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New Data on Biradicals

1.D.Morozova and M.E.Dyatkina

Data on biradicals, including both the results of studies by pre-1947 methods (static magnetic susceptibility, ortho~-para con-
version of hydrogen, etc.) and the results of studies on biradicals by electron spin resonance are reviewed. Biradicals of various
types are discussed—biradicals in the singlet ground state which pass to a triplet state on excitation and biradicals in the triplet
ground state which arise in consequence of the degeneracy of higher occupied levels, the presence of an insulating group be-
tween the monoradical components, atropisomerism, etc. A complete compilation is also given of all the data on biradicals with
heteroatoms. The application of the electron spin resonance method to biradicals permitted an approach to the problems of the
interaction of unpaired electrons in these systems. The theory of such interaction and the form of the spectra which should be

obtained in its presence and absence are discussed. However, many studies on this interaction have proved erroneous because
the data obtained did not refer to the substances to which the observed spectra were attributed but to the products of their
further reactions—the formation of di- and poly-mers. These problems are not usually discussed in sufficient detail in physical
papers on biradicals, while in the present review special attention has been given to them.
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L. INTRODUCTION

Advances in the modern theory of organic compounds
include significant progress in the solution of the problem
of biradicals. These are compounds, the molecules of
which have, in contrast to monoradicals, an even number
of electrons (so structures can be written for them with all
electrons paired), but which nevertheless exhibit the prop-
erties of radicals, in this case “double” radicals. This
term includes substances of three different types. The
first includes ordinary molecules with a singlet ground
state which can exhibit the properties of radicals because
of the possibility of transition to an excited triplet state, so
that there is an appreciable concentration of molecules in
the triplet state in equilibrium with those in the singlet
ground state. Such an approach to biradicals of this type
made it possible to resolve the old controversy about
whether compounds such as Chichibabin's [frequently spelt
Tschitschibabin's (Ed. of Translation)] hydrocarbon have a
quinonoid or benzenoid structure:

H,C sHs HeCo\ CgHy
DX O~ =< OO«
HyCy' oHs HyCy CeH,
(Ta) (Ib)

All the structures with the overall spin S = 0 (Ia) and others
such as, for example,

OO

have been represented in the singlet state, while the triplet
state can be described as the superposition of the struc-
tures

376
379
381
383
384

389

<O~
f
;Cg

etc. For compounds of this class, the problem consists
mainly in the detection of the triplet state and the explana-
tion of the reasons for the relative ease of transition to the
latter.

In any molecule with an even number of electrons a
transition to the triplet state is possible in principle when
the overall spin is equal to unity, i.e. there are two un-
paired electrons. However, in the vast majority of or-
ganic compounds the excitation to the triplet state requires
a very considerable energy and the equilibrium fraction of
triplet molecules is low. The substances which exhibit the
properties of biradicals are those in which the triplet state
is separated from the singlet ground state by a relatively
small energy difference. An attempt to account for such
relations between the energies of substances of this type
was made by Dyatkina and Syrkin ! on the basis of calcula-
tions by the MOH methodf. The authors postulated a
correlation of the energy difference between the highest
occupied and lowest free one-electron levels with the
energy of excitation from the singlet to the triplet state.
Strictly speaking these quantities cannot be regarded as
identical. Calculations of the energy differences between
the singlet and triplet states of the molecule as a whole
require that the interelectronic repulsion be taken into
account. Nevertheless the hypothesis of a parallel varia-
tion of the energies of the one-electron transition and the

OO

H;Cs

1 MOH—the molecular orbital method in Hiickel’s approximation.
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energy of excitation to the triplet state agrees satisfac-
torily with the findings that the tendency towards the transi-
tion to the biradical state and the fraction of the biradical
form in equilibrium clearly increase as the energy of the
one-electron transition decreases.

The second type of biradicals constitute substances the
molecules of which have a triplet ground state because of
the degeneracy of the upper occupied levels, as should
happen in cyclobutadiene and meta-quinonedimethane and
substances such as the hydrocarbon of Schlenk and Brauns
(m:

(CHg)C E(CeHy),

(n

Cyclobutadiene and meta -quinonedimethane themselves
have not been obtained. The hydrocarbon of Schlenk and
Brauns and its analogues are probably dimers and the pos-
sible partial dissociation of such dimers at an elevated
temperature does not present a special problem—it is fully
included in the problem of the dissociation of dimers of
monoradicals such as triphenylmethyl.

The third type of biradicals are molecules consisting of
two parts each of which is an ordinary monoradical, but in
which the overall molecule is constructed in such a way
that the interaction between the unpaired electrons over a
distance corresponding to a normal C~C 7-bond is impos-
sible because of the presence of an insulating group—for
example, an oxygenatom, one or several —-CH, groups, etc.
This class includes substances which are formally deriva-
tives of Chichibabin's hydrocarbon (I), but in which the two
halves of the molecule are located in planes forming a con-
siderable angle relative to one another due to the steric
hindrance of the substituents, and this also prevents the
interaction between the electrons of the two halves. With
compounds of this type, the central problem is the question
whether or not they consist of two completely independent
halves, i.e. are in fact two radicals, or whether electron
exchange takes place between the two components.

A review of information about biradicals which had
accumulated towards the middle of the 1940's was published
in 1947 by Dyatkina and Syrkin2 At that time the data on
the biradical state were based mainly on measurements of
static magnetic susceptibility. In some cases such data
were confirmed by investigations of the ortho-para con-
version of hydrogen.

However, the method of static magnetic susceptibility
has considerable limitations. The magnetic susceptibility
measured experimentally is the sum of two parts which
have different signs: the diamagnetic and paramagnetic
susceptibilities. In order to determine the paramagnetic
susceptibility, it is necessary to subtract from the total
susceptibility the diamagnetic component, which cannot be
measured directly. Therefore the diamagnetic suscepti-
bility is calculated from the increments corresponding to
individual bonds or atoms. Such a procedure can involve
considerable errors. When one deals with strongly para-
magnetic substances, their paramagnetism obscures the
diamagnetism to a large extent and experiment shows their
behaviour to be paramagnetic. This is in fact the behav-
iour of organic substances when there is a large concen-
tration of radical species, i.e. in the case of biradical
molecules in the triplet state in which we are interested.
The inaccuracy of the diamagnetic susceptibility may then
lead to a small error in the numerical value of the para-
magnetic susceptibility but does not prevent, in principle,
the detection of radicals and biradicals. On the other

377

hand, if the fraction of biradical species is small, the
paramagnetic susceptibility corresponding to them may be
extinguished due to the presence of a very large number of
diamagnetic molecules. Then the substance behaves as a
diamagnetic material, despite the presence of paramag-
netic molecules. The fraction of such paramagnetic
species, which are not taken into account, may reach 10%.
This was in fact the reason for the prolonged controversy
concerning the question of the presence of an appreciable
fraction of biradical molecules in Chichibabin's hydro-
carbon.

Furthermore, in the case of biradicals, apart from the
equilibrium between the monomeric singlet and triplet
molecules, there is a possibility of thermodynamic equili-
brium between paramagnetic monomers on the one hand and
diamagnetic dimers (or polymers) on the other. This is
an additional complication, which makes it difficult to
arrive at a conclusion concerning the concentration of
biradicals on the basis of static magnetic susceptibility.

In biradicals there may be different degrees of interac-
tion between the unpaired electrons—ranging from the case
where the spins of the two electrons give a resultant spin
equal to unity to those where the spins of both unpaired
electrons are separated from one another and behave inde-
pendently. These extreme cases correspond to different
values of their magnetic susceptibility. (For S =1, the
magnetic moment p = V35S + I)pps = vBiz and the magnetic
susceptibility at 300°K is Nu2/3kT = 3390 X 10-% e.s.u.,
while in the presence of two separated spins, each of the
latter corresponds to a magnetic moment y = 3 and the
magnetic susceptibility is 1280 X 10-8 e.s.u., so that the
overall susceptibility is 2560 X 10-¢ e.s.u.). However, it
is impossible to distinguish them on the basis of measure-
ments of the static susceptibility, since systems in which
all the molecules are in the biradical state are almost
never investigated.

A new stage in the development of our knowledge about
biradicals began when the method of electron spin reso-
nance became available. Without changing significantly
the basic postulates concerning biradicals, these investiga-
tions greatly extended the available information about this
interesting class of substances. In the first place, the
method makes it possible to establish the presence of
biradicals in those cases where data on static magnetic
susceptibility do not permit unambiguous conclusions. An
even more significant factor is that, with the aid of this
method, an approach is possible to the question of the
interaction between the unpaired electrons in biradicals.

It is known from ESR theory that, when a conjugated
organic system has only one unpaired electron, i.e. we are
dealing with a monoradical, the spectrum of such a mono-
radical in solution can be described by a spin-Hamiltonian
of the form

H = g3l S + AsI, (1)

where the first term describes the interaction between the
electron spin and the external magnetic field H; and the
second the hyperfine interaction of the electron spin with
the magnetic moment of the nucleus (g is the factor and 8 a
Bohr magneton). In this case the resonance condition can
be written thus:

hv = gBH, , (2)

which corresponds to the allowed transitions Ams = +1,
where mg is a projection of the electron spin. However,
in a spin-Hamiltonian system consisting of two unpaired
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electrons it is necessary to introduce an additional term
describing the interaction between the electron spins:

J8:S, ,
where J is an exchange integral of the type

J= srm(l)osa)%m(z)ma(l)dvldv, , (3)

$, the orbital of the unpaired electron in one half of the
molecule and ®3 the orbital in the second half, and 7,, is
the distance between the two electrons.

From the complete formulation of the spin-Hamiltonian
in the form

H = gBH, (S, +S) + ASL + Ssby) + JS S, 4

it follows that the hyperfine structure in this case depends
not only on the magnetic interaction between the electrons
and nuclei but also on the extent of exchange J between the
two electrons. If there is no interaction between the elec-
tron spins (J = 0), resonance will be observed under the
same conditions as in a monoradical. If this interaction
is sufficiently large and leads to an overall spin S = 1, then
the transition Amg = +2 also becomes possible. The
resonance condition can be written thus:

hv =2g8H, , (5)

which in the presence of a field 0.5H, corresponds to an
ESR signal with a formal g-factor of 4.

The changes in the ESR spectra due to the presence of
exchange can be best understood as follows. In the pre-
sence of exchange interactions between two electrons the
energy levels can be described to a certain approximation
by the magnetic quantum numbers M, and M, for the two
nuclei, where M,, M,=~I, -I +1,...,I -1, I are the
projections of the spins of the nuclei on the z axis and m,
and m, are the projections for the two electrons (mi, m, =
=S, =S +1,...,9).

I it is assumed that each electron interacts only with
its nucleus, the following expression is obtained for the
energy:

E = gBH, (my - my) + A{myM, + m,My) (6)
or
- Aty | AMy
E = g8 (Hot 23 )+ g8 (Hot ) ma. (1)

It is evident from the second equation that the hyperfine
interaction for electron 1 is equivalent to a magnetic field
AM /g8 set up by the nucleus with a spin near this elec-
tron, while for electron 2 the field is AM,/gB. Under the
action of a high-frequency field v applied at right angles to
the direction of the permanent magnetic field H,, reso-
nance transition determined by the selection rules Am, =
+1, Am, =0, or Am, = 0, Am, = 1 will occur, i.e. the spin
of each electron changes by unity. Since an electron
transition does not involve changes in the orientation of the
nuclear spin, the second selection rule can be written

AM, = AM, = 0, i.e. the transitions will occur between
states with the same projections of the nuclear spin. In
Eqgns. (2) and (7), it is possible to determine the resonance
values of the magnetic field at which absorption takes place:

8)-(9)

hv . AM;
F 20,
&8 &8

The difference between them is

Hl.z =

AH = 24M:

P (10)
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Such a system of equations can also be written for the
second electron.

For two nuclei with the same spin values I, =I, =1 =
1/2, we have AH = A /g8, and the line splits into (27 + 1)
components, separated by a distance A.

When the exchange between the unpaired electrons is
extensive, it can be assumed that the two electrons form a
system described by the quantum numbers S and m, where
S=0,landm=-S,...,S -1, S. As before, the nuclei
are characterised by the magnetic numbers M, and M,.
Then the energy of the system can be expressed in the
form3

E=gBHom+—‘;—(M1m+M,m) 1 —;-J [S(S-i—l)-——‘;—:l . (1)
M gpH, «<J, ghH,> A, andJ > A, then the levels of the
triplet are of the form4J and4J + gH, + $AM, where M =
M, + M, Taking into account the selection rules Am =
+1 and AM = 0, we obtain an electron transition at zv =
8BH, with 2M + 1 hyperfine components. The distances
between them are A /2 and not A as was the case for two
independent electrons.

Apart from the kv = gBH, transition allowed by the
selection rule Am = +1, the interaction between the elec-
trons also leads to partial absorption of the field energy on
transitions between levels with spin projections ms = 1and
ms = -1 (Am = +2). It is evident from Eqn. (5) that this
transition corresponds to a g-factor twice as large as for
the free electron, i.e. here the g-factor should be approxi-
mately 4.

The derivation of expressions for the frequency of
transitions and their probabilities in a general form on the
basis of Eqn. (4) is a very complex problem, which has
been solved only for certain special cases. Sakun et al. 4
describe the motion of unpaired electrons by an effective
self-consistent potential, which for a biradical has the
form of a well with two minima. Then calculation leads
to an ESR spectrum consisting of three frequency groups:

ﬁ)x‘azA(Ml"“Mz)i?VW s (12)_(13)
0, =AM, + M,) . (14)

Taking into account the selection rules specified above, the
intensities of the corresponding lines are

-t 15
1+ (J/A)*( Ml_z_ Mz)’ )

S B
14 (A (ﬂ-_;ﬂ)” ’ (16)

It follows from these formulae that, whenJ = 0, there
are no w, frequencies in the ESR spectrum, and there
remain (2f, , + 1) lines of equal intensity. In the case of
rapid exchange (J > A) there are no lines corresponding to
the frequencies w, and w, and there remain 4/ + 1 lines with
the intensities 1:2:3:21:27 +1... 3:2:1. In the inter-
mediate cases there are only (¥ + 1)? + 2 lines. Fig. 1
shows that, for two electrons located respectively at two
nuclei with a spinI = 1/2, the number of lines ranges from
2 in the absence of exchange [(Z + 1) = 2] to 3 [(& + 1)=3]
when the extent of exchange greatly exceeds the hyperfine
interaction constant. With intermediate values of J,
“satellite” lines, characteristic of biradicals, appear at
the wings of the relevant absorption curve and between the
principal lines.

Thus the value of the g-factor for those cases where
there are Am = +2 transitions, and also the number of
hyperfine components and their intensities, which both

le.i =

Fo, =
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Figure 1. Theoretical spectrum for two electrons and two nuclei
with a spin of 1/2.

/:J:fi':___{r_ll‘_p’_1

depend ondJ, provide information about the degree of elec-
tron interaction in biradicals.

The aim of the present review is to examine the data on
biradicals obtained with the aid of the ESR method. Fur-
thermore, additional data on the chemical and physical
properties of biradicals which have appeared in the litera-
ture since the 1947 review will be included. Molecules
belonging to all three types of biradicals considered above
will be discussed.

II. BIRADICALS WITH THE SINGLET GROUND STATE

When the ESR method appeared, the biradical nature of
compounds could be established, among substances of this
type, for which earlier results did not lead to unambiguous
conclusions. This applies in the first place to the fore-
runner of such substances, namely Chichibabin's hydro-
carbon,for which both the static susceptibility and the
ortho-para conversion of hydrogen methods failed to solve
the problem of whether the substance passes to a biradical
state under normal conditions. In his measurements of
the static magnetic susceptibility, Muller® observed dia-
magnetism and on this basis rejected the possibility of the
presence of molecules in the triplet state. However, the
work of Schwab and coworkers®, who investigated the
ortho—para conversion of hydrogen in the presence of
Chichibabin's hydrocarbon, indicates the presence of a
considerable fraction (up to 10%) of biradical molecules.

Even the first investigations of this compound by the
ESR method, carried out by Hutchinson et al. 7, showed
that 0.005 M liquid solution contains 4% of paramagnetic
molecules and that this fraction can increase with tempera-
ture.

It should be noted that fully reproducible results are not
always achieved in the synthesis of substances of the
Chichibabin's hydrocarbon type. Some workers obtained
very brightly coloured solutions and assumed that the reac-
tion products are biradicals in the monomeric state. Others
obtained colourless substances consisting in all probability
of dimers or polymers. It was not until 1957 that Sloan
and Vaughan® developed the most complete modern method
for complex syntheses of biradicals®, They obtained a
number of derivatives of Chichibabin's hydrocarbon show-
ing as distinct a resonance paramagnetic absorption as in
hydrocarbon (I)—~the parent of this type of compounds
(Table 1).

On the other hand Thiele's hydrocarbon(III) does not
give rise to an ESR signal since the fraction of molecules
in the triplet state is extremely low, but the tetra(biphe-
nylyl) derivative (V) does exhibit resonance absorption.
These data are in good agreement with the results of the
calculations of the energies of the highest occupied and
lowest free orbitals by the MOH method. 1In Thiele's
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hydrocarbon the energy of this transition (0.318) is greater
by a factor of 2 than in Chichibabin's hydrocarbon (0.158).
This explains why an appreciable fraction of biradical
molecules is observed in the first compound, while in the
second it is much smaller. The introduction into Thiele's
hydrocarbon of biphenylyl groups [compound(IV)] instead of
phenyl groups also reduces the energies of the highest
occupied and lowest free orbitals (to 0.138), which leads to
a concentration of molecules in the triplet state susceptible
to detection.

Table 1.
Comy d Presence of | Colour of solution
poun ESR signal solu
HyCo\ | ~eH;
<O
HyCq CoHy — orange
1n
a5c5>_ . (CSH,,
C— — —C: .
HeCy \CaH.; + violet
(8]
HCq - HiCoy | . /CeHyCeHs
e ‘
HsCq+ H,Cg CeHy+ CoHls + brick red
{1Iv)
HCrrHCoy CoH,+ CeHy
i~ O~ 4
HsCq H,Cs” CgHy CeHs + bright blue
(v}
HC . /Catls
O~
Y -+ dark purple

It is noteworthy that all these substances readily under-
go changes in which the radical properties are probably
lost. When air is admitted, only compound (IIT) and com-
pound (IV) do not change colour, while compounds (I), (V),
and (VI) are decolourised. This shows that conclusions
concerning the biradical character of a substance can be
arrived at only in those cases where special precautions
have been taken to prevent dimerisation and polymerisation,
oxidation, decomposition, etc.

A new compound of this class synthesised by Theilacker
et al.? is 4,4'-bis(9-fluorenyl)biphenyl (VII):

< > ¢
(84 84]

It proved to be a colourless sparingly soluble polymer,
When a solution in o -methylnaphthane was heated from 80°
to 165°C, its colour changed from brown to bright green.
Depolymerisation with increase of temperature is accom-
panied by an appreciable increase in paramagnetism, pos-
sibly in consequence of dissociation into monomeric
biradicals (Table 2).
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The first investigations of biradicals, where only the
presence or absence of paramagnetism in the given mole-
cules was established, were followed by the study of the
intramolecular interactions between the two unpaired elec-
trons. For substances of the type of Chichibabin's hydro-
carbon, which have a singlet ground state, this problem has
no physical significance. In the triplet state of these
molecules, as in the triplet states of any other normal
molecules, there are no separate components where un-
paired electrons could be localised. The problem of
whether or not there is interaction between two halves,

Table 2.

Tempera- _ biradical
ture, °C Xexp—Xcale content, %
20 — —
105 + 45 3
145 4141 8
165 +153 9

constituting in fact a single conjugated system, arose only
due to the traditional approach whereby the structure of the
triplet form of Chichibabin's hydrocarbon was represented
as consisting of two triphenylmethyl radicals joined by a
C-C bond in the para-position. However, it is possible to
demonstrate by this example the errors which can arise in
studies of ESR spectra without due attention being given to
a reliable identification of the compounds to which the
spectra refer. We shall consider the relevant studies be-
cause they demonstrate the danger of theorising about un-
usual properties of molecules in those cases where there
is no certainty that they are in fact the properties of the
molecules under consideration and not of some others (for
example conversion products), for which they are reason-
able and by no means surprising.

In an early investigation ! it was found that the g-factors
of Chichibabin's hydrocarbon and its diphenyl and phenyl-
naphthyl derivatives [compounds (V) and (VI)] are 2.0025
0.0004, although transitions corresponding to Am = +2
might also have been expected. The spectra were poorly
resolved so it was difficult to draw inferences concerning
the number of hyperfine structure lines. Later Reitz and
Weissman ! investigated the electron spin resonance of
Chichibabin's hydrocarbon where the carbon atoms marked
with an asterisk were labelled with carbon-13, the atomic
nucleus of which itself has a magnetic moment. One atom
was labelled in case a and both atoms in case b:

HyCe\ , . oy
v rever
HCy s
HyCg . . o
- Oas ,
Cels

H,C¢

For system a (2C-13C), where there is only slow ex-
change compared with the frequency of hyperfine interac-
tion, i.e. A > J, a triplet spectrum should have been ob-
tained with a central line originating from the part of the
molecule where the nuclear spin is zero, i.e. from the
(CgHy)4!2C group, and two outer lines with intensities
smaller by a factor of 2, which are due to splitting by car-
bon-13 in the (C.H,);!*C group (Fig. 2).
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The spectrum of system b (33C-13C) should consist of
two lines in the presence of slow exchange (each electron
located at its nucleus and A > J) or three lines with inten-
sities 1:2:1 in the presence of rapid exchange, when the
(spins migrate from one half of the molecule to the other
Fig. 1).

| ’ l J=0
~1 r '1I~] rf“ r{ i

T

Figure 2. Theoretical spectrum of Chichibabin’s hydrocarbon with
a single '3C tracer atom.

A surprising result of this investigation was the finding
that the experimental data can be interpreted as demon-
strating that the structure of the molecule of Chichibabin's
hydrocarbon consists of two independent triphenylmethyl
components with a frequency of exchange between the latter
< TX 107 871, which was completely incomprehensible when
the radical form of Chichibabin's hydrocarbon was treated
as a triplet state of the molecule. However, instead of
thoroughly testing the reliability of the experimental data
and in the first place identifying the molecules which give
rise to the spectra, a number of investigators undertook
the development of a “theory” of thesefantastic phenomena.

McConnell 12 estimated theoretically the frequency of
hyperfine splitting on the basis of the singlet—triplet splitt-
ing A in the biradical, adopting for A the value found in the
calculation by the simple MOH method, and obtained an
exchange frequency of the order of 2.5 X 10®® s=1, This
discrepancy with the “experimental” value (< 7 X 107 s™)
led to the so called “biradical paradox”, to the resolution
of which a number of studies were devoted 2. McConnell
in fact started from the premise that A is determined only
by the frequency of transmission of an electron from one
half of the molecule to the other. Burshtein and Naberu-
khin!® attempted to obtain a closer agreement between the
theoretical estimate of the frequency of electron exchange
and the “experimental” value by considering the mutual
electrostatic repulsion of the electrons, i.e. by going over
to the two-electron problem. When account is taken of the
Coulombic interaction, singlet—triplet splitting is obtained
corresponding to an exchange frequency of the order of
108 s~!, i.e. a value close to or somewhat smaller than the
frequency of hyperfine interaction. An impression was
created that Chichibabin's hydrocarbon can indeed be
regarded as consisting of two halves. However, theincon-
sistency of this conclusion with the general hypotheses con-
cerning the origin of the biradical nature of substances of
this type led to further studies in this field.

The latest results obtained by Waring and Sloan ¢ provide
a new interpretation of the observed independence of the
unpaired electrons in Chichibabin's hydrocarbon: it is now
attributed to a biradical dimer and not to the individual
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monomeric molecule of the biradical. When, in experi-
ments on Chichibabin's hydrocarbon and the biradicals
(VIII) and (IX),

HyCy Hy HsCey . /CsHs
s )t «
HsCs CgHs

(VI (1X)

the specimen is cooled sufficiently rapidly, the intensity of

the ESR spectrum observed at room temperature persists
also at the low temperature. This can be regarded as

proof that at sufficiently low temperatures the solutiondoes

not contain only monomeric biradicals but there is an
equilibrium between paramagnetic and diamagnetic mole-
cules. The most likely type of association is due to

the formation of a weak C~C bond, as in hexaphenylethane.

This may give rise to the formation of both diamagnetic
cyclic dimers of the type
G

OO
OO
5c6>
(Xa)
and linear dimers (or polymers) which retain a biradical
character:
,C, Ce“s CeH
OO0,
HCe Hsce CsHs COH’
(X6)
The linear dependence of the intensity of the ESR signal
on concentration in the range between 5.04 X 102 and 7.7 X
10-5 M at room temperature (Fig. 3)shows that the associ-
ated paramagnetic and diamagnetic molecules have the
same molecular weight.

intensity of ESR signal

7517 7 3 4557407 2 7 457

concentration, M

Figure 3. Variation of signal intensity with the concentration of
Chichibabin’s hydrocarbon in carbon disulphide.

The ESR spectrum of the biradical (VIII) at 25°C is
shown in Fig. 4; the intensitiesof thelines in an individual
section of the complete spectrum persist also on heating
to 100°C, i.e. under these conditions there are no changes
associated with the interaction between the electrons.

The presence of dimers or polymers of type (Xa) and
(Xb) inevitably leads to observed independence of the un-
paired electrons. These results provide a clear illustra-
tion of the danger of investigating exchange interactions on

381

Figure 4. ESR spectrum of the biradical (VIII) in carbon disulphide:
A) complete spectrum at 25°C; B) section of the spectrum at 25°C;
C) section of the spectrum on heating to 100°C.

the basis of ESR spectra without a detailed identification of
the molecules to which these spectra refer. Thus, the
ESR data in no way contradicted the treatment of com-
pounds of the type of Chichibabin's hydrocarbons as normal

molecules with a low energy of excitation to the triplet
state.

III. BIRADICALS WITH INSULATING GROUPS

Bridged biradicals [(IX)~(XII)], among which diphenyl-
methane and diphenylethane may be included, were obtained
for the first time by Wittig and Leo 178,

HyCe\ , /Cetls
c—~ >—(CH,)—< —C
H5C5> e <cﬁH,
(XI-XIV)
n=1234),

From the chemical point of view, they behave as free radi-
cals; compound (XI) formed a bright red and compound
(XT) a dark red solution exhibiting green dichroism in thin
layers. However, in diphenylbutane derivatives (XIV)
radical properties were completely absent according to the
results of Wittig and Leo!®. They attributed the weak
colour, slow reaction with oxygen, and the constancy of the
colour of this hydrocarbon to disproportionation. Never-
theless latest work!® has shown that solutions of triaryl-
methyls frequently retain the initial colour although their
paramagnetism falls to zero. All this weakens the argu-
ments of Wittig and Leo.

Measurements of static magnetic susceptibility % led to
the conclusion that hydrocarbon (XII) is diamagnetic;
Miiller failed to repeat the Wittig synthesis and his com-
pound was completely colourless. Compound (XV),
synthesised by Miiller and Bunge 2!, also proved to be dia-
magnetic (according to measurements of static magnetic
susceptibility) and its diamagnetism was explained by
dimerisation or polymerisation:

BCe\ , <csnv
&~ >0« H-c
H,C,> CoHy
(Xv)
The biradicals (XI)-(XV) have now been studied by the
ESR method 192!,  Table 3 shows that they exhibit intense
paramagnetic absorption, but even in the absence of light

and oxygen the paramagnetism vanishes after a time. This
is evidently due to disproportionation. In his study of the
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Table 3.
iti: Presence of ] Colour of decomposed | Colour after access
Compound Initial colour ESR signal solution of air

xn bnght red ++ pale yellow colourless
(XII) wine red ++ pale blue colourless

(green in thin

layers)
(X111 yellow + pale yellow pale yellow
(XIV) yellow ++ pale yellow pale yellow
(XV) yellow + pale yellow pale yellow

biradical (XII), Miiller obtained three decomposition prod-
ucts which he believed appeared as a result of subsequent
inter- and intra-molecular disproportionation reactions.

CaH,
ot Oem=en
HyCy CoHy

(XID)

e Orenen< O-AC

(X1la)
HyCp CeHs
=< »¥=CH—CH =X =C
HsCyl >C (XI1b) <C°H’
H,Cs> W CeHs
— >~CH,—CH,— >—C<C
HyCs (XIlc) oy

It is interesting to note that, although compound (XTIb) is
diamagnetic, it has a dark red colour and is sensitive to
oxygen. Judging from Tables 1 and 3 compiled by Sloan
and Vaughan8, conversion into coloured diamagnetic com-
pounds which retain their sensitivity to oxygen is a common
property of biradicals.

Speaking of the disproportionation mechanism, it is
difficult to explain why the colour of the decomposed solu-
tion of compound (XI) differs from that of the solution of
compound (XII), if it is assumed that inter- and intra-
molecular disproportionation converts compound (XI) to the
same product. Furthermore, it is not altogether clear
why diphenylpropane and diphenylbutane differ so much
from diphenylmethane and diphenylethane derivatives.
Possibly the biradicals forms (XIII) and (XIV) are in equi-
librium with monomeric diamagnetic compounds of the
type (XTIa) and (XIVa), since in compounds (XI) and (XII)
intramolecular saturation of valence is impossible, be-
cause the bond between trivalent carbon atoms would have
to extend over a very large distance. This difference in
fact leads to different disproportionation mechanisms:

S 6 5CG CQHJ
"‘acu C"' Hs H5C, LC,H,

CHA
§ /H, H, /cn,
CH, cn,——-cu,

(XI11a) (XIVa)

The central problem which arises in the examination of
biradicals with insulating groups is the question whether
the biradical in fact consists of two independent monomeric
radicals or whether there is exchange interaction between
the two halves, leading to a spinS = 1. The method of
static magnetic susceptibility, which predicted a diamag-
netic behaviour of the majority of these hydrocarbons,
could not of course resolve this problem.

Analysis of the ESR spectra of bridged biradicals
(Fig. 5) favours the first hypothesis, namely that the two
halves of the biradical are independent. The measured
values of the g-factor proved to be similar to those of a
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free electron and the sharp resolution of the spectrum and
the narrowness of the hyperfine components suggested the
absence of appreciable dipole interaction between the un-
paired electrons. The impairment of the resolution of the
hyperfine structure on increasing the number of methylene
groups favours the hypothesis that, with a longer molecular
chain, anisotropic hyperfine interaction makes a contribu-
tion to line width. The line in the spectrum of compound
(XV) again becomes sharp and the g-factor decreases
somewhat (from 2.0025 to 2.0031), which is characteristic
of free radicals with oxygen atoms 1,12 (Fig. 6).

bl s
- O-o-0-
w 4 ca”,s 44123 Oc Gi“:

ﬂc"s 5; Hs

c - - G- a
\‘Wﬁ cﬁﬂi 4H=1310e 5‘,,
bty
C —O ““1),-0—
\ n(n, AH=#00c c,n,

an,

Gl
"O (6t~ €,
\ can, 48=147 Oc ,;‘,.‘

derivative of absorption spectrum
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8430 8450 70 Iz
magnetic field strength, Oe.

Figure 5. ESR spectra of biradicals with insulating groups.

MMWMWWWM
Figure 6. A) ESR spectrum of the biradical (XV) at 263°K; B)at
215°K.

Analysis of the hyperfine structure in the spectra of
biradicals (XII) and (XV) labelled with the carbon-13 iso-
tope, similar to that discussed above, confirmed the inde-
pendence of the spins of the unpaired electrons!!. Thus
at 297°K the spectrum of compound (XII), in which one of
the atoms (marked with an asterisk) was labelled with
carbon-13, contains a central line which originates from
the part of the molecule in which the nuclear spin is zero.
The two outer lines are due to splitting by carbon-13 in the
group (CgHg),!3C. Such a triplet spectrum corresponds to
the conditionJ = 0 (see Figs. 2 and 7):

HGoy | . . /CeHs
u,c.>c—< HH’_CH209<6H5 .
Thus it has been confirmed that CH, groups (even one
such group) clearly insulate two conjugated systems. It
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has been suggested that conjugation via such groups is pos-
sible in the radical-anions (monoradicals) of diphenyl-
methane and dibenzyl 2%, However, this has been dis-
proved by the work of Kazokova, Syrkin, and Shapiro, who

13 mm
—_—

Figure 7. ESR spectrum of the biradical (XII) at 297°K (60% '3C).

showed that the radical-anions are not in this case un-
changed initial molecules to which an electron has been
added, but undergo secondary reactions, which lead to a
considerable rearrangement of the initial molecules -7,

IV. ATROPISOMERS

Numerous new data on static magnetic susceptibility
were obtained in the 1950's for non-planar derivatives of
diphenylquinonedimethane-atropisomers. The presence
of bulky substituents in the ortho-position with respect to
the central bond leads to the rotation of one part of the
molecule relative to the other and both halves become just
as independent as the bridged biradicals. Therefore,
although formally these substances appear to be derivatives
of compounds of type 1, in fact they belong to the third type.

The compound 2,6-2/,6’-tetrachloro-4,4'bis(diphenyl-
methyl)biphenyl (XVI), which in solution exhibits para-
magnetism increasing with temperature and decreasing
with concentration, was examined earlier by the method of
static magnetic susceptibility®. Comparatively recently
these data were confirmed by the study of the ortho—para
conversion of hydrogen catalysed by compound (XVI). 2 It
was found that this compound is a biradical to the extent of

100%:
Cl 1
HsCe\ oHs
e & .
H,C¢ CeHs
Ci Ct
(XvD

According to the results of Schwab and Baumel %, com-
pound (XVII) catalyses the ortho-para conversion of hydro-
gen with a conversion constant likewise corresponding to a
100% content of the biradical. Static magnetic measure-
ments® fully confirm the data of Schwab and Baumel con-
cerning the biradical nature of compound (XVII) (Table 4).

At one time Theilacker and Ozegowski$! suggested that
not four but two substituents are sufficient for the break-
down of coplanarity. They synthesised compound (XVTII),
Theilacker's hydrocarbon, the solution of which is very
sensitive to air and exhibits green-red dichroism. On this
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basis they suggested that the solution contained the biradi-
cal form (XVTII):

Hy
HyCey , . <QH5
>C— C .
HyCo CeHs
H,

(XVII)

It was not until much later that data on the percentage con-
tent of the biradical (XVIII) were obtained by measure-
ments of the magnetic susceptibility of this hydrocarbon in
a -methylnaphthalene? (Table 5).

Table 4. Magnetic susceptibility of 2,2’,5,5'-tetramethyl-4,4-bis(ditolyl-
methyl)biphenyl in o-methylnaphthalene (M) and benzene (B).

iradical biradical
.Concn.’%:lTemp.,°C Xexp—Xcalc e‘;‘:::“,% Eoncn.,% ﬂ‘emp.,°C Xexp—Xcalc conterllt, %
i
M, L5 20 +2493 97 80 +2142 100
50 -+1809 96 99 +1972 93
80 +2141 100 B, 4.0 20 +2518 99
105 +1948 98 51 +2329 100
M, 4.6 20 +2494 97 82 -+2119 100
Table 5.
Concen- | Percentage of bi form
tration, % 200 51 820
5,12 4 10 21
4,96 4 8 19
5.05 ] 10 21
2.05 5 12 25
2.07 5 12 28

Table 6. 2,2'-Difluoro-4,4"-bis(diphenylmethyl)biphenyl in

a-methylnaphthalene.
P of bi
Concen- -
tration, % form
a0 | s | 8o | 105 | 130
5.00 1 — 8 1" 2
5.33 3 — 12 13 11
5.41 2 — 9 13 | 1
2.62 3 4 9 - | -

The substitution of methyl groups by fluorine atoms
leads to a smaller percentage content of the biradical and
therefore the equilibrium quinonedimethane = biradical is
more strongly displaced to the left (Table 6). ®

However, the steric effect is evidently not the only
factor in such cases, since substance (XIX), with methyl
groups in meta-positions with respect to the central bond,
is also paramagnetic and actually more so than Thei-
lacker's hydrocarbon ®:32 (see data in Table 7):

HJ
HyCqy | . /CaHs
'>C C
HyCy CeHjs
CH,

{XI1X)

Apart from steric effects, the presence of substituents
in the biphenyl system which reduce the energy of excita-
tion to the triplet biradical state probably also plays a
significant role in this case.
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Table 7. 3,3'-Dimethyl-4,4"-bis(diphenylmethyl)biphenyl in

o-methylnaphthalene.
Py age of biradi
Concen- form
tration, %
20 55° 84°
5.05 14 3H 47
4.18 15 32 47
2.23 17 39 50
2.01 18 38 46

Hy
(XXD)

It should be noted that data on the percentage content of
the biradical forms in atropisomers listed in the tables
were obtained on the assumption that both halves of the
biradicals are completely independent (xp = 2560 X 10-°
e.s.u.). However, in some cases the angles between the
two halves of the biradical can assume intermediate values
between 0° and 90°C, which should result in a weak 7 -bond.
Therefore complete reliance cannot be placed on data ob-
tained on the assumption that such a bond is altogether
absent.

The extent of interaction between unpaired electrons
might be inferred from ESR spectroscopic data, but un-
fortunately the only biradical [compound (XVI)] investigated
by this method is appreciably associated in solution 8,
forming open-chain biradical dimers (or polymers) of the
type

¢l ocl
CoHs
«
Cetls +
]

Clearly such association prevents the correct interpreta-
tion of the ESR spectra.

cl a

H;Cs>, HSIG (I:cHs
& —C
HsC | ]
e HyCq CeHs

[o{ Bl Ci

V. POLYRADICALS

In 1965 there appeared a brief communication that Ger-
man investigators 3 had succeeded in repeating Leo's
attempt to obtain a hydrocarbon triradical of the type

CoHs

HyCoy
o A
HyCe \Q/ oHs

However, the product did not have a definite melting point
and, according to elemental analysis and molecular weight
measurements, was a weakly associated polymer. On
dissolution in benzene, an ESR spectrum with a resolved
hyperfine structure appeared. ’
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The replacement of phenyl groups by biphenylyl groups
yields the triradical (XXTII)

(XXI1D)

which consists of red-violet crystals. It gives rise to an
ESR signal but the hyperfine structure is not resolved in
the spectra of either the solid radical or its solution in
benzene. The solution also contains both monomeric and
polymeric molecules.

VI BIRADICALS WITH HETEROATOMS

Recently an intensive study of biradicals with hetero-
atoms by the ESR method was begun. With the exception
of the previously known porphyrindine, most of the radi-
cals constitute completely new classes of paramagnetic
organic molecules. As with hydrocarbon biradicals, this
method makes it possible to determine from the number of
hyperfine components of the ESR spectrum and the g-factor
the class of biradicals to which the given compound belongs,
i.e. to elucidate whether it is simply a double monoradical
or whether it is in the triplet state, like Chichibabin's
hydrocarbon.

Jang and Castro? described the synthesis of a sub-
stance with the hypothetical structure (XXIV)

o}

\@/ (T-clcHy)y)
o
|

(XXIV)

Calculations were made on this molecule 3® by the MOH
method on the assumption that the phenyl rings are dis-
placed from a single plane and are rotated by 30°, as in
triphenylmethyl. The calculation led to the conclusion that
the last two electrons should occupy a degenerate non-
bonding orbital when all the Coulombic integrals are equal,
and a degenerate orbital with the energy 0.5428 when the
Coulombic integral for the oxygen atom is assumed to be
ao =0c + 1.58, so that in both cases there ig a triplet
ground state. The most significant results proved to be
the theoretical prediction of a transition at very long wave-
lengths (20.000 A) and its experimental observation in
absorption spectra. This transition takes place from the
bonding level with the energy 0.8278 to the partially filled
degenerate bonding levels (0.5428) where the unpaired elec-
trons of the molecule are located.

Measurements of the static magnetic susceptibility gave
3.1xX 1072 ¢cm® mole-! as the paramagnetic contribution.
However, in the authors' view there is a possibility here of
a large experimental error.

The ESR spectrum of Jang's biradical consists of seven
overlapping lines (hyperfine constant Ay = 0.86 Oe), which
indicates the interaction of the unpaired electrons with six
equivalent protons 3. Evidently the spin exchange is very
rapid and each electron interacts with the six meta~protons
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of the three aromatic rings. The addition to the biradical
of the initial substance (XXIVa) in methyltetrahydr ofuran
leads to the formation of the monoradical (XXIVb):

SR
DG e

(XX1Va)
(XXIVd)

Evidently a disproportionation reaction takes place:
XXIV + XXIVa 5 XXIVb.

On cooling a solution containing the biradical, the lines
in the ESR spectrum broaden and at —50°C the spectrum
consists of a single broad line. In the spectrum of the
frozen solution (glass at ~160°C) dipole splitting is ob-
served, and the lines originating from the monoradical and
the biradical become superimposed (large doublet splitting).
The extent of this splitting depends on the dipole interaction
between the unpaired electrons, which is inversely pro-
portional to the cube of the distance between the magnetic
dipoles. Thus the distance between the intense lines of the
doublet enables (see Pake37) the distance between the two
unpaired spins to be found, in this case 9 A.

Another bisaroxyl biradical (XXV) was studied by Miiller
and coworkers3®. Measurements of static magnetic sus-
ceptibility in benzene showed that the solution contained 88%
of the biradical molecules. The ESR spectrum of this
biradical consists of three lines, which can be attributed to
twoprotons of the phenoxyl ring. Hence it follows that the
unpaired electrons are localised only in the phenoxyl groups
surrounding the molecule and do not interact with one an-
other via the insulating C(Cg¢Hy), groups, the biradical
behaving simply as a double monoradical:

?BH‘l ?n"t
| | '
CeHs CeHyg

(XXV)

The attempt of Chandross and Kreilick3® to detect by the
ESR method the biradical (XXVI) obtained by the oxidation
of compound (XXVIa) was unsuccessful, although the mono-
radical (XXVIb) gave rise to a distinct ESR spectrum con-
sisting of a triplet (two equivalent mefa -protons with a
hyperfine structure constant of 1.67 Oe) split by the weaker
interaction with the six equivalent protons of the iso-
propylidene group (hyperfine structure constant of 0.38 Oe).

The absence of an ESR signal due to the biradical (XXVT)
can be attributed to the equilibrium between the biradical
species and the diamagnetic spirodiene (XXVTI):

0 H o
(CHp), == C(CHy,  C(CHy), (CHy),
OH OH
{(XXv1) (XXVID (XXVia) {XXVIb)

The replacement of the gem -dimethyl group in compound
(XXVIa) by a 2,2-diphenylene group yields compound
(XXVIIIa)*°. The ESR spectrum obtaining during the
oxidation of this substance was investigated. Initially
three lines due to the monoradical appeared (hyperfine
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structure constant of 1.65 Oe). As the oxidation progres-
sed, the intensity of the signal increased and then fell, but
did not disappear altogether. At —180°C two groups of
lines appeared in the spectrum, corresponding to the
transition |JAm| = 1 with splittings of 126 and 30 Oe, and
absorption corresponding to |Am| = 2 occurred when the
field strength was reduced to 50%. The larger splitting
was attributed to the biradical (XXVIII) and the smaller to
the dimer containing two molecules of compound (XXVIII),
probably joined by a peroxide bond:

%

)

L
(XXVIlla)

Although the formation of such a bond is fairly unusual
in this case (due to the presence of bulky substituents in the
phenyl ring), the concentration dependence of the extent of
splitting in a zero field confirms the occurrence of dimer-
isation. On dissolution, the intensity of the smaller split-
ting decreases and vanishes much faster than that of the
larger splitting, which persists for a fairly long time. The
position of the lines indicates that the average distance be-
tween the unpaired electrons in compound (XXVTII) is 6 A
and in the dimer 9.8 A.

Recently Chandross#! obtained an interesting stable
biradical (XXIX) which he called bisgalvinoxyl. Itisa
dark crystalline substance with a metallic lustre. In the
solid state the biradical isvery stable, but in inert solvents
(10-3-107¢ M) it is decolourised by air in several hours.
The bisgalvinoxyl spectrum recorded in glasses at 77°K
clearly shows that this substance is in the triplet state. In
methyltetrahydrofuran a hyperfine line structure appears,
transitions both from |Am| = 1 and transitions at 1635 Oe,
corresponding to |Am| = 2, being observed. Using the
model of 2 point dipoles, it can be shown that the splitting
at |am| = 1 corresponds to an average interelectron dis-
tance of 6 A.

In contrast to the biradicals (XXIV) and (XXIX), the ESR
spectra of which indicate that these compounds have two
unpaired electrons in different parts of the molecule
interacting with one another, in the ESR spectrum of
porphyrindine (XXX) there is no clear proof of the interac-
tion between the two unpaired electrons 42,

XV

o o
4 $
(CH,),C—N )Q—C(CHQ), (CH;),C—N\
C==N—N=C\ C=NH .,
HN=C—N N-—C=NH HN=C—N
H H

Rad (XXX1)

The spectrum of the dimethylsulphoxide solution of this
substance consists of three groups of lines with a hyperfine
structure constant of about 10 Oe. Each line is split
further into four components with a hyperfine structure con-
stant of the order of 3 Oe (Fig.8). The main splitting is
evidently due to the interaction of the unpaired electron
with the nucleus of the nitrogen atom. In contrast to this,
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the spectrum of compound (XXX) in ethanol at 300K con-
sists of only two lines, although porphyrexide (XXXI),
which constitutes as it were one half of porphyrindine,
gives rise under these conditions to an ESR spectrum con-
sisting of three lines. Possibly in this case there are
solvent and temperature effects on the exchange interac-
tion.

1
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Figure 8. ESR spectrum of the biradical (XXX) in dimethyl-
sulphoxide at 80°C.

The decrease of the paramagnetism of porphyrindine on
reducing the temperature previously, observed by the
magnetic susceptibility method, is found to occur also for
NO-indigo*:

H
N

H
N
QOO0
VAN
N N
&

1, °
O
(XXXID)

At room temperature the fraction of biradical molecules
is high and the susceptibility of this compound is 10% higher
than the value calculated for the double monoradical. How-
ever, at the temperature of liquid nitrogen it is diamag-
netic. Evidently, in this case the diamagnetic form of
NO-indigo, like the diamagnetism of porphyrindine at low
temperatures, is associated with the displacement of the
equilibrium between the diamagnetic and paramagnetic
forms towards the former. The diamagnetic form may be
either a polymer or, what is more likely, a diamagnetic
monomer.

On the basis of the fragment

P
& | |
e N, ety

ooexm

the green biradicals (XXXIV) and (XXXV) were obtained**:

v-@-v VQ_\': ’

(XXXIV) (XXXV)

While the monomeric radical (XXXIII) gives rise to nine
lines in the ESR spectrum, which can be accounted for by
interaction with two nitrogen atoms, the spectra of biradi-
cals (XXXIV) and (XXXV) contain a different number of
lines, corresponding to exchange between two unpaired
electrons. Reversible polarographic oxidation leads to the
monocation (XXVI), violet in colour, the spectrum of which
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again shows the nine lines of the monoradical, and then the
diamagnetic dication (XXXVTI):

CeHa
Ny
me
\ﬁz
c/sﬂ5 —N\
N\+ N—CeH;

¥ H,
(XXXVI) &g (XXXVID cﬁu,

The interesting triradical (XXXVIII) was also obtained on
the basis of (XXXIII):48

H scc\N){’N _CeHs
| .

|
CeHy

Cells

The resultant magnetic spin moment of the molecule for
three independent unpaired electrons is p = y3up. Table 8
shows that, in contrast to porphyrindine and NO-indigo,
the paramagnetism of the triradical does not continue to
decrease down to the temperature of liquid nitrogen. This
suggests that the three electrons of the triradical are
indeed independent. The hyperfine structure of the ESR
spectrum of the triradical is unresolved.

Table 8.

TK n-y

298 2.96--0.06
195 2,97
¥ 3.01

Because of the presence of an insulating grouping be-
tween the two halves of the molecules of thé hydrocarbon
biradicals examined above, there is no exchange between
them, i.e. the o-bond system of the bridge prevents inter-
action between the electrons. The insulating bridge in
biradicals with heteroatoms plays the same role. How-
ever, it has been suggested that the exchange of unpaired
electrons can occur also in the presence of insulating
groupings, but by a different mechanism. Roxantsev,
Buchachenko, and coworkers<46:4° and also Lemair and co-
workers 595t obtained and investigated iminoxy-biradicals,
which are exceptionally stable both in the solid state and in
solutions. The iminoxy-biradicals contain the following
residue with the unpaired electron:

R= H,CQ:HR
HiC ) H,

R—R R—0CO—C00 —R
(XXXIX) (XL)

n=24,5

ROCO—(CH,)—COOR
(XLD)

ﬁoco@mﬁ

(XLIID

RCOO—(CHa)g —COOR

{XL1D)
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Rocon ﬁow%,,

(XLIV) (XLV)

In the absence of exchange between the unpaired electrons
in the two halves of the iminoxy-biradical, each electron
interacts with the nucleus of the nitrogen atom of “its half”
and the biradical behaves as a double monoradical. In
this case the ESR spectrum consists of three lines with a
hyperfine structure constant A. If there is strongexchange
interaction between the two electrons, the spectrum con-
sists of five lines with a hyperfine structure constant A /2
(see p. 378 and Fig. 9).

Figure 9. Theoretical spectrum as a function of the presence or
absence of exchange interaction.

In contrast to the spectrum of the monoradical R, the
hyperfine structure of which consists of a triplet due to the
1N nucleus (hyperfine structure constant Ax = 15.6 Oe)
split by the B-protons (Au = 0.35 Oe), in the spectra of the
biradicals additional lines appear between the components
of the triplet. Their number and intensity depend on the
structure of the biradical. Thus the spectrum of the
biradical (XXXIX), where the NO groups lie very close
together, consists of five lines, which are regarded as due
to the interaction of the two equivalent *N nuclei. In the
spectrum of the biradical (XL), where there is an -OCO-
OCO- group, additional lines do not appear and the spins
behave independently. In the ESR spectrum of the biradi-
cals (XLI) four additional lines appear, which Buchachenko
et al. “® believe to be due to the enhanced interaction be-
tween the unpaired electrons. The spectra of compounds
(XLII) and (XLIV) consist of triplets without additional
lines, while in the spectrum of (XLV) there are again five
lines, which are interpreted as indicating the occurrence
of interaction between the two nitrogen atoms.

The monoradical (XLVIb) and the biradical (XLVTI),
which consists of large yellow crystals, were obtained by
the oxidation of azine (XLVIa)®. The intensity of the ESR
spectrum of the polycrystalline biradical is higher by a
factor of 2.16 than the intensity of the polycrystalline
monoradical containing the same number of molecules. In
dimethylformamide the monoradical gives rise to the clas-
sical triplet withAn = 14.4 Oe and g = 2.0055, while the
biradical gives rise to a highly resolved triplet withAnx =
7.2 Oe. The authors explained these databy the occurrence
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of exchange interaction, the frequency of which is higher
than that of the hyperfine interaction, i.e.J > A.

HNQ 'o-—NCk N '0—an
N N N/Nt}.»_o

(XLVIa) (XLVIb) XLVI)

The width of the biradical line (2.4 Oe) does not differ much
from the line width measured in the spectrum of the mono-
radical under the same conditions. (2.2 Oe). This means
that the bond between the unpaired electrons is not strong
enough to widen the ESR line due to dipole interaction.

The radical (XLVII) gives rise to a similar spectrum
(Fig. 102). 52 When the nitrogen atom in the iminoxy-
groups is replaced by the !5N isotope, three lines appear in
the spectrum (Fig. 10b). This is accounted for by the
interaction of the unpaired electron with the two nuclei of
the 15N atoms, which have a nuclear spinI = 4 (cased > A,
Fig.1). The absence of splitting by the nitrogen atoms of
the azine bridge shows that the electron exchange does not
involve the system of o-bonds. This is also indicated by
the ESR spectrum of the biradical (XLVIII), in which there
is no additional splitting by the N nuclei of the heterochain

bridge 8:

O- [}
{XLVID

NH NH

ROCONH(CH,)NHCOOR
(XLVIID

J0e.
b
s0e.
Figure 10. ESR.spectra of the biradical (XLVII):
a) unsubstituted biradical; b) biradical containing nitrogen-15.

H' ‘J
a b
1560e
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Figure 11. ESR spectra of the biradical (XLII) in different solvents:
a) hexane; b) benzene; c) chloroform; d) carbon tetrachloride;
e) acetic acid.

The ESR spectra of iminoxy-biradicals vary both with
temperature and the nature of the solvent. Thus, when
the temperature is raised, additional lines appear in the
spectrum of compound (XL), the intensity of which in-
creases with temperature. Fig. 11 presents the spectra of
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the biradical (XLII)¥ in various solvents. Evidently here
the shape of the spectrum is influenced not only by the
viscosity of the solvent but also by the different solvation
effects.

The synthesis of polyradicals of the type

Rooc 00R r'<—‘3’\P/°—ﬁ ROOG 0OR
; ) i Rooé:C ioofi
COOR
(XLIX) w {5y
on the basis of the monomeric biradical R has been des-
cribed recently52. They have all been investigated by the
ESR method.

It is interesting to note that the g-factors of iminoxy-
biradicals are the same as those of the corresponding
monoradicals and in none of the cases has it been possible
to observe ESR signals with g = 4, which would correspond
to [Am] = 2 transitions.

Finally, the true mechanism of the exchange observed in
the iminoxy-radicals has not yet been elucidated. Some
workers 4849 believe that the overlapping of the m-orbitals
of the unpaired electrons and hence the exchange between
the two halves of the biradical occur as a result of the
bending of the molecules and the deformation of the chemi-
cal bonds and the angles between them, i.e. there is “con-
formational” exchange interaction when close mutual intra-
molecular approach of the paramagnetic fragments of the
biradical takes place.

0LM;53N\N= ey

n‘bu\v,m,m,m}c,sq»a‘
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Figure 12. ESR spectra of the biradicals (XLVII) (curve /) and
(LIID) (curve 2).

The influence of exchange interaction on line width has
been investigated with the biradicals (LII) and (LII) as ex-
amples®® (Fig. 12):

0
o_ ,CH CH,_  ,0
R—o—t—0-k R’ \cl/ a0 %
1
o

O=

(LII) (LIIY)

When J varies in such a way that its average value J re-
mains greater than A, the width of the central line and of
the two outer lines remains constant, since their positions
are independent of the changes inJ. Other, intermediate
lines become broader. This broadening is due to the
modulation of the exchange integralJ. When the exchange
integral is expressed by formula (3), it is evident that its
value depends on the extent of the overlapping ®2%s of the
two wave functions ®4(1) and $3(2), where ®(1) is the orbi-
tal of the unpaired electron in one half of the molecule and
®5(2) is the orbital in the other half. When the extent of
overlapping is low, the integral is large, and, correspon-
dingly, a decrease in the extent of overlapping leads to a
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decrease of J. Since the biradical is not a rigid molecule,
it can assume various configurations, each of which cor-
responds to a particular degree of overlapping &(1)®s(2)and
different values of the integralJ. This modulation of the
integral J by intramolecular conformational changes does
in fact constitute the relaxation mechanism which influences
the biradical line width.

Biradicals of the hydrazine series (LIV) and (LV) have
been synthesised recently and have been investigated by the
ESR method 54,%5:

o, NO, 0, 0, ON NO,
_CHy—CH,
i Yo e
NO, N(CyH,), (CgHy,N  NO;  “CH;—CHy
(LIV) w“v)

The theoretical spectrum of the biradical (LIV) is con-
sistent with experiment (Fig. 13), provided that the un-
paired electrons are localised in their halves and that each

i i
(CeHy)N N(CgHy),

Figure 13. ESR spectra of the biradicals (LIVa) and (LIVb).

electron interacts only with the two non-equivalent nitrogen
atoms and Aw,/An, = 0.64 and An, +An, = 17.13 Oe.  This
suggests thatJ <« A and there is thus no electron interac-~
tion via the bridge

0N~ ,NO;
\
NO,

It is interesting to note that Heidberg and Weil ¢ failed to
observe the biradical form (LIV) in the oxidation of the
bihydrazine monoradical and they attributed the singlet
ground state of the resulting compound to the presence of
ionic structures of the type

{.
O,N- NO, o /N\ NO,
- \ + /CeHs
+/Nmﬁ\ ¥ < Hy *
HyCo—N NO, N(C4H,), /N NO, 8r15
: N
CHs HC¢™ Gy
(LIVa) (LIVD)

The biradical (LV) gives rise to an ESR spectrum con-
sisting of nine hyperfine structure components (Fig. 14).
The theoretical spectrum containing nine components with
intensity ratios 1:4:10:16:19:16:10:4:1 corresponds to
four equivalent nitrogen atoms. Evidently each unpaired
electron is not linked to its hydrazyl group and migrates
from one half of the molecule to the other, i.e. in this case
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J > A and the electrons do interact with one another. Since
in this case the interaction via the o-bonds of the bridge

CH,—CH,
/ \O
\c By CH,/
is excluded, it can be supposed that here the exchange
mechanism is probably the same as in iminoxy-biradicals.

a b

Figure 14. ESR spectra of the biradical (LV):
a) experimental spectrum; b) theoretical spectrum.

A variation of the intensity of the spectrum of the biradical
(LV) with temperature in the range between +60°C and
-50°C could not be observed. Further reduction of tem-
perature leads to a broadening of the ESR lines and the
disappearance of the hyperfine structure. The spectrum
of the supercooled solution shows one ESR line with a width
of about 20 Oe between the points of inflexion and a g-
factor of 2.0035. Other lines, characteristic of S =1 as
well as |Am| = 2 transitions, were not observed. This
may be due either to the low intensity of the |[Am| = 2
transition, which is weaker by 3 powers of 10 than the
|Am| = 1 transition, or to the breakdown of the intramole-
cular exchange bond between the two halves of the molecule
on going to the supercooled state. In this case the aniso-
tropic hyperfine structure is not resolved because of the
dipole-induced broadening.

A biradical based on a phenylphosphonic dihydrazide has
also been obtained 55:

HyCy CeHs

. .
@) —Ngy—P—Ng— Nm\
H,Cq CeH,y *

LvD

At the beginning of oxidation the ESR spectrum of the
monoradical, consisting of seven hyperfine structure com-
ponents, is observed. Comparison with the theoretical
spectrum showed that the experimental spectrum results
from the superposition of two quintets. The five lines in
each quintet are due to the equally probable interactions of
the unpaired electron with the two atoms of hydrazine. The
isotropic hyperfine structure constant Ax = 6 Oe. The
doublet with the constant Ap = 10 Oe must be assigned to the
phosphorus nucleus. On further oxidation, the seven-
component spectrum is converted into a quintet with the
intensity ratios 1:2:3:2:1. The five lines of the hyper-
fine structure correspond to the delocalisation of each elec-
tron in its half of the molecule only, under conditions of
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interaction with the two nitrogen atoms of hydrazine. The
form of the spectrum suggests that the nucleus of the phos-
phorus atom does not participate in splitting. There may
be several reasons for the non-involvement of the phos-
phorus atom in hyperfine splitting and probably the main
one is the breakdown of the p,—d, conjugation when the
environment of the phosphorus changes on transition from
the monoradical to the biradical. The constants Ay, and
An, become larger by a factor of 1.5 than those of the
monoradical, and the overall splitting Ax, + Ay, increases
from 12,2 to 17.6 Oe. An anisotropic hyperfine structure
broadened by dipole interactions appears in the spectrum
of the supercooled solution. No lines, additional to those
with g = 2, were observed.

VII. BIRADICALS OF METAL KETYLS

The study of the ESR spectra of the ketyls derived from
hexamethyl- and pentamethyl-acetones showed that their
hyperfine structure is due to splitting by protons in the
ketone components, and furthermore that the unpaired elec-
tron is linked to the two equivalent nuclei of the alkali
metal®. This finding can be accounted for on the basis of
a dimeric structure of the ketyl molecule in which the two
organic radicals are joined by two equivalent alkali metal
ions:

R M+ R
N e =
60 O—
/
R M+

v

(';/
N
R

The presence of dimers is also confirmed by optical
spectra5”:%, which vary markedly with the concentration
of the ketyls. Thus the spectrum of the fluorenonesodium
ketyl in methyltetrahydrofuran at a high concentration
shows a peak at 450 nm, while at lower concentrations this
peak appears at 525 nm. Evidently there is a monomer-
dimer equilibrium in the solution and since the spectra of
the dimers and monomers are almost identical, it is
evident that dimerisation does not involve any changes in
the electronic structure. Thus the dimer molecules may
be regarded as a kind of biradical system in which each
electron spin belongs predominantly to one half of the
dimer but is divided between the nuclei of the alkali metal.
The ESR spectrum of solid ketyl solutions at 77°K shown
in Fig. 15 is characteristic of triplet systems. The
spectrum corresponding to the |Am} = 1 transition results
from the superposition of two spectra—a narrow central
singlet and a broad doublet. With increase in the size of
alkali metal ions, the doublet splitting increases from
118 Oe for the fluorenonelithium ketyl to 82 Oe for the
fluorenonepotassium ketyl. The optical spectra at 77°K
indicate the existence of both a monomeric and a dimeric
form. The central singlet peak can be attributed to
monomers (or dimers with a low degree of dipole interac-
tion) and the doublet to dimers with a high degree of dipole
interaction. Apart from the |Am]| = 1 transition, an
absorption peak is observed when the field strength is
reduced by one-half. This is due to the |Am] = 2 transi-
tion (Fig. 15f). Its intensity is of the order of 10-3 of the
intensity associated with the |Am| = 1 transition.

The hyperfine structure of the spectra of liquid solutions
of dimers with a high degree of dipole interaction is
broadened by relaxation, while dimers with a low degree of
dipole interaction give rise to a well resolved structure.
Analysis of the Reitz—Weissman type of hyperfine splitting
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in the spectra of ketyl dimers ! shows that both the split-
ting by the !3C nuclei and by protons in the ESR spectra of
divalent- and trivalent-metal ketyls corresponds to the
conditionA > J. The rate of spin exchange between the
two halves of the ion pair is thus much lower than the
frequency of the hyperfine interaction and the spectrum of
the dimer is similar to that of the monomer. The tem-
perature variation of the absorption intensity is consistent
with the low value of J.

e N~

b

c A/\\."/\//\/v'
d’/—/\/f
0G
e A —
fA~

Figure 15. Spectra of paramagnetic ketyls in methyl tetrahydro-
furan at 77°K; |Am|=1:
a) fluorenonelithium; &) fluorenonesodium; ¢) xanthonelithium;

d) fluorenonebarium; e) fluorenonemagnesium; f) | Am | = 2,
fluorenonelithium.

Figure 16. Possible structures of paramagnetic ketyls.

The possible structures of the dimeric ketyls can be
inferred from the magnitude of the doublet splitting.
Divalent-metal ketyls, apart from fluorenonebarium and
fluorenonestrontium, give rise to spectra in which the half-
width is about 10-15 Oe. Since divalent-metal ketyls do
not dissociate, it canbe assumed that the dipole interaction
in them amounts to about 10 Oe, A possible structure of
such a dimer is presented in Fig. 16a. The line half-width
of 25 Oe observed in the spectra of trivalent-metal ketyls
(Fig. 16d) indicates a high degree of dipole interaction.
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Structures of types b and c (Fig. 16) are possible in those
cases where the line is broader and the dipole interaction
more pronounced. In all probability there is an equili-
brium between the dimeric forms and the most stable
structure is determined by several factors: the structure
of the initial ketone, the charge and the dimensions of the
metal atom, and the nature of the solvent.

The datadescribed above permit the following conclusions.

Electron spin resonance has proved most useful for the
determination of the biradical nature of those compounds,
the paramagnetism of which had not been demonstrated
unambiguously by static magnetic susceptibility measure-
ments and ortho-para conversion of hydrogen. For
biradicals consisting of components separated by insulating
groups, the ESR method permits certain inferences about
their structure—the distribution of unpaired electrons. It
follows from the hyperfine structure analysis of the spectra
of biradicals of this type that each unpaired electron is
localised in its own half and the biradical is a double mono-
radical.

However, there are as yet no convincing experimental
data which would permit the analysis of the properties of
systems of the type of Chichibabin's hydrocarbon in the
triplet state (with “strong exchange interaction” between
the two electrons). Possibly the absence of a hyperfine
structure from the ESR spectra of certain biradicals of this
type (and sometimes also the absence of an ESR signal at
room temperature) is associated with the mechanism of the
broadening, the main contribution to which comes from the
spin-lattice relaxation. For this reason, the |Am| =2
transitions corresponding to the triplet state in these
biradicals and also in the metal ketyl biradicals have been
observed at very low temperatures only.

Atropisomers have not been investigated at all, although
there is no doubt that the degree of coplanarity of the two
halves of the biradical could be inferred from the hyperfine
structure of the ESR spectra.

Further, more detailed study of the mechanism of the
so called “conformational exchange” is essential.
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