parentheses).

3.1.3 Isoouinoline-5,8-semiquinone

Analysis of the spectrum of isoquinoline-5,8-semiquinone (Fig. 32) 
showed there to be a nitrogen splitting of 0.37G and four non-equivalent 
protons with splittings of 3.25G, 2.55G, 1.14G and 0.37G, leaving one 
proton with a coupling constant of zero. The assignment of coupling 
constants are shown in Scheme 7.

(2,50) 2.55 
(4.08) 3.25

1.14 (2.57)
it 0.37 (0.56)

0.00
(-0.21)

Scheme 7. - Assignment of coupling constants (a/Gauss) in isoquinoline- 
5,8-semiquinone by comparison vdth naphtho-1,4-semiquinone 
(calculated values in parentheses).



83.

IS.

r

Fig. 32. - Spectrum of isoquinoline-5,8-semiquinone,
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3.1.4. Isoquinoline-5,8-seniiquinone (secondary radical)

Like the secondary radical of quinoline-5,8-semiquinone, the 
secondary radical of isoquinoline-5,8-semiquinone was generated by addition 
of excess base to the parent quinone and allowing the primary radical to 
decay and yield the secondary species after about ten minutes.

Analysis of the spectrum (Hg. 33) showed there to be a nitrogen 
splitting of 0.75G, three proton splittings of 0.28G and a single 
proton splitting of 2.70G. The assignment of coupling constants are 
shown in Scheme 8.

(-1.19) 0.2
(0.08)
0.28

2.70 (3.85) 

NO.75 (0.28)
0.28
(0.19)

Scheme 8. - Assignment of coupling constants (a/Gauss) in the secondary 
radical of isoquinoline-5,8-semiquinone by comparison with 
the secondary radical of naphtho-1,4—semiquinone (calculated 
values in parentheses)
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33. - Spectrum of isoquinoline-5,8-semiquinone (secondary radical).
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3.2. Quinoxalines

3.2.1 Quinoyaline-5«8-seiniquinone

Inspection of the spectrum obtained from quinoxaline-5,8-semi
quinone (Fig. 34) clearly shows a large splitting pattern of intensity 
1 : 2 : 1  caused by two equivalent protons. However, the lines which 
make up each part of the 1 : 2 : 1  triplet are groups of eleven in the 
intensity ratio 1 : 2 ; 3 : 4 : 5 : 6 : 5 : 4 : 3 : 2 ; 1  , a pattern
which may arise from two different sets of coupling constants from the 
remaining pair of protons and nitrogen atoms.

If the nitrogen coupling constant is approximately double that of 
the proton the pattern will arise as in Scheme 9. and the lines of 
intensity 3 and 5 would result from the overlap of two lines,

1 2  1
2 4 2

3 6 3
2 4 2

1 2  1

1 1

Scheme 9.

If the nitrogen coupling constant were a third of that of the proton 
then the same overall pattern would result as in Scheme 10. and the lines 
of intensity 4 and 5 would result from the overlap of two lines.
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1 2 3 2 1
2 4 6 4 2

1 2 3 2 1

1 2  3 ® ®  6 @ ®  3 2 1

Scheme 10.

The analysis chosen is based on the fact that the most imperfect 
line intensities are likely to arise in lines where overlap occurs. In 
the spectruiTi obtained, the lines of intensity 4 and 5 show the biggest 
deviation from the established pattern and therefore the latter analysis 
is chosen as the correct one.

There are, thus, two equivalent nitrogens with a coupling constant 
of 0.18G and two equivalent protons with a coupling constant of 0,54G 
as well as the large coupling constant of 2.90G associated with two 
equivalent protons.

The assignment made is based on the general observation that the 
large proton coupling constant normally occurs in the quinoneid ring 
as in the case of naphtho-1,4-semiquinone (Scheme 11.), Again, McLachlan 
S.C.F, calculations lend support to this assignment.

(3.39) 2.90

(0.26)
0.18

(-0.24)

Scheme 11. - Assignment of coupling constants (a/Gauss) in the primary
radical of quinoxaline-3,8-semquinone (calculated values in 
parentheses)
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Fig, 34. - Spectrum of quinoxaline-5,8-semlquinone.
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3.2.2. Quinoxaline-5.8-semiquinone (secondary radical)

If excess base was used in the radical generation process then 
after about 15 minutes the primary radical of quinoxaline-5,8-semi- 
quinone decayed and a secondary radical was formed which gave rise to 
the spectrum in Fig. 35.

The spectrum showed splittings due to two non-equivalent nitrogens 
of 0.80 and 0.60G respectively, two protons of 0.20G and a single 
proton of 2.3OG.

As with the quinoline and isoquinoline semiquinones the assignment 
of the coupling constants is based on comparison with the equivalent 
naphtho-1,4-semiquinone radical and on McLachlan S.C.F, calculations 
(Scheme 12).

(-0.41) 0.20

(-0.49)
0.60
<>.2.30 (1.53)

0,20 (-0.83)
0.80
(1.35)

Scheme 12. - Assignment of coupling constants (a/Gauss) in the secondary 
radical of quinoxaline-5,8-semiquinone (calculated values in 
parentheses),
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Fig. 35. - Spectrum of quioxaline-5,8-semiquinone (secondary radical).
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3.3* Triazolosemiquinones

3.3.1. 4,5-Triazolo-l,2-semiquinone

The spectrum of 4,5-triazolo-1,2-semiquinone (Fig, 36) analyses 
as two equivalent nitrogens with a splitting of 1.25G, a single nitrogen 
with a splitting of 2.9OG and two equivalent protons with a splitting 
of 0.40G. The assignment of the coupling constants is unambiguous due 
to the symmetry of the species.

(2.30) (0.18)
.25
'A

N 2.90 (4.05)

Scheme I3 - Assignment of coupling constants (a/Gauss) in 4,5“triazolo- 
1,2-semiquinone (calculated values in parentheses).

3.3.2. 2,3-Triazolo-l,4-semiquinone

The spectrum of 2,3-triazolo-l,4-semiquinone (Fig. 37) is the
l4same as that obtained previously by a different method. The analysis 

is confirmed as a splitting of O.9OG due to two equivalent nitrogens, a 
splitting of O.65G due to a single nitrogen and a splitting of 3.̂ K)G 
due to two equivalent protons. The assignment of the coupling constants 
is unambiguous due to the symmetry of the species•(Scheme 14).

One interesting comparison between the two spectra of this compound 
(Figs, 37 and 38) Is the much greater line broadening effect at the h i ^  
field end of the spectrum in Fig. 38. The spectrum in Fig, 38 was 
obtained in D.M.F. solution, whereas that in Fig, 37. was obtained in
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Fig. 36, - Spectrum of 4,j^triazolo-1,2-semiquinone.
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ethanolic solution. The greater line broadening effect in Fig. 38. is 
caused by slow tumbling of the radical^^ in the more viscous D.M.F. 
solution.

0

Scheme 14. - Assignment of coupling constants (a/Gauss) in 2,3“triazolo*
1,4-semiquinone (calculated values in parentheses).
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Fig. 37» - Spectrum of 2,3-triazolo-l,4-semiquinone (in ethanol).



9̂ .

I
1

Fig. 38. - Spectrum of 2,3-triazolo-l,4-semiquinone (in DMF) .
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111.3.4 Benzo ri.2-C:4.5-c'~] dlpyrazole-4.8(lH.5H)dllone

The spectrum of henzo ] (iipyrazole-^,8(lH,5H)dlone
(Fig. 39) is made up of splittings from two pairs of equivalent protons 
of 2.04G and 1.04G respectively, and two pairs of equivalent nitrogens
of 2.04G and 0.40G respectively.

The assignment of the coupling constants is not obvious and has been
done on the basis of comparison with similar systems and with the aid of
McLachlan S.C.F, calculations, A general feature of 1,^-semiquinones with 
fused, symmetrical three-membered rings is that when the odd electron is 
in an antisymmetrical orbital, atoms in the nodal plane exhibit small 
coupling constants (Scheme I5).

Nodal
plane ©i^Tf.SS

(i) (ii)

Scheme I5. - Assignment of coupling constants (a/Gauss) of two 1,4-semi- 
quinones with fused, symmetrical three-membered rings;
(i) - Bis-triazolo-1,4-semiquinone^^
(ii) - Imidazo-1,4-semiquinone^

Although benzo j^l,2-C;4,5-G J dipyrazole-4,8(lH,5H)dione does not 
itself have a plane of symmetry, it is similar to the symmetrical systems 
and thus the two nitrogen splittings have been assigned as in Scheme 16,
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N

H O’ H 2.04

6 ^ — N 2.04 ( 2.49) 
0.40 (0.09)

1
H 0.

H 1.04 (0.28)

Scheme 16 - Assignment of coupling constants (a/Gauss) in
benzo Ql,2-0:4,5“C ]dipyrazole-4,8(lH,5H)dione (calculated 
values in parentheses).

The assignment of the splittings due to the two pairs of protons is
less easy. However, previous studies have shown that in compounds where
hydrogen is attached to a heterocyclic nitrogen, the relationship 

H 2 3a^ a ^  is valid, ' Therefore, the proton splittings have been 
assigned as in Scheme 16,, and McLachlan S.C.F, calculations lend support 
to this assignment.
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39. - Spectrm of benro [l,2-C:^,5-C ] ■iiF7razole-4,8(lH,5H)dione.
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111.3.5* 3-Ga-r~bethoxy-lin-naphthindazole-4.9-auinone

3-Carbethoxy-lin-naphthindazole-4,9-quinone gave a spectrum 
made up of splittings due to four non-equivalent protons and two non
equivalent nitrogens (Fig, 40).

The assignment of the nitrogen splittings has been made on a similar 
basis to that used for benzo 1,2-0:4,5-C ] dipyrazole-4,8(lH,5H)dione. 
Furthermore, the magnitude of in this compound suggests that
there may be little delocalisation in the hetero-ring, thus enabling a 
comparison to be drawn with 2-substituted naphthoquinones (Scheme 17)# 
and it is on this basis that the assignment of the idng protons has been 
made. The assignment is supported by McLachlan S.C.F. calculated values.

(0.56) 0.15 
(1.54) 0.83

0.13
(0.64)

(2.60)
2.62
5v'
0/iN 0.83 (0.43)
> J/

GO^Et

0.00
1.75

Scheme I7. - Assignment of coupling constants (a/Causs) in 3-carbethoxy- 
lin-naphthindazole-4,9-quinone by comparison with 2-amino-
1,4-naphthosemiquinone (calculated values in parentheses).
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h IS-,

Fig, 40. - Spectrum of 3”Carbethoxy-lin-naphthindazole -4,9-quinone.
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HI.4. Adrenochrome

The spectrum of adrenochrome (Fig. 4l) analysed as five non
equivalent protons with splittings of 0.55G, l.OOG, 2.451, 5'IOG and 
6.10G, a nitrogen with a splitting of 3«75G and three equivalent 
protons with a splitting of 4.851.

The assignment of the nitrogen coupling constant and the splitting 
due to the three equivalent protons is unambiguous. The two smallest 
splittings have been assigned to the quinonoid ring as shown in Scheme 18, 
by comparison with 4-amino-l,2-semiquinone, Since there is no délocalisa
tion in the heterocyclic ring this is a valid comparison.

OH
0.55 H 2.45

5.10, 6.10

1788
GH^ 4.85 = 1.65

Scheme 18. - Assignment of coupling constants (a/Gauss) in adrenochrome 
by comparison with 4-amino-l,2-semiquinone.

The three remaining splittings have been assigned to protons in the 
heterocyclic ring on the basis of their stereochemistry. The two protons 
at the position adjacent to the nitrogen atom are in an axial position and 
therefore able to undergo a large degree of hyperconjugation with the 
nitrogen tt -orbital. Thus a large quantity of unpaired electron spin 
density can occur at this position. Furthermore, because these protons are 
stereochemically in very similar environments they would be expected to 
have splittings of a similar magnitude. Therefore, the two largest split
tings of 5.10G and 6.10G have been assigned to these two protons (Scheme 18),



i
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III.5» Azidoseïïiiquinones

During the process of synthesising other compounds, two azido- 
quinones, 2,3,5,6-tetraazidobenzoquinone and 2,3-diazido-l,4-naphtho
quinone , were prepared. Under standard autoxidative conditions, both 
compounds were found to yield spectra which, on analysis, proved to be 
from azidosemiquinones,

5.1. 2,3,5.6-Tetraazido-l,4-semiquinone

2,3,5,6-Tetraazido-l,4-semiquinone (fig. 42) gave a spectrum 
consisting of nine lines in the intensity ratio 1:4:10:16:19:16:10:4:1 
which is consistent with the splitting pattern of four equivalent nitro
gens. All the lines were 0.23 (àr apart and the unambiguous assignment 
is as in Scheme I9.

O'

N.'3

0

N, 0.23

Scheme 19. - Assignment of coupling constants (a/Gauss) in 2,3»5,6-tetra- 
azido-1,4-semiquinone.

5.2. 2,3-Di&zido-l,4-naphthosemiquinone

Analysis of the spectrum of 2,3-diazido-l,4-naphthosemiquinone 
(Fig. 43) is less straightforward and can only be done by close analysis
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Pig. 42. - Spectrum of 2,3,5,6-tetraazido-l,4-semiquinone,



of the line intensities. The pattern found is consistent with four 
equivalent protons of coupling constant 0.21G and two equivalent 
nitrogens of coupling constant O.83G. Due to the symmetry of the 
species, the assignment given (Scheme 20) is unambiguous.

105.

O'
0.21

0.21

0

0.83

Scheme 20. - Assignment of coupling constants (a/Gauss) in 2,3-diazido"
1,4-naphthosemiquinone.
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Fig. 4]. - Spectrum of 2,3-diazido-l,4-naphthosemiquinone,
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Chapter IV

DISCUSSION
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IV,1. Assignment of Coupling Constants in Heterocycles

Nitrogen-containing heterocyclic radicals have been extensively 
studied and, in general, despite nitrogen being more electronegative than 
carbon, it has been found to have little effect on the spin density dis
tribution relative to the non-heterocyclic a n a l o g u e a  feature illustrated 
by the equivalence of the , k^^ and k ^  parameters in NcLachlan
S.G.F. calculations. The heterocycles studied in this report confirm this 
observation and lend credence to the methods of assignment of splittings 
used in Chapter III,

An investigation of the molecular orbitals in these compounds helps 
to illustrate why, in general, splitting patterns are similar in similarly 
substituted systems. The 1,2,3i^-substituted systems provide a good 
example. In these systems the unpaired electron is in an orbital which is 
anti-symmetric with respect to the symmetry plane, O’ , bisecting the

28,92,93and bonds,

NH,3.10

NH,

0,

Scheme 21, - E,s,r, parameters (a/c) and coefficients of odd electron 
orbital in 2,3-diamino-l,Vsemiquinone,
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The splitting pattern in Scheme 21, confirmed by calculation, shows 
that the unpaired spin density is concentrated mainly at the 1,4,dis
positions, with very little on the 2,3-substituents.

This feature is maintained in certain heterocycles which have a 
similar substitution pattern. Quinoxaline-5,8-semiquinone, imidazo-1,4- 
semiquinone^^ and 2 ,3-triazolo-l,4-semiquinone, for example, which may 
be regarded as N-substituted analogues of 2 ,3-diamino-l,4-semiquinone, 
exhibit the same pattern of unpaired spin density distribution, as do the 
primary radicals of quinoline- and isoquinoline-semiquinone which, 
although not symmetrical, can, nevertheless, be regarded as being 1,2,3,4- 
substituted systems (see Scheme 22).

These heterocycles, particularly those with four-membered side-rings, 
are also comparable to 1,4-naphthosemiquinone which may itself be loosely 
regarded as a 1,2,3,4-substituted system.

These results suggest that changes to the substituents in the 2,3- 
positions have very little effect on the overall spin distribution of the 
molecule, and, as expected, negative spin densities are predicted for 
atoms lying in the nodal plane of the molecular orbital such as the central 
nitrogen atom in 2 ,3-triazolo-l,4-semiquinone and the side-ring carbon 
atom in imidazo-1,4-semiquinone.

In 1,2,4,5-substituted systems the odd electron is also in an anti
symmetric orbital, with a nodal plane through the 3 &nd 6 ring posi
tions, for which negative spin densities are predicted. As with the
1,2,3,4-substituted system, similarly substituted molecules exhibit 
similar spin distribution patterns. 2,3-Diamino-l,4-semiquinone, 
4,5**diamino-l,2-semiquinone and 4,5-triazolo-l,2-semiquinone all exhibit 
similar spin distribution patterns (Scheme 23), with small coupling
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O' 0.65
3.24 0.58

0_

G.

0.90
3.40

0.

0.80
3.82

G.

0.12 0
0.37

1.14

^00
0.

Scheme 22. - Spin distribution (e.s.r. parajneters, a/Causs) in some
1.2.3.4-substituted heterocycles compared with that in
1.4-naphthosemiquinone.
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constants in the positions corresponding to the nodal plane of idie "basic 
symmetrical system.

m.

0.80

0.

=  2.80

0

0.55

NH,
^  = 2.30

Scheme 23. - Spin distribution patterns (e.s.r. parameters, a/Gauss)
in some 1,2,4,5-substituted systems showing small coupling 
constants in the positions corresponding to the nodal plane 
in the basic symmetrical system.

This simplistic approach can be extended to other systems where there 
is ambiguity in the assignment of coupling constants. For example, the 
comparison of the spin distribution pattern in 4-amino-l,2-semiquinone
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with that in adrenochrome is useful in assigning the splittings to the 
aromatic ring positions (see Scheme 18., Chapter III,, Section 4.).

The secondary radicals from the heterocycles quinoline- and iso-
quinoline-5,8-semiquinone and quinoxaline-5,8-semiquinone form a series
which is similar to the 1,2,4-suhstituted naphthalene system. In these
systems where there are several non-equivalent, single-proton coupling
constants the assignments are ambiguous, but this simple approach enables
assignments to be made. As shown in Scheme 24., these heterocycles along
with the two 1,2,4-substituted naphthalenes, 4-amino-l,2-naphthosemiquinone
and 4-methylamino-l,2-naphthosemiquinone, exhibit similar splitting patterns
to those in 1,2,4-trihydroxynaphthalene^ and 2-amino-l,4-naphthosemi- 

82quinone.
Although the calculated values of the coupling constants do not closely 

agree with the experimental in the heterocycles, they do nevertheless tend 
to confirm the assignments made by reflecting the same relative order of 
magnitudes of coupling constants at the various positions within each 
system.
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0.11
0.251.97

0.13
0

0.75
0.00

0.30
0.10

0

0.80
0.00

0.381.20
0.15

NH.2

1.40
0.00

0.741.77
0.23

H CH,

0
0.28

0.75
0.282.70

0.28
0

Scheme 24-. - Splitting patterns (e.s.r. parameters, a/Causs) in some
1,2,4'-substituted naphthalenes and some similarly substituted 
heterocycles.
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IV.2» Amino-group Spin Densities

HAlthough the relationship a ^  a^ has been established for
a large number of r a d i c a l s , t h e  values in Tables 4 and 5 (Chapter lU, 
Section 2.) clearly show that, in general, the £l̂  values in amino- 
semiquinones are smaller than those of other amino-substituted radicals.

As previously noted,the empirical relationship -

H ' " -4X  10 X  10 T (35)

gives a closer fit with the observed data, though there is still no single
H Hvalue which consistently reproduces a ^  values in good agreement
with the experimental. The low value of in equation (35) is un
likely to be due to a difference in total charge densities on the

g c g5 95s p e c i e s , b e c a u s e  for a number of pairs of aromatic hydrocarbons
89and oxygenated radical ions, the magnitude of the splittings of the 

cations exceeds that of the anions by only 15-20^ .
The explanation is most likely to be found in terms of out-of-plane 

movement of the amino-group, leading to a contribution to a ^  from 
hyperconjugation. Although hyperconjugation has been shown to make a 
minimal contribution to a ^  in many amino-substituted radicals, 
in the case of semiquinones it is reasonable to expect that steric inter
actions between substituents will tend to prevent the amino-group from 
adopting a planar conformation relative to the molecule. Any contribution 
from hyperconjugation would be at a minimum when the protons were in the 
molecular plane (C = 0^) and would increase as the angle & increased.
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(i) 0 =

(ii) er = 90^

Fig. 44. - Showing the situations (i) for minimum hyperconjugation effect 
(O' = 0°) and (ii) maximum hyperconjugation effect (O' = 90°)

Thus there would be two mechanisms^^ contributing to the amino-
proton spin density, spin polarisation and hyperconjugation. However,

104spin polarisation generates negative spin density at the proton, 
proportional to (equation (26), Chapter I, Section 5.1.), while
hyperconjugation results in positive spin density at the proton, pro
portional to . The resultant spin density at the proton would
therefore be the difference between the two contributions and, using 
previous n o m e n c l a t u r e , e q u a t i o n  (36) can be written -
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V h  ^  ^NH ^C(n) (36)

where is negative and is positive.
As shown in Fig, 44., the hyperconjugation parameter will vary with 

the angle Q and equation (36) will become -

^ÎH 4m *̂ NH Ĝ(n) ^

There is, however, some doubt as to whether allowance should be made 
for any variation in the spin polarisation contribution as the amino- 
group rotates. In their treatment of rotating amino groups, Bullock and 
Howard neglect any variation in the spin polarisation contribution and 
use equation (37) u n c h a n g e d . O t h e r  workers, such as Sullivan, 
have, however, introduced an allowance for the variation of the spin 
polarisation contribution with G* and use an expression of the form -

4 m  % H  ^ %NH ^C(n) ^  (38)

It would therefore be interesting to compare the results of the two 
approaches when applied to the amino-groups in the aminosemiquinones 
under study.

Of the parameters in equations (37) and (38), and Pq̂ ĵ  ̂ can
be calculated using McLachlan*s S.G.F. calculations and the values of 
and have been evaluated by Bullock and Howard^^ as -32.5 and
38G respectively. However, in order to test the validity of these two 
interpretations it would be necessary to measure directly the relative •
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signs of , a facility not available in this investigation. The
values of & calculated have, therefore, been done so using both positive
and negative values of a ^  ,

Tables (6) and (?) show the values of & calculated from the approach
of Bullock and Howard, using equation(37)• Bearing in mind that the sign
of ajjy has not been established, there are nevertheless some useful
inferences to be drawn from these results. The most obvious feature is
that, in general, where a positive value of a ^  has been used, equation
(37) either gives a large value of & or no meaningful result at all,

Hwhereas negative values of a ^  generally yield values of 6̂ in the 
range of 30-50°.

Previous investigations have suggested that spin polarisation is very 
much the dominant mechanism for transferring unpaired spin density on to
amino-protons.^'^*^^^^ Furthermore, equation (37) shows that since the

H 2hyperconjugative contribution to a ^  varies with sin & , 6" would have
to be very large for this contribution to be greater than that from spin
polarisation. Therefore, if spin polarisation is the dominant mechanism

ythe sign of a ^  would be expected to be opposite to that of a^. On this 
basis, since all the and values in Tables (6) and (7) are
positive (with the exception of the 3-amino group in radical VIIl) the 
a ^  values would be expected to be negative. It is therefore encouraging 
that if a ^  is negative, calculated values of &  are both more consis
tent and also smaller, results which are much more in line with previous 
work.

In the case of the 3-a^ino group in radical VIII, the and Pq ĵ̂ ^
values are negative and spin polarisation would induce positive spin 
density at the proton. It is therefore the angle & calculated from the 
positive value of a ^  that is comparable to the other results.
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Table (6)

Calculated Values of gP for Amino-^oups in Amlno-l,^-semiquinones
from eqn. (37)1 .

Radical
Skeleton

Pc(N) .4l

0

0.0856 0.1101 0.85 68.7 42.8

NH,

0

0.0231 0.0119 0.00

H^N

NH^
0.0964 0.1723 1.00 52.6 34.8

%%2

0

0.0600 0.0792 0.25 58.8 48.7

(continued)
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Table (6) (cont.)

Radical
Skeleton

N Pc (n ) . ^
H 0"

(+a^)

0.0290 0.0366 0.20 65.0 46.9
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Table (7)

Calculated Values of O’ for Amino-^oups in Amino~l,2-semiquinones
[from eqn. (37)] .

Radical
Skeleton

Pn Pc(n)

m.
0.0900 0.1079 0.70 70.0 47.4

0.0882 0.1148 3.95 30.0'

0 ^  ( 3) -0.0046 - 0.0360 0.68 38.5 *  61. 1^

NHp (4) 0.0614 0.0738 1.00 38.6

, N H .

NH,2

NHp (3) 0.0600 
»

(4) 0.0736

0.0777 0.21

0.1156 1.21

58.8

64.9

50.1

31.2

(continued)
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Radical
Skeleton

Pc(N) a? e°

0
°s

0.0223 0.0039 0.68 33.3
h^n '

0
Oxc 0.0957 0.1708 0.17 45.3 42.3VNH2

KHg

0
0A (3)

w

0.0393
0.1062

0.0522
0.1856

0.76
2.35 65.1

30.7
23.3

V ' ■'KHg (6) 0.1002 0.1667 1.82 63.5 28.4

^  See page 11?.
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The Introduction, by S u l l i v a n , o f  a cos^ & factor to account
for the variation of the spin polarisation term with rotation is based on
the argument that as the amino group is rotated out of plane by an angle 6̂
the overlap integral, , decreases by a factor cos & and it was

2assumed that this results in a decrease in by a factor cos &  .
When the amino-group is coplanar with the rest of the molecule the

nitrogen 2p^ orbital is in a position for maximum overlap with the p^ - 
conjugated system of the molecule. It is by means of this overlap that 
unpaired spin density is passed into the nitrogen 2p^ orbital and any 
reduction of this overlap as the C-N bond is rotated would be expected to
result in a reduction of the unpaired spin density in the nitrogen 2p^
orbital. Since a ^  and a^ are both directly related to , this 
would have the effect of reducing the size of these parameters, though 
both to the same degree.

&  = angle of twist of
orbital out of plane of
2pz(C) orbital

2Pz(C) 2pz(N)

Fig. - Showing the effect of rotation of nitrogen 2p^ orbital out of 
the plane of the carbon 2pg, orbital system.
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Tables (8) and (9) give the values of & calculated from the approach 
of Sullivan, using equation (38). These show that, generally, when a 
positive value of is used & has a value in the range 40-55°»
whereas when a negative value of a ^  is used O’ is smaller and, generally, 
in the range 20-35°. The latter set of results is predictable when com
paring them with those obtained from the approach of Bullock and Howard,
In both cases the negative value of au^ presumes that spin polarisation

2is the dominant mechanism, but the cos O’ factor introduced by Sullivan 
will reduce the size of the spin polarisation contribution and thus O’ ,

In ami no-groups where a ^  is very much smaller than a^ (e.g.
radical XI) the likely cause is the near equivalence of the contributions 
from spin polarisation and hyperconjugation which largely cancel each other

TJout. In such cases the choice of sign for a ^  would have relatively
little effect on the value of O’ obtained from either equation (37) or
equation (38).

Although, without definite knowledge of the sign of a ^  in these 
compounds, the values of O’ in Tables (6), (7), (8) and (9) are incon
clusive they do, nevertheless, support the observation that there is 
significant out of plane movement of the amino-group in aminosemiquinones. 
Furthermore, it seems likely that spin polarisation is the dominant 
mechanism and that it is therefore the values of & calculated from

tjnegative values of a ^  that are relevant. If this is indeed the case 
then the values of O obtained from the approach of Bullock and Howard 
suggest a situation for the amino-groups close to that of time-averaged 
free rotation, whereas those obtained from the approach of Sullivan 
suggest that the amino-groups are undergoing restricted rotation of the 
order of 30°.
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Table (8)

Calculated Values of 0'° for Amino-groups in Amino-1,4-semiquinones
[from eqn. (38)] .

Radical
Skeleton C(N) & S'

m.

0

0.0856 0.1101 0.85 46.22 31.78

0

0.0231 • 0.0119 0.00 52.19 52.19

0

0.0964 0.1723 1.00 40.80 28.00

0
NH,

0.0600 0.0792 0.25 41.76 35.84

(continued)
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Table (8) (cont.)

Radical
Skeleton

PC(N) a? O'® 0^
( - 4 )

0

0

0.0290 0.0366 0.20 44.40 34.34
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Table (9)

Calculated Values of 6" for Amino-^oups in Amlno-1,2 - semi q "uinone s
from eqn. (33)1 .

Radical
Skeleton

N Pc (n)

0.0900 0,1079 0.70 45.92 34,25

0

KH,
0.0882 0.1148 3.95 7 6 .I8  22.78

.MHg ( 3) - 0.0046 -0.0360 0.68 41.28*  55 .60*

•KH2 (4) 0.0614 0.0738 1.00 52.18 27.09

(3) 0.0600 0.0777 0.21 41.59 36.57

0.0736 0.1156 1.21 46.77 24.67
KH2

(continued)
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Radical
Skeleton

a?
(+a^) H

. 0.0223 0.0039 0.68 13.09

0

NH.
NE

0.0957 0.1708 0.17 35.77 33.60

(3) 0.0393 0.0522 0.76 52.22 23.47
(4) 0.1062 0.1856 2.35 48.00 18.89
(6) 0.1002 0.1667 1.82 46.68 22.77

^  See page 117.
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On theoretical grounds, the spin polarisation contribution would be
expected to decrease as the amino-group moved out of the molecular plane
and overlap between the nitrogen 2p^ orbital and the ring 2p^ system
decreased. Thus, with no allowance for this in their treatment, the values
of O’ obtained from the approach of Bullock and Howard are probably too

2large. Although Sullivan does include a cos & parameter to allow for
this decrease in the spin polarisation contribution, it is, nevertheless,

107only an approximation, ' However, bearing in mind the energy barriers to 
rotation^^*^^^*^^^(the position of lowest energy is normally coplanarity 
with the ring) it would seem that a situation of restricted rotation is 
more probable than one of free rotation and that the equation (38) used by 
Sullivan is likely to be closer to the truth.
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IV, 3 AzidosemlQ-uinones

In the azidosemiquinones the nitrogen coupling constant is smaller
than that in the corresponding aminosemiquinone, This feature can be
explained by a consideration of the orbitals involved in the two systems.
As already demonstrated (see Ch. 1, Sec, 5.1), the nitrogen splittings
are related to the unpaired electron spin-density at the nitrogen atom,
and this is normally present in a 2p^ orbital which overlaps with the rest
of the conjugated system. In the azido group, however, the 2p^ orbital is

112involved in N-N bonding and is therefore not available for overlap with 
theTT-system of the molecule.

Because of the orbital overlap within the azido groupé^  , one
might expect to observe a splitting from all three nitrogens. It is • 
interesting, therefore, that in these two azidosemiquinones there is no 
apparent splitting from the second and third nitrogens. The splittings 
would be expected to decrease with distance from the ring system, and 
the splitting from even the first nitrogen is not very great, so any 
splitting from the second and third nitrogens would be expected to be very 
small. However, the lines in the spectra of these two compounds (Pigs. 4-2 
and 43) are very sharply resolved with a small linewidth, so there is no 
evidence of even a small coupling from the other two nitrogens.
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