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ABSTRACT

A Study of the Reactions of C-Nitroso Compounds with Base by means of

Electron Spin Resonance Spectroscopy. 3By Roger Jeremy Martin Giles..

The radical-anions of various nitrosoarenes were generated using
bases or by electrochemical reduction. The radical-~anions of 2,6 or 2,4,6
chloro- or bromo-nitrosoarenes lost halide from the 2-position and the
radical-anion of the resulting nitrosoarene was detected. The chloro- or
bromo-nitrosoarenes also formed dimeric radical-anions possibly of a semi-
diazoxide structure [ArN(0°)N(0~)Ar]. The radical-anions of fluoro-
substituted nitrosoarenes were not detected either through alternmative
reaction on the ring or because the azoxy-derivative and further reduction

products were favoured in the equilibrium with the nitroso-radical-anion.

+e

ATNO 7=——=  ArNOT —= AxN(0 )N(07)Ar
o %
ArN=N(0)Ar  f—— ArN(OH)N(O™)Ar

The spectra of the radical-anions detected exhibited line-broadening due to

slow molecular tumbling and one example was examined in detail.

The reaction between a nitrosoarene aﬁd iodoalkane in reducing
conditions (bésic media or electrochemical reduction) was investigated. The
corresponding nitroxide and/br N-alkoxyanilino radical were detected.

With the chloro- and bromo- nitroscarenes attack by base
on the ring probably occurs prior to formation of the anilino radicai.
The radicals are thoﬁght to be generated by nucleophilic substitution at

the halide by the nitroso-radical-anion.

ArNO* + RI —> ArN(R)O- + I .
(+ArfOR)
When the reaction is pqrformed in the presence of molecular oxygen the nitro-
arene radical-anion generated may also react with iodoalkanes to form a -
nitroxide. The reaction was extended to the polyhalogenomethanes, tri-
iodomethane, di-iocdomethane and tribromomethane. Reaction with nitrosobenzene
generated E,Eldiphenyl-formamidinyl-l_\[,ﬁldioxide:

PhNO + HO base PhN(0- )CH.N(0)Ph
or cathode
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CHAPTER 1.

. INTRODUCTION .

Section 1.1

“Outline of the Theory of Electron Spin Resonance (e.s.r.) Spectroscopy.

It is necessary to give é brief introduction to some of the
principles‘of the e.s.r. technique relevant to the investigation undexr-
taken. Full descriptions of the theories and applications of e.s.r.

. . . 1
spectroscopy are given in numerous books and reviews.

If the electron is considered as a spinning charged body'it will

“have an associated magnetic moment (ﬂ) given by:

b= -gBSs (1)

where S is the spin vector of the electron, g is known as the "g-factor"
or spectroscopic splitting factorA(for a free electron g = 2.00232),2

'.and B is the Bohr magneton, a factor for converting angular momentum to
magnetic moment.

B = eh ( = 9.2741 x 102

, 4nme

erg ¢ 1)

e and m are the electronic charge and rest mass respectively, ¢ is the
velocity of light and h is Plank's constant.

The quantum mechanical solution for the angular momentum properties
of the electron allows only specific orientations with respect to a
reference direction. Thus the associated magnetic moment is orientation-
quantised. For a reference direction (Z) (for example, the direction of

a static external magnetic field) the component of magnetic moment in



the Z-direction is given by

=

y% is the magnetic spin quantum number = i.%‘. The energy of interaction

of the magnetic mbment'% with a magnetic field g% is E = _“zgz

MEB = PNE = +3PH (111)

Thus there are two energy states differing in energy by AE gﬁﬁ% (iv)
If an electromagnetic field of frequenc& v, where hv = gﬁgz,

is allowed to inferact with the electron the electron's spin may be

reversed and energy absorbed from the electromagnetic field. This forms

~ the basis of the resonance experiment. In fact, the magnetic dipole of

the electron interacts with the oscillafing magnetic fieid of the electro-

magnetic radiation and transitions occur only if the radiation is polarized

such that the oscillating magnetic field has a component perpendicular

to the static magnetic field. This condition is necessary to cause

the change in‘the orientation of the electron magnetic moment. A

parallel oscillating magnetic field would merely cause the energies of

the spin states to oscillate. |

Equation (iv) shows that the energy difference between the two

spin states is directly proportional to the applied fiéld H. The

population of the'two levels is given by the Bollzmann expression.



% = exp(-gp/eT), G

number of particles in the upper state

n, =
n, = number of particles in the IOWerAstate
k = Boltzmann's constant
T = absolute temperature.

Thus thz higher the value of the applied field the greater will

be the population difference (nz—n1).and hence the greater the net

‘absorption of energy and consequent sensitivity of the spectrometer.

Practical considerations dictate use of a magnetic field of ca.
3400 G for most spectrometers, the corresponding radiation frequency
being ca. 9.5 GHz (microwave, X-band region). The frequency is kept

constant and the field value is varied to generate the spectrum.

gﬁvalues

The g-values of most organic free radicals are within 1% of the
free electron value. The presence of incompletely quenched orbital
angular momentum causes the deviation from the free electron value and
introduces aﬁisotropy. For fluid solutions, however, an isotropic value
is observed due to rapid tumbling of the radical. The anisotropy of
g is accommodated by writing it as a second-rank tensor. If it is possible
to chose an orientatgon of the radical, as in the solid state, it may
be possible to diagonalise the g-tensor, having the non-zero elements

(called the principal components) on the diagonal. An approximate

theoretical treatment3 gave the relationship:
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Ag = f(/ol ya i/AEi) ) n

where Ag is the deviation of any one of the brincipal components from
the free spin value (ge) and the summation is over all the atoms (i)

in the radicalj Pi is the spin density on atom (i), and n; is the spin-
orbital coupling constant for that atom. AEi ; Eoi - Eni’ where

Eoi is the energy of the singly occupied orbital and Eni is that of some

other orbital on atom (i).

Increased deviations from the value of g, can then be expected if
the spin density goi) increases on atoms with large spin-orbit coupling
constants (? i). As Ri generally increases with increasing atomic number,

large deviations will be observed from radicals containing heavy atoms,

]

provided the energy difference AEi remains fairly constant. Since AEi

oi—Eni)’ mixing with an orbital of higher energy will give a value

of Ag < 0 whereas mixing with an orbital of lower energy will give a

(E

Ag2>0. The deviation of the isotropic'_g—value from g will be given

as the average of deviations of each of the principal components.

In practice, it appears that g for n-radicals is usually greater
than thé free-spin value and may be dominated by the contribution from
one particular éubstituent. Such an effect may be useful for assign-
ment purposes. In contrast, for ¢ -radicals g is usually less than the

gevalue.4 ) -

-

The g-value of a radical can vary with changes in both solvent
and temperature. .The variation of g with 'solvent can be the greater

of the two, particularly if the radical is polar and there are specific

~—-
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-~

radical-solvent interactions. Fbr example, p-benzosemiquinone radical-
anioh shows g-values of 2.00450 at -66 °C and 2.00468 at 23 °C in
butanols, whereas in water g was 2.00466 and in DMSO was 2.00518 at

20 °0.° similarly, the g-value of di-t-butyl nitroxide at 20 °C changes

from 2.00556 in water to 2.00614 in hexane.7

Table 1.1

g~Values of some organic radicals

Radical g
Triphenylmethyl . 2. 0025885
Naphthalene radical-anion ' 2.0027525
Diphenylpicryhydrazyl . 2. 003548

' Benzyl 2.0026%°
Benzoyl, PhéO 2.0006‘10

Table 1.2
1.2+ 9

Typical g-values for nitroxides R R™NO

R ' ‘ R g
Akyl Mkyl 2.0060 - 2.0063
AMkyl - Aryl 2.0055 - 2.0057
Aryl i - Aryl 2.0055 - 2.0057
Akyl CCly 2.0070 - 2.0071
Myl ‘ Acyl 2.0067 - 2.0070
AMkyl Alkoxyl 2.0050 - 2.0054

Acyl- . © Acyl 2.0073
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Hyperfine Structure

Much information about free radicals in solution; given by an
e.s.r. spectrum, comes from. the "hyperfine struqtﬁre". The effect
arises from the interaction of the unpaired electron with those nuclei
in the radical which have non-zero spin, g;g..1H(I = 3), 2H(I = 1),'
Myt = 1), Dy(r = %—); r(1 = 1), 3°c1 and 2Tca(1 = 3/2) (vhere I =
‘nuclear spin quantum number). The‘type of coupling observed from free
radicals in solution is isotropic and attributed to a net unpaired
electron.spin density at the nuclei. All anisotropic dipole—dipole
effects are averaged to zero due to the rapid‘tumbling of the radical

in the magnetic field.

The simplest system exhibiting a nuclear hypeffine interaction
is the hydrogen atom. The single proton nucleus has spin I = % giving
two allowed energy levels, y& =+ 4 in a magnetic field. Thé levels are-
approximateiy equally populated at room‘femperature due to their small
energy separation. Thus the electron will experience one of the two
possible local fields contributed by the proton and resonance will
occur at tﬁo Yalues of éxternal magnetic field, with equal probability.

The two resonant field values are given by

B - ¥ - E -l

[N] |

where a is the spaciné'of the two hyperfine lines and is called the
hyperfine splitting constant (in units of magnetic field) as opposed

to the hyperfine coupling constant (A) (in units of frequency). To
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interconvert a knowledge of the g-value is necessary as a = hAj

£

because
hv = gB(H + al) = gBH + hA M by definition.

The selection rules for e.s.r. transitions are MM =+ 1,

Aﬂi = 0.

\

\

For a nucléus having I = 1 there will be three nuclear energy
ievels corresponding to MI =+ 1 and 0, and a total of six spin states
for the combinationé of Mé and Mi. Transitions will occur between the
pairs of levels in which.yi is the same, and the spectrum will

consequently consist of three absorptions of equal intensity equally

spaced (1:1:1 triplet).

By a similar process the spectrum from the interaction of the
unpaired electron and two magnetically equivalent protons is a triplet
with relative intensities 1:2:1 (see diagram).

»

P 1
P
TN
~N
/"’ ~N
. a 2
~ - 7
~ g
~N__ N -
- ~
~
- N

equivalent

protons: 0 1 2
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In general, with n equivalent protons n + 1 lines are obtained,
their relative intensities being the coefficients of the binomial
expansion of (1 + x)°. For g;ﬁon—equivalent protons the maximum number
of lines generated will be 2m, if all the splitting constants differ
and there is no overiapping of lines. The overall width of a spectrum

is 2 ¥ I,a;, the summation being over all nuclei.

The Origin of Hyperfine Splitting in Aromatic n-Radicals contafning

Hydrogen and Fluorine.

Earlier it was said that the isotropic hyperfine coupling from
free radicals in solution was ascribed to a net spin density at the
nucleus concerned. It is possible that this net spin density is of

the same or opposite spin to that of the unpaired electron, and is
called a "positive" or '"negative" spin density, respectively. The

spin density at a nucleus depends on theumechanism of spin transfer
through the radical. Also, positive ana negative splitting constants
are defined, the sign being the same as that of the spin density if the

gyromagnetic ratio is positive.

The hydrogen atoms of a benzene ring are in the nodal plane of the
carbgn n—orbita}s. Thus if an unpaired electron is contained in a 7~
orbital of the ring then spin density cannot be directly transfered
to. the protons. Inst;ad, 'spin-polarisation! of the C-H bond is the
effective mechanism1 and structure I has slightly greater probability

than IT from the & -n interaction and is predicted by Hund's Rules.



-

(1) (11)

-.Hence the proton will experience a net negative spin density. Foxr
. . R e .
fluorine, however, there are two main mechanisms of spin transfer, spin

‘polarisation (as above) and partial C-F m overlap (illustrated below).

QO _ 900
OO0 00

Y

The m-bonding mechanism usually dominates over the o -spin polarisation

and a net positiﬁe spin density results.

The sign of a proton hyperfine splitting can be obtained from the
direction of shift in n.m.r. resonance for the protons in the radical compared
with the diamagnetic parent compound.1 Molecular orbital calculations

and experiments show that the spin density (/o ) distribution in a phenyl

nitroxide is as follows:
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H—

1RE > LR L

|2~ |2 > )2

If the ortho-positions contain bulky groups or the otheé
nitrogen substituent is.large then the nitroxide group is forced out of
fhe plane of the ring ana the relative magnitudes of the proton
splittings change®>’®4 to | al~ |2 >] EHPI . . Molecular orbital
calculations predict this variation but it is uncertain whether the
major route of transfer of spin through the ring skeleton is now
through the & or the =n bonds.63 For fluorine substitution in an aryl
nitroxide wﬂere the nitroxide group is nét twisted out of the plane of

the ring the distribution is,

+
+N/O

7t

- |21 = 15| > ]
Ft - |

and the fluorine splitting is of the same sign as that of the adjacent
carbon atom, showing that the partial double bonding mechanism of spin
distribution to F is dominant. However, if the nitroxide group is

twisted out of the plane of the ring the fluorine splittings all
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become of similar magnitude (Section 3.13) and the meta-F coupling
changes sign,65 showing that the o-distribution mechanism through the
carbon skeleton has been enhanced and now the spin density transfered
by spin-polarisation of C-F is of similar magnitude to that from the

partial double bonding mechanism.

ot .
+N/
+
+
! BB
I gl = lzgl =1z
For example, gg = -0.94 G in 3-fluorophenyl-t-butyl nitroxide
whereas gﬁ = + 1.26 G in 5-fluoro-2-methylphenyl-t-butyl nitroxide.65

Other examples are given in Tables 2.3, 3.6 and 3.7 and the effect is

used in the assignment of radical structures (see Section 3.13).

Linewidths

The analysis of the shape of e.s.r. absorptions can yield infor-
mation about time-dependent phenomena. The width of an absorption may
be expressed in terms of the Heisenberé uncertainty principle in the
form:

T = B
n
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vhere ¥ is the relaxation time, and AE and Av are the uncertainties
in the transition energy and frequency, respectively. Thus the line-
width is determined by the relaxation'time,’r, which contains two parts,

the spin-lattice (T1) and spin-spin (T2) relaxation times.

=

1
T

For organic radicals in the liquid phase, the spin-lattice
interaction is weak and has little effect on the linewidth. T2, however,
_is an efficient process, particularly for electron spin-électron spin
‘interaction. Consequently, the linewidth is dependent upon the radical

concentration.

Chemical processes can produce e;é.r. line broadéging if they
alter the magnetic environment of the unpaired electron. These
processes are usgally exchange reactions, such as electron or proton
transfe;s, which effect the spectrum if the frequency of exchange is
comparable to'the difference in resonance frequencies for the different

environments (ca. ‘IO-7 Hz).

Variation in linewidtﬁ.within the spectrum of a radical is known.
The effect can arise from time-dependent hyperfine splittings (arising
both from chemical processes and from conformational changes) and from

a decrease in the' tumbling rate in solution. As the tumbling rate

decreases the anisotropic interactions are no longer averaged to zero

-
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and the spectrum begins to resemble that for a randomly oriented soiid.
The effect is illustratgd by the example of the di-t-butyl nitroxide
'radica161 in media of different visosity (Figure 1.1). An example of
the effect for a radical containing two equivalent nitrogen atoms

(the p-dinitrobenzene radical—anion) has been analysed in detail,62 and

may be used to predict the sign of nitrogen hyperfine coupling.
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Figure 1.1

E.s.r. spectrum of di-t-butyl nitroxide in media of different

viscosity.

-

a) At 77 K (solid), b) at 142 K (viscous ethanol solution), c) at 292 K

(low viscosity).
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Section 1.2 ' -

C-Nitroso-Compounds

As this research is concerned with the reactions of C-nitroso-
" compounds, R-N=0, particularly aromatic C-nitroso-compounds, an intro=

duction to their properties is relevant.

The nitroso-substituent in aromatic systems acts as an electron

acceptor. This is indicated by the resonance structures:

i

LA el ‘ el . -0
, N N "N "N
| o + +
—> —> —>
+

and confirmed by the dipole moment of 3.2 D.11

A tendency towards dimerisation is a distinctive"property of the
nitroso group when attached to carbon. The dimer is usually colourless
and is the stable form is the solid state. In solution an equilibrium
between the two forms is established, the position of equilibrium
depending upon the su.bstituents.11 Both aromatic ahd aliphatic C-nitroso-

compounds form dimers. The dimeric structure has been established to

be either a cis or trans N,N'-azodioxide [ or O-nitrosobis(trifluoro-

methyl) hydroxylamine in the case of trifluoronitrosomethane | by

X-ray crystallography’_._12,13
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14,15

For example, nitrosomethane:

EC ¢ ,CH -0 CH
2000 &= 3\ﬁ=§/ >, Np_p D
' . _/ N\ : / AN
0 o CHy 0
I ]
H3C\\ v/ CH, w0, .y CH,
//N;-N /,N-—N'\\
-0 No CE, Ny

C-Nitroso~compounds are blue or green in the monomeric state,
depending upon the solvent. The colour originates from an n—n¥*
. . 0
transition with weak absorption in the 6300 - 8300 A range (£ = 1 to

60).

The monomer-dimer equilibrium may be shifted towards the monomer
by substitution with electron réleasing substituents. For example
nitrosobenzene forms the monomer much more rapidly upon dissolving

than does 2-methyl-2-nitrosopropane. p-Dimethylamino- and p-iodo-

nitrosobenzene are monomeric in the solid state. Dimer dissociation has
been shown to be electron demanding, showing a Hammett r value of -1.5
for para substituents.16 Stabilisation of the dimer is achieved by

~ortho-substitution. This ortho-group effect may be attributed to either

17

steric inhibition of resonance in either the monomer or the dimexr

(resulting in a stronger N-N bond).18
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The base-cafalysed reaction between éﬁ activated methylene group
and an aromatic C-nitroso-compound is known as the Ehrlich-Sachs
,reaction.19 It is thought to be initiated by nucleophilic attack by
the coiresponding carbanion on the nitroso-group. The mixture of
products obtained may include an anil, nitrone, azoxy-compound or

amine depending upon the conditions of reaction.

- Ar
~ - \
cm, H_, g A0, HON
72 / \‘O—
Ry
~_ *F \ AT
 C=NAT <—£9]——— HC-N
7l / o=
O .
a nitrone _ 1'—H20
N
/,C—NAr
an anil

The generation of the azoxy-compound may proceed by the action of the
base upon the nitroso-compound (see Section 1.4). The catalysts used
include sodium alkoxideé, aqueous alkali, piperidine or potassium
cyanide. Typical methylene groﬁp compounds include benzyl cyanide,

2,4-dinitrotoluene, certain cyclopentadiene derivatives and heterocycles

. such as indole.

Benzyl and certain other hglides also condense with aromatic
nitroso-compounds, in the presence of base to give nitrones. It has
been suggested thét a mechanism involving initial attack by either a

carbanion or a carbene may occur:
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1

ArcH Br 2219, ATCH.Br 25 ArCH -
2 OH~ 1 - 1ll

Ar N-0O Ar §—O

The presence of base is not réquired fof the reaction between
Bfnifrosodiﬁethyléniliﬁe and 1,2-dibromoethane. The corresponding bis-
mnitrone is thehproduct.

The above reaction has been put to synthetic use in the preparation
of aldehydes. The reaction is modified by using the pyridinium\salt of
the alkyl halide, and the nitrone formed is hydrolysed to givg the
21,22

corresvonding aldehyde. The synthesis is known as the Krohnke reaction.

The mechanism proposed is:

~

=~ ' 0): 9 . = I
4 ’ +
I N NN
| ]
CH2AI =CHAxr

+ ey
fr ' N=CH.Ar — Ar'—N——-CH.ATr
[ I3
o- o- pyt
hydrolysis -

Ar'NHOH + ArCHO -
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Section 1.3

Spin Trapping

Apart from being reactive towards nucleophiles, C-nitroso-compounds
—react readily with short-lived free radicals to generate nitroxides

(aminyloxides), which are usually long-lived:

RN=0 + R1 S R /R1 «—> R\ . R,]

O== L

This reaction_forms the basis of the so called !'spin-trapping'
technique,23’24’25 where a nitroso-compound is used to detect possible
radical intermediates in a reaction. Nitroxides constitute one of the
most kinetically stable classes of radical known, hénce a relatively
high concentration of the spin adduct builds up and is readily

. detectable using e.s.r. spectroscopy. If the nitroxide formed can be
identified from its spectrum, then the identity of the scavenged radical
may be deduced. Thus the ideal scavenger would be one in which the
hyperfine splitting, and to some extent the g-value, of the adduct
radical would derpend upon the radicai scavenged. In this respect C-
nitroso-compounds are better spin traps than nitrones (Equation (vi)) in

that the trapped radical occupies a site closer to the generated

radical centre. -
+ 4 *e 9
RHC:l:TR + R _ RHc':—b'r—R (vi)
O- . R1O‘

The most useful C-nitroso-compounds employed as spin traps are

2-methyl-2-nitrosopropane, its fully deuterated analogue,26 2-methyl-2-
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ni'l:rosobutanone,27 and some substituted aromatic nitroso compounds.28’29
The main disadvantage of the method is that the efficiency and

" success of the trapping reaétibn depends on many factors, and a negative

result cannot be taken as definite proof of the absence of free

radicals. The possibility of sidefieactions (homolytic or heterolytic)

must also be taken into account. For example, nucleophilic addition

followed b& oné—electron oxidation of the hydrokylamine derivative

30

formed, will yield a nitroxide:

RN-0 + Ej ———  RRNO
R,R.NO™ Ooor ,  ppyo-
189 185
R,NO

Thus detection of a nitroxide does not definitely allow the

- conclusion that an intermediate radical Ré exists.

Another complicating feature of the use of C-nitroso-compounds as
spin traps is their thermal and photochemical instability, generating
the corresponding symmetrical nitroxide:

hv .
R-NO —O}—P R + NO

R* + RNO. ——) R,NO-
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Section 1.4

The Reduction of C-Nitroso-Compounds

Bamberger first showed that nitrosobenzene is readily reduced by
base (sodium methoxide in methanol, sodium ethoxide in ethanol) to give

high yields of azoxybenzene.31

More re&ently Russell 22.2132 found, using e.s.r. spectroscopy,
that paramagnetic intermediates are formed in the reactions of nitroso-~
benzene with N~phenylhydroxylamine. In deoxygenated and strongly basic
solution an essentially quantitative yield of the nitrosobenzene radical-
anion was observed from this reaction. In the absence of added base,
low concentrations of phenyl nitroxide (PhNHO-) were detected over a
period of hours, even in the presence of oxygen, and from the reaction
mixture high yieldé (> 90%) of azoxybenzene were obtained. From kinetic

and e.s.r. results the following mechanism in basic solution was suggested:

0 )

- I = | + _

2PhNO* &= PhN-NPh — Phl'V-l\TPh — Phl\T:lRlPh + OH
o OH o

This mechanism accounts for the formation of all the possible

azoxybenzene derivatives from the reaction of Ar1NHOH with ArQNO.

Reduction of nitrosobenzene itself has been shown by e.s.r. to
generate the radical-anion. The one-electron reduction may be achieved
electrochemicallyaB, ;r by using-titanium IIT in acid solution (to give
PhNHO-) or in strongly basic media33’34’35 (the mechanisms propsed are
given later in this section.)' .

—
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The e.s.r.'splitting constants of the. nitrosobenzene radical-anion
were found to exhibit marked solvent dependence.33 Also the two ortho-
. hydrogens are not equi%alent,?3’37 and in liquid ammonia solution it
is possible to distinguish magnetically all five hydrogens in the

38

radical-anion.

When the basic nitrosobenzene solutions were exposed to oxygen

the e.s.r. spectrum of the nitrobenzene radical-anion was observed,32’397
after the nitrosobenzene had been consumed. Also, if the reac%ion
mixture contained acetone (see Section 2.1A), the nitrobenzene radical-
anion signal was obéerved initially, in place of that of the nitroso-

33

radical-anion.

A fourth spectrum from the (nitrosobenzene + base) reaction has
_ been observed using sodium methoxide and nitrosobenzene in deoxygenated
. methanol in a flow system.33 The splitting constants obserfed were

11.5 ¢ (1N), 2.4 ¢ (3H) and 0.9 G(2H). A similar spectrum has been
40

observed in the azobisisobutyronitrile induced oxidation of aniline
and in the reaction of t-butyl hydroperoxide with N-phenylhydroxylamine,

“or triphenylhydrazine.41’42 The spectrum has been assigned to the N-

hydroxykgfpheﬁylamino radical,42

40

mixture: -

or to a rapid tautomeric equilibriuvm

-

PhNHO+ &=  PhNOH

The assignment of the spectrum has been confused by the observation

of a similar spectrum from the reaction of sodium dithionite with

39
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nitrosobenzene in acetic acid solution. Russell39 probosed the
structure (III) for the radical formed as shown below:

. ' gt
PhNO + 8027 —_—) PhNOT === PhNHO-

PhNHO: + PhNO &= [PmN(0-)oNPh]  &==> (III)
Phig/o_ - - Ph (1II1)
\O/N- .

However, it has since been shown by Waters43 that the radicals
observed by Russell et al. are formed by the addition of SOQ’ to

nitrosobenzene:

PHNO + S0,» ——>  PhN(S0,7)0-

The authors of a recent paper44 on N-alkoxy-N-arylaminyl radicals
have recognised the similarity of the hyperfine splittings to those
of a phenyl nitroxide and their incompatability with an N-hydroxy-N-
phenylamino-structure.

Russell 23'21.39 have studied the reaction of nitrosobenzene
with hydroxide or alkoxide ions in a series of alcohols and have
observed the e.s.r. spectrum of the nitrosobenzene radical-anion.
Azoxybenzene was the major product (65 - 70% yield) and no nitrobenzene

was forme@ (as determined by g.l.c.) when the reaction was performed
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under nitrogen. Similar results were obtained wifh.dimethylsulphoxide
(DMSO) as solvent, except that the radical-anion was observed in:

higher concentration. A mechanism was suggested:

: OH™
PINO + OB — [PaN(0T)oH] == [Pmn0,”" ]
[Phnozzf] + PONO —> PhN027. + PhNO*

PhNO.* + PhNO === ©PhNO, + PhNO-

2 2

- +H+ -
2PhNO- —— PhN=N(O)Ph + OH

However, as they did not detect nitrobeﬁzene in the absence of
oxygen, they suggested hydroxide ion ﬁay add to the aromatic ring
instead, eventually'leaaing to a quinonoid structure that would be
destroyed by base. In the presence of stoichiometric amounts of oxygen,

nitrobenzene becomes the major product at the expense of azoxybenzene.

Huttoﬁ and Waters45 investigated_the reaction of nitrosobenzene
'with base in alcoholic solution in more detail. They ruled out the
possibility of the reaction occurring by means of attack of base at a
ring position in nitrosobenzene because they did not detect any trace
of 4,4'-di-t-butoxyazoxybenzene from reactions in alkaline t-butyl
alcohol. The& found a primary kinetic isotope effeét (kﬁ/kD = 3.3)
for reductions using cyclohexanol and 1-d1—cyclohexanol, which suggested
either hydride transfer or hydrogen atom transfer. With benzyl
alcohol or benéhydrol, oxida%ion gave high yields of the corresponding

carbonyl compound. With aliphatic primary alcohols, however, thé

derived aldehydes are unstable in the alkaline medium used, and are
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not observed.

OH™ *
PHCHOR + 2PANO —————> Ph,CO + PhN=NPh + H,0

O-
Benzpinacol (IV), which would result from hydrogen atom transfer, could not

be detected:

~OCEnE + PhlO > -o-éPh2 + PhNO-
2 0-CPh, + Ot — Hocm2
' )
HOCPh,

The mechanism proposed45 was, therefore, one of hydride transfer

from the alcohol:

V% -
—&cphz-fi\’ N—0 ———— 0=CPh, + HNO
I N ’

Ph ' " TFh

or a concerted step:

followed by the radical reactions between the phenylhydroxylamine anion
32,39

formed and nitrosobeniéne as proposed by Russell. However,



- 33 -

recehtly a different mechanism has been proposed46 supported by the
results of an investigation46 of the kinetics of the reaction of p-
'substituted—nitrosobenzenesrwifh methoxide in methanol. in agreement
with previous work azoxybenzene derivatives were the major products

unless oxygen was present, when oxidation to a nitro-compound was

obsexrved.

2RCGH,NO + 3CH,

(R = H, p-NMe,, p-OMe, p-C1)

0 — R06H4N(O)=NC6H4R + 3CO,” + 4,00 (vii)

1 ~ 1 - 2
RC6H4NO + CHL 4+ 0, —> RCJH/NO, + ZHCO, + 31,0 (viii)

(R = H, p-OMe, p-Cl)

A Hammett plot using measured rate constants gave P = 3.88 + 0.46
- (correlation coefficient 0.96) for reaction (vii). This is consistent
with development of a negative charge in the rate-determining transition

state for the rate-determining step, which was thought to be the

NOl
OMe

It was suggested that(V)decomposed to give RC¢H,NOH and CHZOT. The

formation of(V).

complete mechanism proposed for reaction (vii) is shown below.

RC6H4NO * CH3O > . RC6H4NOH + CH20'

/



g -

fast
N - &= RCH,NO- H,OH °
RCGH,NOH  + CH,00 I +  CHy
. fast .
H,NOH H,CO
RCGH,NO + CH,OH —  RCgH, + H,
- fast L Ll
2RC6H4NO _ RCgH, (o™ )n(o )C6H4R
- - fast
RC6H4I\T(O (o )06H4R + 20H30H = RC4H, N(OH)N(OH)C6H R
' H,0~
+ 2C 3

RC(H N(OH)N(OH)C6H4R —> RCH N_N(O)C6HR + Hy0

Similarly, for reaction (viii) the Hammett £ value was 3.97 +

0.31 gnd the mechanism shown below was proposed.

\ ~ N -
RC6H4LO + CH30 —_— RC6H4NOH + CH20

T ’ . —
CH20 + CHEOH — CH20H + CH3O

fast .
RC6H4NO + CH20H —_— RC6H4NOH + H2CO

2RC (. 4151011 + o, Zfest, 2RCH NO o

2 4

~RHNH ":-‘RHNO- 0
C6 4 0 + CE3O C6 4 f CH3 H

: - rate determining
2RC H NO: OH >
C6 4NO2 + 20H3 RC6H4NO + RC6H4

+ 2CH30 + H20
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Thus, effectively, hydrogen atom transfer was proposed as the
initial step in the reactions and no mention was made of the results of

Hutton and Waters45 and their hydride-ion transfer mechanism.,

Aurich and Dersch47 have investigated the action of potassium
t-butoxide upon 2-methyl-2-nitrosopropane using e.s.r. In oxygen-
free conditions they observed a %-line spectrum, 11.2 - 12.6 G (1)
which they assigned to the 2—methy1—2—nitrdsopropane radical-anion., A
similar spectrum was also observed from the action of potassium t-
butoxide on 2-methyl-2-nitrosopropane and N-t-butyl hydroxylamine in
the absence of oxygen, and also on N-t-butylhydroxylamine in the bresence

of oxygen.

In the presence of oxygen the signals of the nitroso-radical-anion
disappeared rapidly to be replaced by those of the corresponding nitro-
radical-anion (_@:N = 26.0 - 29.0 G) and di-t-butyl nitroxide (_a_,_N =14.9 -
15.5 G). Depending upon the solvent used additional signals from t-
butyl aryl nitroxiaes or t-butyl alkyl nitroxides were also detected.
The route of formation of Bu'NO® proposed was similar to the Russell
mechanism for the generation of PhNO®.

Bu'no + Butom —— IButN(O-)OBu.t

-

B
BuN(07)oput —E ButNog- + CH,=Cle,

ButNog-. + 2ButNO —_— ButNOZ + 2ButN07
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Reaction of the nitroso-radical-anion with oxygeﬁ was suggested,
leading to formation of a short-lived peroxy-radical which was respon-

sible for formation of the nitroxides observed:

ButNOT 4+ 0, —> Bu w00

'ButNOO‘ + Butl\TO —_— Butmo2 + ButNozT :

0~

ButNO 27 _-IEK_)?__} But 21\]'0 .

+Bu’NO

B.u.tliIOO-. + RH —— ButNOZ + Re + OH

0- (solvent)

R + ButNO —_— ButN(R)O'

or ButNOO- + @/ —_ ButliI + Hoz'

(solvent) 0-

The last step was expanded upon:

H 0 ———?
ButNoo- 4+ y —_ N—o0O"
| . .
0- | Bu®
. . R ,
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R R
The importance of electron transfer processes and radical-anions

in the mechanisms of organic reactions has become recognised over the

past 20 years.

The transfer of an electron from a diamaznetic carbanion to a
suitable acceptor was apparently first noticed by Schlenk48, who found
that trityl-sodium reacts with benzophenone with characteristic colour
changes to produce, upon hydrolysis and air oxidation, trityl peroxide
and the pinacol.

RNa’ + Ar,C0 &==== R' + Ar,0-0 Na'
Russell gi.gl.48’5o have shown that electron transfer between

carbanions and organic electron acceptors (n), such as nitro-aromatic

compounds often occurs readily. -

R + 1 —-— ne 4+ R* — products

A similar process has. been shown for dianions and their dehydro-

49 B

derivatives:

nHz | base n2— b3 ons
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The reactions of radical-anions have been classified as involving
. ps 51 q s .
three competitive routes; nucleophilic reactions, electron transfer

reactions and non-electron transfer homolytic reactions. For example,

i

. the radical-anion of naphthalene typically transfers electrons to
alkyl halides51’52 and superoxide (027) acts as a one-electron
reducing agent, an oxidising agent (usually to give Héoz) or as a

o4

powerful nucleophile,53 depending upon the reaction conditions.

Important synthetic routes have been developed arising from
the recognition of radical, radical-anion chain processes in certain
- substitution reactions (designated SRN1).' Kbrnblum55’56 has investi-
gated the mechanism of tﬁe substitution reaction at a saturated carbon
atom, and Bunnett57’58 substitution at aromatic reaction sites. The

reaction steps in common are:
RX + electron donor —;——9 RX*
RX* — R+ + X
R* + ¥ — RY7.

RY* + RX — ©RY + BRX-

(%

Kornblum 55 has shown the %ﬂi1 reaction to be somewhat

insensitive to steric effects. In certain examples competition between

the SRN1 and SN2 processes was observed, and thus it was thought55
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incorrect to regard Sy2 displacement as involving an electron~

transfer. "component" as has been suggested.59

It has been reportedsO that the mechanism of the nucleophilic
substitution of alkyl halides by sodium mercaptides (NaSR) may be free-
radical in nature (Siﬂﬂ). The evidence was based upon radical trapping

experiments using C-nitroso-compounds and nitrones. The proposed

mechanism was:

Overall: Rlsna® + rx 2F _, gl'se? 4 max
Stepss R'S” + RX ——— [BX7] + Rlse

[RX7] —— R>" + X

R2- + R1S' —_— (31532)'.‘
Chain
. . Tap2y\= 2 j P 2,~
propagation (R SR )* + RX —_ R SR~ + [R X-]
2~ 2 -
[RX*] ————— PR + X
2 1a.” 1ap?
Termination: R+ + RS* — RSR

-~
4

In the presence of a nitroso-'spin-trap! (RBNO), the dialkyl nitroxide

RBN(RQ)O' was observed.
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Sulphur-centred radicals do not generate long-lived ﬁitroxide
adducts with C-nitroso-compounds but by using a nitrone a nitroxide
was observed whose assignment indicated the trapping of a sulphur-
centred radical. The reactions were carried out in the presence of

atmospheric okygen.

Scope of Present Work

In the above report6o no account seemed to have been taken of
the possibility of the addition of ﬁS_ to the nitrone to give, on
atmospheric oxidation, the corresponding nitroxide. Also the effect
A of bases on C-nitroso-compounds had been ignored. As outlined earlier,
a radical-anion is usually generated and the action of aromatic
thiolaté anions on nitrosobenzene has been shown to yield the corres-
ponding radical—anion.34 This reaction‘might extend to aliphatic
C-nitroso-compounds, for it is known tbat ButNOT is generated by the
action of ButO- on ButNO.47 Therefore, the dialkyl nitroxides reported6o

méy in fact be generated by the action of the nitroso-radical-anion

on the alkyl halide.

Cdnsequently,Ait was decided initially to investigate the reaction
of bases other than mercaptides with alkyl halides in the presence of
C-nitroso-compounds, to determine whether a nitroxide was formed and

to determine its mechanism of formation.

In view of the mechanistic uncertainties about the reaction

between nitrosobenzene and bases, generation of nitroso-radical-anions
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directly by electrolytic reduction should simplify the investigation
of the rBle played by the nitroso-radical-anion in the reaction. The
use of electrolysis is madé feasable. by the use of a combined electro-
lysis and e.s.r. cell, which allows the reduction to be performed

inside the microwave cavity of the e.s.r. spectrometer.
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CHAPTER 2.

PARAMAGNETIC PRODUCTS OBSERVED BY E.S.R. SPECTROSCOPY FROM

THE REDUCTION OF SUBSTITUTED NITROSOARLNES

Section 2.1

In order to study the reactions of substituted nitrosoarene
radical-anions with alkyl halides it was first necessary to characterise
the radical-anions by e.a.r. spectroscopy and determine suitable routes

for their generation.

Initially nitrosobenzene and 2,4,6—tribromonitrosobenzene (VI)
were investigated. (VI) was easily prepared and gave spectra with a
simpler hyperfine splitting pattern than that of the nitrosobenzene
radical-anion. Also, substitution with bulky ortho-groups may protect
any nitrogen-centred radicals formed and concentrate the unpaired electron
away from the aryl group by forcing the nitroso-group out of the plane

of the ring.

.

The nitrogen and ring splittings from all the nitrosoarene
radical—aniops detected are very sensitive to the composition of the
solvent (for example, Figures 2.9 and 2.12). In valence bond terms,
structure (ix) becoﬁes more favourable in polar, hydrogen-bonding
solvents.

0 , 0o
“ o S i -
N N7
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A list of the e.s.r. spectral parameters of the nitroso-radical-
anions observed is given in Table 2.1. For comparison the corresponding
nitro~radical-anion and nitrosylsulphinate-radical-anion [ArN(SOZ-)O-]

spectral parameters are given in Tables 2.2 and 2.3 respectively.

2.1A Nitrosobenzene

In agreement with previous investigation333’34’35’39 of the action

of base on nitrosobenzene, its radical-anion was observed in the presence
of excess base (aqueous sodium hydroxide, sodium methoxide, potassium t-
butoxide or sodium hydride) in dimethylsulphoxide (DMSO) (Figure 2.1),
dimethylformamide (DMF) Ar ethanol. The splitting constants (Table 2.1),
agree with literature33’39 values. In weakly basic solutions the radical-

anion was protonated so that the spectrum of phenyl nitroxide (PhNHO-,

Figure 2.2) was detected. The splitting constants agree with literature35
.values: -~ -
10.50 G (1N) 0 0
L 13.25
13.25 G (1H) 4 10.5 ¥
, 3.25 G (28) 3.25
3.50 ¢ (1H)
: 1.15
1.15 G (2H) 3.5

in ethanol solution.

After a time, when oxygen was present in the strongly basic solutions
of nitrosobenzene, the spectrum of the nitroso-radical-anion was graduwally
replaced by that of the nitrobenzene radical-anion, as would be éxpected

(section 1.4). Similar results were obtained in the electrochemical
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reduction of nitroscbenzene in DMSO at a mercury cathode. in the presence
of oxygen the nitroso-radical-anion spectrum was recordéd initially, but
after a few minutes of current flow a mixture of the spectra of the

nitro and nitroso radical-anions was recorded.

The spectrum assigned to prNoE?? or (PhNOH & PhNHO°)4O (discussed
in Section 1.4) was detected from the action of sodium methoxide on’

nitrosobenzene in IMSO (Figure 2.3).

When acetone formed part of the reaction mixture of nitrosobenzene,
base and solvent, or was édded after the start of the reaction, only the
nitrobenzene radical-anion was detected (Figure 2.4). This effect was

1.55

first observed by Ayscough et

2.1B  2,4,6-Tribromonitrosobenzene (VI)

The radical-anion from (VI) could be observed when aqueous 10%

“sodium hydroxide was added dropwise to (VI) in IMSO solution (Figure 2.5).

[:When élkali is added to solutions of nitrosoarenes (ArNO, Ar = 2,6-
dichloro-; 2,4,6ftrichloro—; 2,6-dibromo- and 2,4,6-tribromo-phenyl),
in DMSO only, a nitroxide is observed in high concentration. The
splittings (for example, Figure 2.6) are from the Arﬁlo_ part of the

radical and are very similar to those seen in the corresponding nitro-

sylsulphinate radical-anions, ArN(SOz_)O- (Table 2. 3)] .

On addition~of solid sodium methoxide to a solution of (VI) in
DMSO an intense red colouration was observed and a. nitroxide was also.

detected (Figure 2.7), with splitting constants:
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10.4 ¢ (1N), 2.5 ¢ (3H)
0.75 G (28), 0.5 G (2H)

The simulated spectrum incorporates'these'valuéé (Figure 2.7). The same
spéctrum was obtained from d6-DMSO solutions suggesting that the quartet
'splitting comes from a methyl group derived from methoxide ion. The
other splittings indicate the radic;l is a diaryl nitroxide, although
the quartét splitting (2.5 G) is larger than would be expected from a‘

64

sterically hindered nitroxide ' and so the structure of the radical is

uncertain.

The effect of acetone in determining which radicals were observed
from (VI) depended upon whether it was the solvent or a co-solvent in low
concentration. When 10% aqueous sodium hydroxide was added to (VI) in
acetone two layers formed. The colourless aqueous layer gave a spectrum
assigned to the corresponding nitro-radical-anion [ 21.55 G (1N), 0.65 G
(2H)] . This behaviour is similar to that observed for nitrosobenzene.
The red ofgénic layer also formed, gave a spectrum of a radical contain-
ing two magnefically equivalent nitrogen atoms [ 4.9 G (2N), 1.9 ¢ (4H) ]

discussed in Section 2.2.

When agueous sodium hydroxide was added dropwise to (VI) in 10%
acetone - DMSO a différent spectrum (Figure 2.8) was observed, with

splitting constants:
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7.25 G (1N)
4.15 ¢ (1H) -
1.25 ¢ (2H)

This spectrum is assigned to the radical-anion of 2,4- or 2,6-dibromo-
lhitrosobenzene. If the radical is the 2,6~dibromo isomer then the observed
splitting constants should fit a plot of the nitrogen splitting versus

the EéEE;'H splitting from the 2,6—dibroﬁonitrosobenzene radical-anion in
various solyents (Figure 2.9). "As the values for the unknown radical-anion
did notllie on this.graph-it wag, therefore, held to be the 2,4-dibromonit-

rosobenzene radical-anion. The mechanism of debromination is discussed

in Section 2.1F.

2.1C. 2,6-Dibromonitrosobenzene (VII) .

The radical-anion of 2,6-dibromonitrosobenzene was readily observed
in DMSO or DMF solution when aqueous sodium hydroxide or sodium methoxide
was added (Figure.2.10). However, when an excess of sodium methoxide was

added the radical-anion spectrum was replaced by a spectrum having the

splitting constants:

8.75 ¢ (1N) _
1.20 ¢ (2H)
3.85 G‘(1H) )

4.00 G (1H)

The values varied markedly with the composition of the solvent; the

spectrum was assigned to the 2-bromonitrosobenzene radical-anion (see
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Figure 2.9 A plot of gﬁ versus g@-H for the 2,6-dibromonitrosobenzene

radical-anion in various solvents. The unknown dibromonitrosobenzene

radical-anion point is marked by X.

2/t A
7.5
7.0 —
6.5
T T T >
3.8 ‘ 4.0 4.2 E'?_H/G
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Section 2.1F).
The dimeric radical-anion with a,, ca. 4.8 G (2N) although observed
in basic solutions of the other chlorine and bromine substituted nitroso-

benzenes, was not detected with (VII).

2.1 D. 2,4,6-Trichloronitrosobenzene (VIII)

The radical-anion of (VIII) was, cbserved when for example aqueoﬁs

sodium hydroxide was added to (VIII) in 50% DMSO-ethanol.

In some reaction solutions the radical-anion spectrum was replaced

by that of a dimeric specieé as discussed in Section 2.2.

Splitting constants: 4.85 ¢ (2n)
1.80 G (4H)

When ca. 10% acetone was added to the reaction mixture and agueous
sodium hydroxide was added, the radical-anion of the corresponding nitro
compound or the dimer radical, was observed in place of the nitroso-

radical-anion.

On electrochemical reduction at a mercury cathode in DMSO with
tetra-n-butylammonium iodidé as electrolyte the radical-anion of (VIII)
was generated. However, after a longer period of current flow the
initial spectrum was replaced by a spectrum assigned to a dichloronitroso-
benzene radical-anion (Figure 2.11). This sequence of spectra was

observed whéther the electrolyte was deoxygenated or not. The splitting
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constants [6.4 ¢ (1N), 3.75 ¢ (1H) and 1.20 ¢ (2H)] of the dichloro-
nitrosobenzene radical-anion did not lie on a plot of the nitrogen
splitting constant versﬁs the para-hydrogen splitting constant for the
2.6-dichloronitrosobenzene radical-anion in various solvents (Figure 2.12)

and the spectrum is consequently assigned to the 2,4-substituted isomer.

" 2.1 E. 2,6-Dichloronitrosobenzene (IX)

The radical-anion of (IX) was observed in high concentration when
4 .
aqueous sodium hydroxide was added dropwise to solutions of (IX) in,

" for example, DMSO or in ethanol (Figure 2.13).

Electrochemical reduction of (IX) in DMSO solution also generated
high concentrations of the radical-anion; only after prolonged electrolysis
was a second radical detected (Figure 2.14). Assignment of the secondary

radical- is uncertain due to the elose overlap of the spectra.

In DMSO solution with an excess of aqueous sodium hydroxide (IX) gave

rise to a dimeric radical (Figure 2.15) with the splitting constants:

5.15 ¢ (2N)
1.90 ¢ (4H)
3.40 G (2H)
The simulated spectrum using these constants is given in Figﬁre 2.15

with a peak-to-peak linewidth of 0.28 G.
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. , 3 .
Figure 2.12 A plot of 2y versus _e_lp_H for the 2,6 dlchloror_utrosobengene
radical-anion in various soivents. The unknown dichloronitrosobenzene

radical-anion point is marked by X .
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Figure 2.1 E.S.R. spectrum of the nitrosobenzene radical-anion in strongly

basic-DMSO solution.;
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Figure 2.2 E.S.R. spectrum of phenyl.nitroxide (PhNHO.) in weakly basic

DMSO solution.
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Pigure 2.5  E.S.R. spectrun of (Phiom = pravo-)*® or paion*? in basic
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Figure 2.4 E.S.R. spectrum of fhé‘nitrobenzéne radical-anion in a basic

acetone/DMSO solution. ~
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Figure 2, E.S.R. spectrum of the radical-anion of(VD in alkaline

aéueous DMSO.
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- Figure 2.6 E.S.R. spectrum’ of the nitroxideée adduct detected in basic
DMSO solutions of (VI)._
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~Figure 2.8
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Figure 2.8 (above) ESR spectrum of a dibromonitrosobenzene radical-anion

in alkaline 10% acetone-DMSO.
Figure 2,10 ESR spectrum of the radical-anion of (VII) in basic DMSO

solution.
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Figure 2.11 E.S.R. spectrum of a dichloronitrosobenzene radical-anion

in DMSO solution after prolonged electrolytic reduction of (VIII).
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Figgre 2.16 E.S.R. spectrum of the radical-anion of (X) in basic

aéetone/DMF/ButOH solution.
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ﬂ ‘__..5_...(2_;;.
" Figure 2.13 E.S.R. spectrum of the radical-anion of (IX) in alkaline
aqueous DMSO.
56
ﬂ |
Weptt e
Figure 2.14 E.S.R. spectrum of.; mixture of chloronitrosobenzene

radical-anions in DMSO™ after prolonged electrolysis.
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2.1 F. Mechanism of loss of Halogen from the Nitrosoarenes

The 2,6- and 2,4,6-chlorine or bromine substitutéd nitrosobenzenes
gave rise, in reducing conditions, to the radical;anions of less
gsubstituted nitrosoarenes as well as the parent radical-anions. Loss of
halide ion from halogen—substituted nitroarene.radical-anions has also

66,67

been observed:

NO

(X = ID>Brd Cl)> F)

It is most probable that a similar mechanism operates for the
nitroso—comﬁounds. The necessity of base (vhich is known to initiate
halogen rearrangement or loss in the higher aromatic halides68) was
ruled out by the results from electrpchemical reducticns. The possibility
of the intermediacy of the corresponding nitro-radical-anion is unlikely
as similar results were obtained in deoxygenated systems, where the nitro
derivative would not be present, Thus the results are consistent with

the following scheme:

slow

cathode or step (x)
(X) base (X)

(X = C1 or Br) (detected)
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NO NO NO<
X . +H. (solvent) -X +e~ X
> —
or +e~+HT ‘ . cathode or
base

x) | (x) x)

(detected)

Step (x) may involve an intermediate radical-anion where the unpaired.

*
electron occupies a & C—Xuﬂbﬂh&.as postulated in the loss of halide

69

from 5-halogenouracil radical-anions.

2.1 ¢. 2,4,6-Tri-t-butylnitrosobenzene (X)

The reduction of (X) to its radical-anion was found to be more
difficult than that of nitrosobenzene. Reaction of (X) in ethanol, DMF
_or DMSO solutions with 10% aqueous sodium hydroxide appeared to be slow
and the radical-anion was not detected. Sodium methoxide or sodium
hydride, added to solutions of (X), also failed to generate a detectable

concentration of the radical-anion.

However, when acetone was added to the reaction mixture [e.g. (X)
in DMP-t-BuOH, 6:4 (v/v)] the radical-anion was detected after 5 to 15
minutes (Figure 2.16). It was also observed that when other portions of
the reaction solution were transfered to the e.s.r. cell, up‘to five
ninutes elapsed before the radical-anion signal was detected, no matter
how 0ld the reaction solution. Thus it appears that dissolved oxygen

effectively prevents the build up of the radical-anion concentration and

S



- 61 -

that in the e.s.r. cell the dissolved oxygen was removed by the reaction.
When the reagents were deoxygenated the radical-anion was detected as soon
‘as the reaction mixture was fransfered to the spectrometer. A similar
effect was observed with 2,4,6-tri-t-butylnitrobenzene (in DMF + t-butyl

alcohol + acetone + potassium t-butoxide).

The equilibriums:

!

NO,* : O,

N

seems to be displaced too far fo the right-hand-side, under the conditions
-used, to see the nitro-radical-anion by e.s.r., until oxygen is removed.
(Half-wave polarographic reduction potentials: E1/é (v. SCE), 2,4,6-
tri-t-butylnitrobenzene in acetonitrile -1.5 V; nitrobenzene in aceto-
nitrile -1.15 V;7O oxygen in DMF -O.88V.71). Potassium superoxide

(K02) generates the radical-anion froﬁ more readily ‘reducible nitroarenes.
Upon electrochemical reduction of (X) in DMF the radical-anion of (X)

was detected.

P -

2.1 H. 2,6-Difluoronitrosobenzene (XI)
Solutions of (XI) reacted répidly with bases to give several para-
magnetic products, depending upon the reaction conditions. However, no

spectrum that could be assigned to the radical-anion of (XI) was detected.
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Instead the corresponding nitro—radical—snion was found along with dimeric
species (discussed in Section 2.3). For example, when acetone was a
~cosolvent with DMSO or bMF,-either a dimer radical or a mixture of the
nitro-radical—- anion and dimer were formed on addition of agueous sodium
hydroxide, (Figure 2.17). Addition of potassium t-butoxide to a solution
of (XI) in DMSO generated a second dimeric radical. Similarly, electrolytic
reduction gave a mixture of radicals or only one dimer (discussed in

" Section 2.3).

2.1 J. 2,4,6-Trifluoronitrosobenzene (XII)

The radical-anion of (XII) was not detected in basic solutions of
(x11) (DMSO, DMF or ethanol solvent). However, immediate colour changes
on the addition of fhe base indicated a reaction was taking place. When
potassium t-butoxide was added to a solution of (XII) in DMSO a spectrum
was detected, but it was complex and of low strength and was probably from
a dimeric species. Electrolytic reduction of (XII) in DMSO at a mercury

cathode also led to the formation of a dimeric radical product (see

Section 2.3)

2.1 X. 2,3,5,6-Tetrafluoronitrcsobenzene (XII1)

No spectrum which could be assigned to the radical-anion of (XIII)
was detected in basic solutions of (XIII). However, colour changes did
occur and in particular when aqueous sodium hydroxide was added to solutions

of (XIII) in DMSO/acetone an intense blue colouration was observed

along with the spectrum of a mixture of radicals at low concentration.

-Reduction of (XIII) in DMF by aqueous alkaline sodium dithionite

generated a complex spectrum of a dimeric species, discussed in Section
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2.3. Similarly, electrolytic reduction of (XIII) in DMF or DMSO generated
a series of dimeric radicals showing coupling to two nitrogen atoms

_(Section 2.3).

2.1 L. Pentafluoronitrosobenzene (XIV)

Again the radical-anion of (XiV) was not detected in baéic solutions
of (XIV), and nucleophilic attack on the ring, under the conditionsvv
" used, should be rapid. This was illustrated by the reaction of (XIV) in
DMF' or DMSO with aqueous sodium dithionite in the presence of a trace of
éodium hydroxide. Only the spectrum of a tetrafluorobenzene nitrosyl-
sulphinate radical—énion was seen (Figure 2.18) showing equivalent
splitting to four fluorine atoms, [0.75 G (4F), 12.9 ¢ (1N)] and is
assigned to the p-hydroxy derivative by analogy with the reac’cion73 of
methoxide with (XIV) which gives T6% 4-methoxytetrafluoronitrosobenzene.
_A second spectrum (Figure 2.19) was detected from DMSO solutions, which
exhibited coupling to all five ring fluorine atoms [12.6 ¢ (1N), 1.25 G
(17), 1.10 ¢ (2F) and 0.40 G (2F)]. However, this radical is not
assigned to the corresponding nitrosylsulphinate radical-anion as the
splitting pattern (l %f I ~ | %S I > I gF.l ) indicates a sterically
unhindered nitroxide.(Section 1.1), whereas the other 2,6-difluoro-
substituted aryl nitrosylsulphinate derivatives show the typical
hindered pattern (Table 2.3), The radical is probably derived from
reaction with thé DMSO solvent (Section 2.1 B).

When solutions of (XIV) in DMSO or DMF containing an excess of
agqueous alkali and sodium dithionite.were left to étand, spectra were

observed of persistent radicals that did not exhibit coupling to a nitrogen
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atom. The various radicals seen have the spectral chafactéristics of
semiquinone radical-anions and may be formed by consecutive nucleophilic
attack on‘(XIV) producing hydroxylated products; Hydroquinones are known
to undergo autoxidation in alkaline‘solution in the presence of oxygen to

714,75,76

give semiquinone radical-anions,

For example, solutions of (XI&) in DMF or DMSO containing excess
agqueous sodium dithionite and sodium hydroxide produced the radicals
having the spectra shown in Figure 2.20. The splitting patterns do not
allow assighment of structure. A further long-lived radical with a more
complex splitting pattern was seen when a typical reaction solution was
left for about ninety minutes [Figure 2.21, 2.35 (1N), 0.2 G (2), 3.55 G (1),
2.30 G (1)]. The coupling of 2.35 G from a nitrogen atom shows that the
nitrogen atom of (XIV) is still bonded to the ring in this radical-anion.
The spectrum is tentatively assigned to the structure (XV) by analogy with

a reported77 spectrum for a chlorine-substituted derivative, (XVI).

0. ' | 0-
c1 NH, (XvI) F NH, (xv)
0 Cl -0 F
o - 0~
2.5 ¢ (1N) ~
0.6 ¢ (2H)

(XV) could be formed from (XIV) by nucleophilic attack of hydroxide

ion at the activated ring and reduction of the nitroso group, by the
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dithionite, to the amino function.

Radical (XV) could be regenerated in the reaction mixture after a

day, by the addition of extra aqueous sodium hydroxide and sodium dithionite.

(XIV) was reduced electrochemically in DMSO solution at a mercury
cathode. (XIV) was seen to react with tetra-n-butylammonium iodids
in DMSO, to generate iodine. Nucleophilic substitution of fluorine in
@IV)by iodide has not been reported before, but the equivalent reaction

78

for pentafluoropyridine is known.

F

F =z F DMF
Nal + _— + F
AN x - F
JI-
H —
F F

F/ F +H+ /
P F PRy AF

Consequently, tetra-ethylammonium perchlorate was used as the

supporting electrolyte. Even so, only a tetrafluoronitrosobenzene radical-

anion was detected [Figure 2.22, 8.70 G(1N), 6.15 G (2F), 1.90 G (2F)].
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£.S.R. Spectral Parameters of the Nitrosoarene Radical-—anioﬁs
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ArNO Solvent ay/¢  a(m-E)/G ’ :g(other)/ﬁ g-factor
(2E)
PhNO DMSO 7.75 1.0 3.9 (2H) 2.0062
2.95 (1H)
. PhNO EtOH 10.15 1.25 4.25 (1H)
3.9 (1E)
3.65 (1H)
NO DMSO 6.35 1.25 2,0080
Br T
Br
Br NO Br DMSO 6.6 1.2 4.2 (1H) 2.0073
NO 50% DMSO 7.95 1.2 N 2.0071
Cl[:::]01 . /Et0H N
cl
NO DMSO 7.1 1.2 4.15 (1H) . 2.0072
Cl@ cl : . .
NO DMSO 9.75 1.2
DHCGFNO  DMSO . 8T 1.9 (2F)  6.15 (2F)
frc;m
C4FeNO
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B.S.R. Spectral Parameters of the Nitroarene Radical-Anions

a(other)/c g-Factor

7 ©F CHCOCE,

AI‘N02 Solvent 2y/G
PRNO,, 95% DMSO 10.9 . 3.9 (1H), 3.4 (2H)
\ /CH_ COCH 1.15 (2H)
p] 3
PhINO,, CH,COCH, 13.0 3.65 (1H), 3.4 (2H)
1.1 (2H)
" PhN0279 H,0 14.2 2.0045
NO,, DMSO 19.1 0.9 (2H)
- Mo, CHBCOCHB 21.55 0.65 (QH).
Br@Br
xr
WO, 50 DMSO 18.75 0.9 (2H) 2,0053
01©01 /EtOH
c1
MO, DMSO 19.4 0.9 (2H)
Cl©01 : - .
NOo 90% DME/ 14.2 5.8 (2), 3.0 (1)

1.05 (2H)
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F.S.R. Spectral Parameters of the Nitrozylsulrhinagte Padical-inions

[ArN(so;)o-]

Ar Solvent EN/ G 2(other)/G g-factor
Ph aqueous 11.75 2.45 §3Hg (2.0054)%3
E+0H 0.85 (2H
. ; \ DMF 12.15 0.7 (2H)
Br f By DMF 12.75 0.6 (2m) 2.0065
Br
DMF 12.8 0.6 EZHg 2.0064
Br@ Br : 0.2 (1H
A CE,OF 12.5 0.6 (20) 2.,0060
Cl © Cl
c1
DMF - 12.65 0.7 22H; 2.0061
c1 [:i:]cn. : - 0.2 (1H
DMF 12.6 0.6 543 2.0061
F‘[:t:]F - 0.5 (1
' DMSO 12.75 0.7 (4
F@ F 0.9 513
F
p-XC4F, DMF 12.9 0.75 (4F)
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Figure 2.17 E.S.R. spectrum of a mixture of the 2,6-difluoronitro-

benzene radical-anion and a dimeric.radical-anion (Section 2.3) in basic

DMF/acetone.
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Figure 2.18 E.S.R. spectrum of a tetrafluoronitrosobenzene nitrosylsul-

phinate radical-anion formed from (XIV) in weakly alkaline aqueoué DM3O0.
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. Figure 2.19 E.S.R. spectrum of the nitroxide adduct (Section 2.1B)

detected from weakly alkaline aqueous DMSO solutions of (XIV).

-~



-1 -

Pigure 2.20

"n%’ﬁj f'ﬁf (R j "*") [ urirsny zf”»‘) St

_ | '
Figure 2.21 ,J / JI l J ! ;
; p A 5 & U Yo 1
L’ﬁ .‘:"'TJ J '1 i L "li { i 7 ‘l f,:"'ap{' ﬁ‘b::;:'-{j
{
et
[l
A A A

Figure 2.20 ESR spectrum of a;mixture of benzosemiguinone radical-anions

derived from (XIV) in strongly basic DMSO solution.

Figure 2.21 ESR spectrum of a nitrogen-containing benzosemiquinone

derived from (XIV). Lines marked A are due to a second radical.
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Figure 2.2% E.S.R. spectrun of a dimeric
radicél-@nion geﬁerated from (VI) in basic DMSO

solution.



- 73 -

Section 2.2

The Dimeric Radical-Anions Derived from Chlorine or Brdmine Substituted

Nitrosobenzene

The chlorine and bromine substituted nitrosobenzenes, (VI), (VIII), and
(IX) generated loné-liﬁéd, dimeric radical-anions (Table 2.4, for
:example, Figures 2.15 and 2.23) under highly basic conditions. These
radical-anions are not the correspoﬁding azo-radical-anions, possibly

formed from the further reduction of the azoxy reduction product:

+

) _ + _ng '
ATNO '_§§§3_¢ ATPNO - _igﬁ;_+ ATN=NAT _LQ_:+ ArN=NAr
-H,0 !
2 0-
+e -
ArN=NAr = [ ArN=NAr]*

since the spectral parameters do not fit those observed for the

radical~anicons detected from the direct reduction of azobenzene

derivatives (azobenzene; 2,2',4,4',6,6'-hexabromoazobenzene and 2,2',4,4'-

tetrachloroazobenzene, Table 2.6, for example, Figure 2.24). The radicals

may be assigned to semidiazoxide derivatives (XVII) or to species derived

from halogen loss, such as (XVIII).

N —N .
X X

ArT;——-FAr ‘ , <!iily} ¢1!!Ii’

- ' (x) (x)

0. 0 (XVIII)

(XVII) (X = Br, C1)

(XVII) may be formed from the corresponding dianion, which has been

proposed as an intermediate of the reaction aromatic nitroso-compounds
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with bases (Section 1.4). The reverse reaction, generation of the
nitroso-radical-anion from azoxybenéene in strongly basic media, has been
demonstrated (Section 1.4). Consequently, (XVII) may be another species
~present in the redox system, favoured by strongly basic conditions.

= —e-
ATNO  —225€ 4 pm0T =  Ar—DNAr =— ArN—DNAr

0- O- 0. O-
| A H-*“‘
j +
ArN=NAT _— ArN—NAT
I OH~ N
; 0- . 0H O-

Spectra have previously been assigned to a semidiazoxide structure.
Electrolytic reduction of trifluoronitrosomethane in DMF solution gave
rise to signals assigned to the nitro-radical-anion and the corresponding

semidiazoxide (XIX), [7.4 ¢ (2n), 17.8 (6F)].80

N—NCF
CF3l IC 3
0. O-

(XIX)

However, the spectrum assigned to (XIX) was later shown to be that of
the corresponding azo—radical—anion.a1 Spectra (showing two non-
equivalent nitrogen splittinés) obtained from the reduction of nitroso-
compounds at low temperatures, have also been assigned to a semidiazoxide

structure.82 For example,82
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0F3?--TfF3 Ph?———?Ph
0- 0 0+ O
10.8 ¢ (1N, 3F) 10.2 ¢ (1N)
2.8 ¢ (1N, 3F) 2.6 ¢ (1N)
at =110 °C 2.4 ¢ (2H)
" 0.85 ¢ (2m)
at -25 °C

The spectrum derived from trifluoronitrosomethane with the above
splitting constants has been detected by others,80 but assignment was

not attempted.

The possibility that the radical-anions are species derived by
halogen loss [such as (XVIII)] is remote since the meta-proton splittings
are equivalent (unlike the 2 and 4 positions of 9,10-diazaphenanthrene

radical-anion, Table 2.6).

Aiternatively, the radicals may be derived from reactions involving
nucleophilic attack on.the halogen substituents, as outlined by Bunnett,68
which would be favoured under the conditions used. However, the

splitting constants observed ‘do not suggest a rearrangement.
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Table 2.

E.S.R. Spectral Parameters of the Dimeric Radical;Anions detected from

Chlorine- or Bromine-Substituted Nitrosobenzene.

Hyperfine splitting/ﬁ

Ar Solvent ' g-factor
QN(ZN) a(other)
.8 1. 2.0036
c1 c1 NS0 4.8 1.9 (48) 3
Cl
_ DMSO 4.8 1.9 g4H;
cl cl : 3.4 (2H 2.0035
: DMSO 4.8 1.9 (4H) 2.0044
Br Br

Br
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re 2.2
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tetrachloroazobenzene in basic acetone/DMSO solution.
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Section 2.3

The Dimeric Radical-Anions Derived from Fluorine Substituted Nitrosobenzene

The fluorine substituted nitrosobenzenes (XI), (XII) and (XIII)
when reduced in basic conditions or by electrolysis generated dimeric
radical-anions. These dimeric species are assigned to the corresponding
. azoxy- and azo-radical-anions and their further reaction products. The
spectra obtained were complex, exhibiting coupling to two nitrogen
nuclei and up to ten hydrogen or fluorine nuclei. The spectra also
showed the asymmetric line—brqadening effect (Section 2.4) and

consequently unambiguous assignment of splittings was not alﬁays possible.

2.3 A. 2,3,5,6-Tetrafluoronit:iosobenzene (XIIi)

Electrolytic reduction of (XIII) in DMF solution gave rise
initially to a spectrum (Figure 2.25, Radical A) having no central line,
but coupling to more than one benzéné‘ring, suggesting‘an unsymmetrical
dimeric structure perhaps with non-equivalent nitrogen atoms. The
spectrum was éssigned to the azoxy-radical-anion (XX) with the possible

splitting constants given in Table 2.5.

F- P — -
—_
! 6-_© j,m)
. F F

Shortly after observation of the azoxy-radical-anion a second

F F

F K

radical (Radical B) was detected, which predominated after a period of

continuous electrolysis (Figure 2.26). The spectrum showed coupling
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to two equivalent nitrogen atoms and ten half—spin‘nuclei. [The
spectrum was simulated (Figure 2.26) using the splitting constants
5.07 G (2N), 3.4 G (4), 2.1 (4) and 2.98 G (2) with peak-to-péak line-
width of 0.2 G. These values agree reasonably well with the part of the
spectrum having the narrowest linewidth. The ends of the spectrum and the
simulation are not in good agreement as the radical was never observed
in the absence of cther weak signals.] In DMF solution no further

| radicals were detected. Electrolytic reduction of (XIII) in DMSO
solution initally produced Radical B which was later replaced by a
stronger signal (Figure 2.é7, Radical C) showing coupling to two

equivalent,nitrogen nucléi and eight half-spin nuclei.

Electrolytic reduction of an authentic sample of 2,21,3,3 ,5,51,6,6'-
.hexafluoranobenzene in DMSO solution gave initiélly a spectrum
identical to that of Radical B follwed by that of Radical C. Consequently
' Raaical B wés assigned to the azo-radical-anion and Radical C either to
a secondary product probably formed through loss of fluorine, or to a

cyclic product such as (XXI) or (XXII).

- N =N P F F
N
F
F N~
F F 7
(xx1) . (XX11)

’

Elecfrolytic reduction of an authentic sample of‘(XXII) gave the radical-
anion exhibiting coupling to two equivalent nitrogen nuclei and eight

half-spin muclei (Figure 2.28), the couplings did not correspoﬁd with
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any of those obtained from other dimers, but the g-factor was the same
_ as that of Radical C and of other dimers observed from (XI) and (XII).
Reduction of (XIII) by chemical means (sodium dithionite and sodium
hydroxide in aqueous DMF) also produced dimeric species. However,
complete analysis was not attempte& as the radicals were in low

concentration and the wings of the spectra were not detected.

2.3 B. 2,6-Difluoronitrosobenzene (XI)

Reduction of (XI) in DMSO with potassium t-butoxide (conditions known
to generate the azobenzene radlcal-anlon from azobenzene 3) generated a
dimeric radical of similar g-factor to Radical B above, and exhibiting
coupling to two equivalent nitrogen atoms and ten half-spin nuclei.
(Figure 2,29). The radical was also observed from the action of sodium
methoxide on (X1) in DMSO (but was later replaced by a second dimer,

Radical D) and is assigned to the azo-radical-anion, (XXIII)

0D

_ (XX11I)

Radical D, observed after (XXIII) when sodium methoxide was added
to a solution of (XI) in DMSO, was also detected when aqueous sodium
hydrox1de was added to (XI) in DMSO/éce+one mixtures, (Figure 2.30).

The radical shows coupling to two equivalent nitrogen nuclei and eight
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half-spin nuclei.. The radical was .also detected, together with the
corresponding nitro-radical-anion (Figure 2.17), from the electrolytic
_reduction of (XI), aftér approximately 10 to 15 minutes of current flow.
The above results indicate that the radical is a secondary product, and

it has the same g-factor as Radical C, also a secondary produdt.

2.3 C. 2,4,6-Trifluoronitrosobenzene (XII)

From (XII) only one dimeric radical-snion was detected, having a
g-factor similar to the secondary Radicals, C and D, and was observed
from electrolytic reduction of (XII) after approximately 15 minutes current

flow (Figure 2.31).

The results obtained in this section may be summarised by the

following scheme:

~

ArFNo ﬁ——> [ArN07] fast, AI‘;WI\TzN(O)ArF (+ATNO,)

|

Trapped as nitroxide
' (Chapter 3)

Ar N=N(0)A, e, [arg=n(0)ary]®

_ «2H", 2¢7
[Arg=n(0)Ar, s | ——— Ar N=NArp
| —H,0
2
ArNeNpr,  ———  [AvgeNAT.]

[ArN=NAr.]° —=Fs 5 [arrg=mart ]t
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and possibly

N=N

The resﬁlts show that, in solvents éuch as DMF and DMSO, the

" nitroso-radical-anion side of the equilibrium with its dimer is not
favoured and the reaction proceeds readily the aszy stage and further.
These results contrast with those obtained from nitrosobenzene, where the

nitroso-radical-anion is favoured (Sections 1.4 and 2.14).

(o : 0~
_ g | .
2ATNO* +— ArN-NAr = — ArN—NAT
0~ . OH
vor |
o-
|
ArN=NATr
+

Trifluoronitrosomethane behaves similarly to fluorine substituted

. . ' . . 80,81
nitrosoarenes as only the azo- and nitro- radical-anions were observed

or the dimer may predominate.82
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E.S.R. Spectral Parameters of the Dimeric Radical-Anions detected 'from'

Fluolriﬁe Substituted Nitrosobenzene

Hyperfine Splittings/G
ArNO Assignment : g-factor

_@N(ZN) a(other)

P i F azo-radical-anion 6.10

45 (2
15 (4

- W

.20 §4§< 2.0039

A (2)  2.0033
<55 4%
35 (2

secondary (D) 5.40

- W

azoxy-radical-anion (4) 9.6 §1N§
2.8

W

2 )
.25 (4)

azo-radical-anion (B) =~ = 5.07 .40 (4; 2.0038
98 (2

1 (4)

hj
Z =
N N\

secondary (C) 4.90 3.90 ézg 2.00%3
F F . 2.55 (2
2.35 (4)
F
3.%0 ézg 2.00%4
2.20 (2
1.40 (4)

P 1 P Secondary 5.2
F .
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Table 2.6

E.S.R. Spectral Parameters of Radiqal—Anions relevant to Sections 2.2 and

2.3

" Hyperfine Splittings/G
Structure Reference
_a;N(ZN) ’ g(other)

PhN=NPht 4.84 2,21 84

QO OWMN N
@ O O NN \O =

D = =W
(e)Y
o

'PhN=NPh ’ 4.84 2,2! 37

4441
3,31,5,5')

2H 85
20) -

oM
® & o o

N~ 0oOWs ~J
DO -~JIW D

N

& B

5.27

OO MW

4.50  0.90(4H)

c1 c1 4.50 - 3-05€2H§,
. .

F
F N
TiI:::::] ' 5.40 2.4o§2§
- 1.90(4
: @N/ F . 1.55(2

CF N=NCF | 7.4 17.8(6F) 80,81
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1
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)

]

: : l

.
ety \,[\A
Figure 2.25 ESR spectrum of Radical A,

reduction of (XITI) in DMF solution.

-

- derived from electrolytic
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Section 2.4

Linewidth Variations in the Nitrogen- and Fluorine- Containing Radicals

Detected

The spectra of the nitroxides, nitroso-radical-anions and dimeric
radical-anions all exhibited line—b?oadening. This effect is different
from éther line-broadening mechanisms in that it causes the spectrum to
appear unsymmetrical. The spectrum obtainea does not depend upon the
microwave power level, nor the direction of magnetic field sweep, as’

would be expected if saturation, or change in the radical concentration

respectively, were responsible.

The effect is often very striking in the spectra of transition
metal ions.86 At room temperature, the broadening is only usually

87,88 The

apparent fér nitrogen— and fluorine- coqtaining free radicals.
-broadening is temperature dependent and governed by theVViscosity of the
solution. As the viscosity of the solvent increases the tumbling rate of
the radical decreases and anistropic properties of the g-factor and
hyperfine interactions are no longer averaged to zero. (Each property

is now described in cartesian coordinates by a tensor, a 3 x 3 matrix).
For relatively rapid tumbling the width of a line depends on the amount
by which its position varies as the radical tumbles, so that

-

W= (be)

where, W is the linewidth, To ig the correlation time for tumbling
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(approximately the time for rotation through 1 radian about a principal

axis) and ngJ; is the shift in resonance frequency. For a molecule with
2n c :

anisotropic g- and hyperfine(A—)tensors there are two corresponding

_contributions to Aw;
Aw = (Aw)g + (aw),
so that, N
Vo~ [(00)2 4+ (8w)? 4+ (aw) (Aw),] v
g JA g A c

The effect of each term is given in Figure 2.32, and only the "cross-
term" (Aa) g(Aw) AT, affects the position of all the hyperfine lines
differently. This contribution therefore, depends on Mi (the nuclear
quantum number for the e.s.r. transition). Thus the line-widths can be

fitted to the expression . —

Vo= A+ B o+ O (x1)

2

(b)), 7,

]

where A, B and C are constants and A y B = (A°°)g(A‘°)A’Zb

and C

(Aao)ifrb, More precise expressions for A, B and C have been
determined89 and equation (xi) may be extended to systems containing
more than one magnetic nuclegs:88

- 2 ‘s
W, = A + ZBM. o+ 3N + I D.. (xii)
. it i 11 i icj lJMIiMIj

where there are now coefficients Bi and Ci for each magnetic nucleus and

cross-terms Dij’ which depend on the corresponding hyperfine coupling tensors.



Figure 2.32

- = 100 -

The contributions to the linewidth from modulation of the g- and hyperfine

properties of the radical.
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| eeo— — — — —— — — o— e ———
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a) Effect of

2, =
(o), =4

b) Effect of

il

oy

T \2
(Aw)Atc

c) Effect of

(Ao )g(Au)Aq_—c = BM;
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This equation has been applied to the three monofluoronitrobenzene
radical-anions.88 For radicals containing groups of nuclei with the
same isotropic hyperfine doppling, degenerate transitions occur giving
a line which is a superposition of lines rathef than a single line, and
there is no simple relationship befween the linewidth and the amptitude.
However, deviatién from a Lorentzian -shape is usually small and equation

62,89

i(xii) may be used.

Of the spectra obtained which show this line-broadening effec%,
the more interesting ones are those which contain both nitrogen and
fluorine, since the effect is quite pronounced for these eleﬁents62’87’88
and their combined effects may be a good test of equation (xii). In
order to determine accurately the relative widths of the hyperfine lines
in a spectrum, little oerlap of the lines is necessary. For this
reason the spectra of the dimers from‘fluorine—substituted nitrosobenzenes

were not examined in detail, but instead the radical-anion obtained

from pentafluoronitrosobenzene was used (Section 2.1L).

Determination of the Coefficients of Equation (xii) for é Tetrafluoro-

nitrosobenzene radical-anion.

The spectrum of the tetrafluoronitrosobenzene radical-anion consists
27 lines (Figure 2.22) generated by two pairs of equivalent fluorine
atoms and one nitrogen atom: The spectrum was recorded in both directions
of field sweep and the average derivative peak-to-peak amplitude was
measured for each time. The amplitudes of the derivafive signal are

inversely proportional to the square of the width, so that the amplitudes

are much more sensitive to linewidth differences than the width itself.
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Experimental relative linewidths (Wi) were calculated according to the

equation,

o= = [ ()] (xii1)

“as (a ). =[ a; fli ] where (a ). is the amplitude of line i
2 Thgr /Dy ' o B
i !

relative to the centre line (line 14) and a; and D; are the amplitude

and degeheracy of line i respectively.

' Sincé the positions of the lines in the spectrum are independent of
the signs of the hyperfine splittings, only the moduli of the quantum
numbers that characterise a particular line can be assigned. Consequently,
the experimental data are expressed in terms of 'spectral index numbers'

_(ﬁfx in place of Mi) which are defined here as being positive on the low-
field side of the spectrum and are thusxthe same as the appropriate
‘quantum number (Mi), if the splitting constant is positive. In

particular, equation (xii) becomes,
W, = 1 + B + C w2 + %8 %, + °c Oﬁ% + "B MR + T mﬁFZ
i = By *+ C¥'y 't Cp p P F

O, =z O~ & me 07 M
+ Ol ¢ TDygfy i+ Dgp Ty iy
where ﬂﬁ, oﬂ% and mﬁ; are the index numbers for the nitrogen, ortho-
fluorine and meta-fluorine nuclei respectively. The experimental

parameters for each line are given in Table 2.7, from which values for the

BX’ CX and DXY coeffi01¢nt can be obtained.
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-0.201 °

By = B, = -0.154 "B, = =0.048
— ’ o — m —

Cy = +0.077 Cp = +0.022 Cp = +0.029

o .

Dyp = +0.235 "Dy = +0.073 . Dpp = 40.070

These values for the coefficients were substituted into equation (xii)
and used to calculate valueé for the relative width (w;, column 8,

" Table 2.7). S .

Thé calculated Wi' values ean be seen {to give a reasonable fﬁt to.
the experimentally observed values. The largest descrepencies occur
for the hiéh—field lineé, where the line amplitﬁdé is smaller and the
percentage error in its determination is greater, and also where there
is partial overlap.' Another source of error is thaf the equation is
strictly applicable‘only to non-degenerate lines. Also other line

- broadening mechanisms not taken into account may not be insignifica,nt.9O

The calculated values of the coefficients show thatlBX|> ICxlso
that the &- and hyperfine-tensor crpss—term dominates. Also,!BN'>|°BFI)

7 following the same order expected for their

relative spin densities. In favourable circumstances the C coefficient

91

|"Bp|and o > cpx"c

is proportional to the square of the spin density on the atom.

From the expected signs of the spin density distribution in the radical;

: +
(Section 1.1) | _ E/O

F+

F

the signs of the splitting constants and the coefficients BX, CX and

DXY may be determined. Equation (xii) becomes,



- 106 -

W, o= 1= 0.2010 + o.o77M§ - O.154°Mf + o.ozz?m% + 0.048me

+ 0.029™42 + 0.235M %M, -0.073M, ", - 0.070°M. 1, (xiv)
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‘CHAPTER
E.S.R. STUDIES OF THE REACTION OF C-NITROSO COMPOUNDS WITH ALKYL HALIDES

IN THE PRESENCE OF A BASE (REACTION (xv)).

Section 3.1

Outlined in the introduction was the ability of C-nitroso-compounds
to form a radical-anion on reaction with a variety of bases. Thus the
:application of C-nitroso~compounds .as "spin-traps" may be suspect for
reactiong involving bases. Consequently, the reaction of mercaptides with
alkyl halides in the presence of a C-nitroso"spin-trap" (involving‘a

proposed6o SHN1 mechanism), was reinvestigated.

In fact the appropriate alkyl aryl nitroxide was observed by e.s.r.
speofroscopy when certain nitrosoarenes were allowed to react with
alkyl halides in the presence of a base (most conveniently sodium
hydroxide). Also when an alkyl halide was added to a solution of a
radical—anién, its spectrum was replaced by that of the corresponding

alkyl aryl nitroxide.

The solvents used for the reaction were generally ethanol, DMF
and DMSO, of which the last proved to be the most suitable. The bases
used were sodium hydride, sodium methoxide and potassium t-butoxide,
#dded as solids, and sodium hydroxide added as a 10% aqueous solution.
Alk&l halides investigated were methyl, ethyl, isopropyl and n-propyl
iodides, benzyl and B;nitrobenzyl bromides, 1,3 dibromopropane, tribromo-
methane (bromoform), tri-iodomethane (iodoform), di~iodomethane and 2-
bromo-2-phenyl-N,N-dimethylethylamine hydrobromide (PhCHBr.CH2.NM92HBr).

The results for individual nitroso compounds are given below, followed by
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the experiments performed to elucidate the mechanism. The spectroscopic

parameters of the nitroxide radicals are collected in Table 3.1.

3.1 A Nitrosobenzene

Vhen aqueous sodium hydroxide was added ﬁropwise to a solution of
nitrosobenzene and methyl iodide in ethanol, DMF or DMSO (equation (xvi),

‘R = methyl) the e.s.r. spectrum of methyl phenyl nitroxide was detected

(Figure 3.1).

PhNO + RI base PnN(R)O- (xvi)

The splitting constants agree with those obtained previously92 (Table
3.1) and the same spectrum was obtained when the reaction was performed
in the absence of molecular oxygen. The identity of the radical
observed was confirmed by mixing agqueous titanium III trichloride and
aqueous hydrogen peroxide with nitrosobénzene in DMSO. The red solution
produced gave the e.s.r. signal of methyl phenyl nitroxide, formed by

trapping of methyl radica1s93 by nitrosobenzene:

i (I1I) + H0, — OH. + OH- + mTi(IV)

. OH + CHBSO.CH3 -T———é 'CH3 + CHBSOQH

PhNO + éH; ——>  pan(cE;)o-

Similar results were obtained for reaction (xvi), R = ethyl or
isopropyl (for example, Figure 3.2). The splitting constants for ethyl

phenyl nitroxide agree with those in the literature, except that the 7-
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methyl coupling is resolved (Table 3.%). When the reaction was performed
using d5—nitrosobenzene the spectrum detected showed only the couplings
expected from the alkyl group and the nitrogen atom in (XXIV), confirming

. the assignment of the couplings.

C6D5N(Et)0° - 11.0 ¢ (1)

(xx1v) o TG ()

Ethyl phenyl nitroxide was also observed from the photolysis.of
nitrosobenzene, ethyl iodide and tri-n-butyltin bydride in DMF solution

inside the e.s.r. spectrometer cavity.

However, the splitting constants observed for isopropyl phenyl
94

nitroxide differ slightly from a previous report:

g (M) = 11,15 R TIE
2 (1H) = 3.25 2.8 G
agy (3B) = 275 2.8 G
2 (eH) = 1.00 . 0.9 'G
2y (6H) = 0.20 G

and C6D5N[CH(CH3)2]O- (Figur’e 3.3) has:

11.20 G

oy (1N)
2y (1H)

3.30 G

It appears that previously94 the spectrum was observed under

conditions of poor resolution, when the B-hydrogen splitting appears to
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be equivalent to the ortho- and para- hydrogen splittings, such as in
Figure 3.4.

Reaction of nitrosobenzene and polyhalogenomethanes in the presence
of base also generated long-lived radical products. The results are

discussed in Section 3.12.

3,1 B 2,4,6-Tribromonitrosobenzene (VI)

The reaction between (VI) and methyl iodide gave the corresponding
nitroxide (Figure 3.5) using the following base and solvent combinations:
(Sodium hydride and DMSO), (sodium methoxide and DMSO) (aqueous sodium

-hydroxide and DMSO), (potassium t-butoxide and t-butyl alcohol),
(potassium t-butoxide and t-butyl alcohol/DMF), (aqueous sodium hydroxide
and DMF) and (aqueous sodium hydroxide and acetone). The identification
was confirmed by obtaining the same spgotrum from the action of aqueous
titanium IIT trichloride and hydrogen peroxide on DMSO iﬁ the presence of
(VI). The same nitroxide was also observed from the photolysis, in the
spectrometer cavity, of a solution of (VI) and methyl iodide in DMF.

The reaction of (VI) with d,-methyl iodide and aqueous sodium hydroxide in

3
DMSO solution gave a spectrum assigned to 2,4,6-tribromophenyl ga—methyl

nitroxide (Figure.3.6) with splitting constants:

1314 ¢ (1N)
- o.é ¢ (28).
1.9 ¢ (3D) (1:3:6:7:6:3:1) - approximately
one sixth the equivalent 1H splitting, as would be expected.1e Similarly,
with ethyl, isopropyl and n-propyl iodides (Table 3.1) and with benzyl

bromide [13.50 ¢ (1N), 0.65 G (2H), 10.50 G (2H)] the corresponding
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nitroxides were detected.

However, reaction of (VI) with éthy&, isopropyl and n-propyl (but
not methyl) iodides with ageuous sodium hydroxide, added dropwise, in
DMF or DMSO sometimes gave rise to a second persistent, nitrogen-
centred radical as well as the expected nitroxide. This second type of
radical (XXV) was favoured by higher hydroxide ion concentrations than
were required to generate the nitroxide, which decayed relatively
rapidly under more basgic conditions.- The nature of these radicéls is

discussed in Section 3.11 and their spectral parameters are:

Ethyl Isopropyl n-Propyl
a2 (IN) @ 9.45 " 9.6 9.45
2y e 1.25 (2H) - 1.20 (1H) - 1.30 (2H)
g-value 2.0054 | é.ooss ‘ 2.0054

(Figure 3.7)

When (VI) and base were allowed to react in the presence of iodobenzene

- phenyl 2,4,6-tribromo~phenyl nitroxide was not detected.

3.1 ¢ 2,6-Dibromonitrosobenzene (VII)

(VII) reacted with methyl iodide and aqueous sodium hydroxide
(added dropwise) in DﬁSO, DMF or ethanol solution to give methyl 2,6-
dibromophenyl nitroxide (Figure. 3.8). The para~H splitting constant is
smaller than the éging value, in.contrést to couplings for alkyl phenyl

nitroxides (ortho ~ para > meta). This effect was also seen for alkyl
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2,6—dichlorophény1 nitroxides (Table 3.1) and ortho-substituted t-butyl
aryl nitroxides64 and is discussed in Section 1.1. Methyl 2,6-dibromo-
phenyl nitroxide was also generated by trapping methyl radicals, produced

from DMSO and +OH’>, with (VII).

The corresponding nitroxides were detected when ethyl, isopropyl
(Pigure 3.9) and n-propyl iodides were allowed to react with (VII) in
the preseﬁce of hydroxide ion (Table 3.1). As with 2,4,6-tribromo-
nitrosobenzene, a second type of persistent radical was observed in the
reactions with ethyl and with n-propyl iodides. Similar radicals were
not detected with methyl or isopropyi iodiﬁe. The splitting constants

-are very similar to those obtained in the (VI) systems (Table 3.5) and
show smallvincreases (ca. 0.2 @) with increasing water concentration (see
Section 3.11).

- T~ ) -~
~ -~

3.1 D 2,4,6-Trichloronitrosobenzene (VITI)

(VIII) gave the appropriate nitroiide on reaction with methyl,
ethyl, isopropyl (Figure 3.10) and n-propyl iodides in the presence of
hydroxide ion. The radicals characteristically exhibited a nitrogen
. splitting of ca. 13 G, a m-hydrogen 1:2:1 triplet of ca. 0.7 G and
a g-value of 2.0063. The B-hydrogen splittings for the alkyl group
varied in the order methyl > ethyl > n-propyl > isopropyl, for all the
nitroxide series investigated (Table %3.1). B-Hydrogen couplings are

known to depend on the relative orientation of the C-H bond with respect

to the 2, orbital containing the unpaired elec:1;ron.95 The magnitude of

the coupling is given by
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where Bo has a'value of 3 to 4 G, B is a constant, and © is the dihedral
angle.

Thus the preferred dihedral angle between the C bond and the 2,

B-H
orbital in the alkyl aryl nitroxides is greatest when the alkyl group is
isopropyl. An-exception to the series was found for 2,4,6-tri-t-butyl

95

phenyl alkyl nitroxides,”” where the coupling to B-H varied in the order

secondary - primary ) methyl.

The assignments were checked by generating the nitroxides by the
photolysis of the alkyl iodide, and (VIII)Awith or without tri-n-butyltin
‘hydride. Methyl 2,4,6-trichlorophenyl nitroxide was also observed
from the trapping of methyl radical generated by the attack of hydroxyl
radical on DMSO.93 The appropriate nitroxide was not seen when aqueous
sodium hydroxide was added to (VIII) and t-butyl bromide in DMF or DMSO.

In agreement with the results,usiﬁg 2,4,6—tribromonitros§benzene, a
second long-lived radical product was observed for the reactions with

ethyl, isopropyl (Figure 3,11) and n-propyl iodides.

Spectral parameters:

Ethyl Isopropyl n-propyl
ey (M) G ’9.60 9.75 9.60
2y G - 1.20 (28) 1.15 (1H) 1.30 (2H)
g-value ' 2.0047 2.0047 2.0047
Solvent )  DMSO DMSO ~ DMsO

(+ ca. 2% H.’ZO)
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Small variations of the splitting constants with change in

solvent were noticed; for example, with n-propyl iodide, & = 9.80 G, -
ag = 1.35 G (2H) in DMF + ca. % H20. The g-value measured for the

above radicals was consistently 2.0047, compared with ca. 2.0055 for the

2,4,6-tribromonitrosobenzene and 2,6-dibromonitrosobenzene derivatives.

3,1 E 2,6-Dichloronitrosobenzene (IX)

The results obtained with (IX) fitted the pattern emerging for the
other di- and tri-halogenated nitrosoarenes. The appropriate nitroxide
was generated when (IX) was allowed fo reqct with hydroxide ion in the
presence of methyl, ethyl, n-propyl and isopropyl iodides (for example,

"Figure 3.12 and 3.13). The splitting consténts are given in Table 3.1.
Also, the secondary radicals were detected at higher alkali concentration
with ethyl and n-propyl iodides'(Figure 5.14) but not with methyl and
isopropyl iodides. The splitting constants (Table 3.5) are very close

to those found for the corresponding radicals generated from (VIII).
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E.s.r. Spectral Parameters of the Nitroxides ArN(R)O. detected from

Reaction (xv).

The values below are for DMSO + ca. 5% H,0 solutions unless stated

otherwise. .
Alkyl group®
“ATNO CHy CH, CH, CHZCH20H3 CH(CH3)2
C4HgNO 11.15 (1N) 11.10 (1N) 1 11.55 (1N)
1.00 (2H) 0.90 (2H) . 0.95 (28H)
2.95 (3H) - 2.80 (3H) 2.80 (3H)
10.40 (3H) 8.00 (2H) 3.55 (1H)
0.25 (3H) 0.25 (6H)
g = 2.0055 2.0055 2.0055
-C6D5No ST 11.00 (1w)%* - 11.20 (1w)"*
| 7.90 (28) 3.30 (1E)
5 1O 13.00 ()% 13.25 (1N) 13,15 (1N)  13.25 (1N)"
xr B ’ -
@ i 0.65 (2H) 0.65 (2H) 0.95 (2H)
' e 12.00 (3H) 11.30 (2H) 10.65 (2H)  17.50 (1H)
| 0.35 (3H) 0.45 (2E)
g = 2.0065 ) 2.0066 2.0066 2.0066
X 14.40 {1N) 13.45 (1N) 13.15 (1N)  13.40 (AN)"
B Br ~
'@ 0.70 (2H) 0.65 (2m) 0.95 (2H)
0:35 (1E) 0.35 (4H) 0.45 (3H)
13.10 (3H) 11.65 (2H) 10.95 (28)  7.95 (1H)
"ﬂ = 2.0065 ‘ 2.0064 2.0065 2.0064
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NO
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Cl

NO

Cl[::::]CI
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13.15 (1N)
oﬁé(zﬂ
12.15 (3H)

= 2.0063

13.40 (1N)
0.65 (2H)
0.25 (1H)

12.40 (3H)

= 2.0062
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13.15 (1N)

0.70 (2H)
10.65 (2H)
0.35 (3H)
2.0063

13.25 (1N)
0.70 (2H)
0.35 (4E)

11.00 (2H)

2.0062

12.90 (1w)?
0.95 (2)
10.05 (2H)

~ 0.45 (o)

2.0064

13.15 (1N)
0.95 (28)
0.45 (3H)

10.30 (2H)

2.0062

13.15 (1N)"
6.00 (1H)

2.0063

13.40 (1n)F

6.65 (1H)

'2.0062

d Splitting constants are given in the unit of Gauss

.. g-values to + 0.0001

¥  Broad lines due to unresolved coupling

A Reoordeq in DMF solution

-4 Not recorded

g 2,4,6-Br

3.6)

3

+ Not detected

+ 0.05 G, and the

C6H2N(CD3)O- has 13.40 (1N), 0.65 (2H) and 1.90 (3D) G (Figure

+ Each line split into a multiplet due to partly resolved coupling.
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ESR spectrum of 'isopropyl phenyl nitroxide in aqueous DMSO

solution. Below is an expansion ofhthe low-field part of the spectrum.

Figure 3.2
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Figgfe 3.6 ESR spectruﬁ of d3—methy1 2,4,6-tribromophenyl nitroxide in

dqueous DMSO solution.

Figgre 3.7
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ESR spectrum of the secondary persistent radical (Section 3.11)

detected in the reaction of (VI) with n-propyl iodide in alkaline agueous DMSO.
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Figure 3.9 ESR spectrum of isopropyl 2,6—dibr6mophenyl nitroxide in

aqueous DMSO.
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Figure 3.10 ESR spectrum of isopropyl 2,4,6-trichlorophenyl nitroxide

(broad lines) and the secondary radical (narrow lines, Section 3.11).



Figure 3.12

nitroxide and the corresponding secondary radical in alkaline aqueous

DMSO solution.

Z
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" Fi e 3.1

alkaline aqueous IMSO solution.
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ESR spectrum of a mixture of the ethyl 2,6-dichlorophenyl

L e

ESR spectrum of n-propyl 2,6-dichlorophenyl nitroxide in
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Section 5.2

The Mechanism of Nitroxide Formation in the Reaction of C-=Nitroso Compounds

with a Base and Alkyl Halide [ Reaction (xv)].

Possible mechanisms for the production of the alkyl aryi nitroxides
qbserved in the reaction between an alkyl halide, base and nitrosoarene
[ﬁeaotion (xv)] are |
a) by a substitufion reaction involving an anionic or radical-anionic

intermediate:
ArNO® + RX ——>  ArN(R)O- + X~
and/or ArNO°~ + RX — ATN(R)O- + X-

AmN(R)OT  ——» - mN(R)o-

82
and/or  ArNOT + RX ———  ATN(R)O™ + X-

_ArN(R)o" —-‘i--—> ATN(R)O*

and/or ATNHO~™ ~ + RX ——> ATN(R)OH + X~
ArNOH™ . '
ATN(R)OE ——o 3  AN(R)O-

(ArNO) (XXVI)
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b) by an electron transfer process (cf. Sﬁmj)£

e~ donor + R —— [Rx]T
[RX]-‘- _I_‘ap_id__) R + X
ArNO  + R+ —— ArN(R)O-

The electron donor would be envisaged as some intermediate from the

reaction of the nitroso compound and the base.

A fesult not consistent with b) was obtained when a nitroxide was
not detected (Section 3.1 B) when RX was iodobenzene, yet aryl halides
are known to participate in substitution by the SRN1 mechanism.58 A
hitroxide would not be expected with aryivhalides if route a), involving
nucleophilic or homolytic substitution, were involved, because of the
difficulty of attack by negativelv charge intermediates on non—‘

activated arenes.
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Section 3.3

Spin Trapping

In order to distinguish between the two types of mechanism outlined
the possible intermediacy of alkyl radicals was investigated. 2-Methyl-
2-nitrosopropane ('nitrosobutane') was examined for use as a spin-

trap in the reaction.

; The reactions between nitrosobutane and potassium t-butoxide ér
aqueous sodium hydroxide’were examined in DMF, DMSO, ethanol or t-

butyl alcohol as solvents. In agreement with a previous report47 (see
Section 1.4) di-t-butyl nitroxide, the 2—methyl—2—nitrosopropane radical-
anion and the 2-methyl-2-nitropropane radical-anion were detected
depending upon the reaction conditions. With DMSO as solvent, t-butyl
methyl nitroxide was also observed with either potassium-t—butoxide or
sodium hydroxide as the base. For this reason DMSO was not used as

a solvent for spin trapping experiments. In DMF solution with sodium
hydroxide as base, several nitroxides formed from the trapping of

gsolvent derived radicals, in addition to di-t-butyl nitroxide, were

found (Figure 3.15):
’ 96 .
12.20 G (IN) assigned” to Bu ‘N(0 )CO.NMe2
18.65 ¢ (1§)| - | ‘

' > ¢ (m) - ButN(O-)NMez
0.90 ¢ (1) | : :
14.75 ¢ () |

2.35 ¢ (1N) : - Bu“N(0* ) CENMMe . CO

17.50 ¢ (1H)

96,97
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The above reéults in DMSO and DMF show the presence of a reactive
radical in the nitrosobutane - base reaction (Section 3.5). By contrast,
in ethanol solution the ?eaction between nitrosobutane and sodium |
hydroxide or potassium t-butoxide generated only low concentrations of

di-t-butyl nitroxide.

In t-butyl alcohol, sodium ﬁydroxide and potassium t-butoxide
‘both reacted with nitrosobutane to form di-t-butyl nitroxide and a
second radical with a large nitrogen splitting (25 to 28.5 G) assignhed
t§ either the 2-methyl-2-nitropropane radical-aﬁion or t-butyl t-butoxy

nitroxide.

The above series of experiments was repeated with the addition of
methyl iodide, chosen in order to minimise the spectral overlap of
di-t-butyl nitroxide and the expected alkyl t-butyl nitroxide. The
presence of methyl iodide in the reaction of nitrosobutane and base had
no effect upon the production of the long-lived radicals, except in two
instances. Firstly, when the reaction was performed with DMF as solvent,
the conceﬁtration of nitroxides generdted from the trapping of solvent-
derived radicals was reduced (see Section 3.8). Secondly, when ethanol
was the solvent, aﬁd sodium hydroxide the base, the spectrum attributed
to tfbutyl methyl nitroxide was observed at low intensity after approxi-
mately 30 minutes reac?ion time. Thus, when in competition with other
reaction routes, basic solutions of nitrosobutane react only slowly, or

not at all, with methyl iodide to generate a nitroxide.
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For the "spin-trapping" experiments the following reaction system

was used as a model,

NO

" Br Br . .
Bu'NO + [:::] + CH3I + base + solvent

Br
in which the base was sodium hydroxide or potassium t-butoxide and the
solvents were t-butyl alcohol, ethanol or DMF. These reagents would
cause a minimum of.spectral overlap for the radicals expected. For all
the combinations of solvent and base, methyl 2,4,6-tribromophenyl nitroxide
and di-t-butyl nitroxide were detectea in high concentration. In t-
butyl alcohol a third radical was detected [gg. 27 G (1N), ButNOZT or
ButN(OBut)O-]. Only in ethanol solution was t-butyl methyl nitroxide
detected (Figufe 3.16). The spectrum of this radical appeared shortly
after transfering the reaction mixture to the spectrometer, and the
radical concentration was higher than that observed in the absence of
the nitrosoarene. Thus the above results:possibly indicate the presence

of methyl radicals generated in reaction (xv) in ethanol solution.

However further evidence bearing on this is described below.
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Fiv e 3.15 ESR spectium of the mixture of radicals detected from the

reaction of aqueous sodium hydroxide with nitrosobutane in DMF.

But2NO' lines are marked A

ButN(O‘)CO N(Me), B i

]

Bu "N (0+ )(e), e

The remaining lines are attributed to ButN(O')CﬁzNMeCOZH.
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Section 3.4

The BEffect of a Nitroarene

p-Bromonitrobenzene (XXVII) was used as a model nitro-compound

and the following results were obtained.

When sodium hydroxide was added to nitrosobutane and (XXVII) in
ethanol, di-t-butyl nitroxide and the radical-anion of (XXVII) were
detected, showing that_the nitrosobutane-base reaction mixture is cgpable
of reducing (XXVII) (the radical-anion was not observed in the absence
of nitrosobutane). If methyl iodide was adéed to the above reaction
solutién the radical—anioﬁ of (XXVII) was replaced by that of methyl t-
butyl nitroxide. Furthermore, if methyl iodide was present before the
addition of sodium hydroxide, the spectrum of methyl t-butyl nitroxide
was observed initially and in higher concentration than w@en the nitro

compound was absent.

Thus the presence of (XXVII) promotes the generation of t-butyl
methyl nitroxide. A similar effect was observed when lead dioxidé was
added to an etﬁanol solution of nitrosobutane, methyl iodide and aqueous
sodium hydroxide. Iead dioxide is known to be a good one-electron

oxidising agent, capable of generating a nitroxide from the corresponding

hydrdxylamine:98
' Pbo b
R'R2NOH —2 5 =r'E0
-H-
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It seems that (XXVII) is capable of accelerating the oxidation and
2,4,6-tribromonitrosobenzene would be expected to accept an electron
also. (Half-wave polarographic reduction pectentials lie in the order,
131f°1\102 > Bu'mo > ATNO, > AINO for most Ar groups).

Consequently, the result in Section 3.3 from reaction (xvii)

performed in ethanol solution,

NO
Br Br L patno 4 CH;I +. NaOH —»
Br
o° CH
S P 3
Br Br % t
+ Bu NO* + BuN(CHB)O- (xvii)

r

where methyl t-butyl nitroxide was observed in higher concentration than
when the nitrosoarene was absent does not indicate the pfesence of methyl
radical, but suggests a change in the equilibrium position of (xviii).
% X, t
BuN(CHj)OH _ BuN(CH3)O- (xviii)
. =X ]

(XXVIII)

where X = ButN(O)=CH2 or ArNO
(XXVIII) May be formed in reaction (xvii) either by trapping of
methyl radicals or from a substitution step involving methyl iodide

(cf. routes a) and-b) in Section 3.2).
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Section 3.5

The Formation of a Reactive Radical in the Reaction of a Base and a C-

Nitroso~Compound.

In the previous section it was néted that in the reaction of nitroso-
butane with base in DMF or DMSO, nitroxides, which originated from the
trapping of solvent derived radicals, were detected.

\

When 2,4,6-tribromonitrosobenzene was allowed to react with sodium
methoxide in DMSO the spectrum of the corresponding aryl methyl nitroxide
was detected. Also in the reaction: ATINO + BRI + base in DMSO (Ar =
2’4’6-01306H2’ R = n-propyl and the base was aqueous sodium hydroxide;
Ar = 2,4,6—Br306H2, R '= ethyl and the base‘was ageuous sodium
hydroxide,-or potassium t-butoxide in t-butyl alcohol), a similar effect

was seen and the appropriate methyl aryl nitroxide was detected in low

— ~ —

,

concentration.

The above results indicate that the hydroxyl radical (or alkoxyl
radical where appropriate) is generated by the reaction of a nitros;-
compound with a base. The hydroxyl radical is known to be a powerful
oxidising agent énd undergoes rapid SHZ reaction with DMSO to generate
methyl radicals.93
There are two probable routes. to hydroxyl radical generation:

-

1)‘ The oxidation of the adduct formed by attack of hydroxide ion on the

nitroso-compound:
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R-N=0 + OH —_— R-N-OH
‘ |
o~

(02? lRNO
RNOT + RNO + OH (+40,7)
(ii) By reduction of dissolved oxygen:

0

(RNO + OH") —2—» 0, LN H,0,
+2H+
B0, -—— HO" + OH
(,eg 02')

199

A third possibility exists for nitrosoﬁutane. Electrochemica
or sodiumwO reduction of nitrosobutane has been shown tokgenerate the

salt (XXIX) from addition of t-~butyl radicals to the 2-methyl-2-nitro-

. . 100 U :
propane radical-anion. N —

% -
Bu N+ 9]
N

+7 N
Bu o

Mt
(XX1X)

The salt is readily hydrolysed to di-t-butyl nitroxide, hydroxide ion and

hydroxyl radical,wo’w1

Bu® o Bu®
.+
N

4 /

7
N o
Bu 0 ‘. ~ Bu

Rt



- 137 =

01 by the blue chemiluminescence accompanying the

which was detected1
hydrolysis in aqueous luminol [after the salt had been generated from the
reaction of 2-methy1—2—nitrobropane with a Grignard reagent (R'ng).]

But

AN +

]
Bu'NO, + R'MgX ——> wor  mex

2

It hag been reported47 that nitroxides generated from the trapping
of solvent derived radicals are observed only in the presence of éxygen
- for the reaction of nitrosobutane with potassium t-butoxide. However,
this was interpreted47 in terms of the intermediacy of [ButN(O_)OO-],
(see Section 1.4). The nitroxides were observed in both alipkatic and

aromatic solvents, but intermediate hydroxyl radical could also account

for the nitroxides detected:

Of + R —s R+ + HPD (xix)

Bu'NO + R —_— Bu.tN(R)O'

’

OH + ArH -———+
X

- - . |
ZBu NE) / | o
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(xx) is analogus to the acid or base catalysed loss of water from the

hydroxyl adducts of substituted phenols.mz’103

E OH -
. ~H,0
WOH + ArOH ——> x — @X
‘ . OH 0. ,

103

Ar = Dbenzoic acids,m2 benzene suiphonatés.

In (xx) the reaction would be catalysed by the basic conditions
and if the hydroxylamine derivative (XXX) is formed catalysis ﬁay be

intramolecular.

"It has recently been claimed96 that in the reaction (ArN02 +
base + ‘ButNO), in the presence of atmospheric oxygen, the observation
of nitroxides derived from the trapping of solvent radicals was evidence

for an electron-transfer step in the aromatic nucleophilic substitution:

ArNO, + OH —— Arl\rozT '+ -OH
(xx1) ' XSH (solvent)
| . %

ma'n(s)or & s+ + EHO

It was Js'eported96 that as the concentration of nitrosobutane was kept
low compared with (XXXI) and nitroxides were not detected in the
“absence of (XXXI), then the appearance of such radicals was connected

with the interaction of (XXXI) with the base. However, (XXXI) may

accelerate the generation of hydroxyl radical from the reaction of
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nitrosobutane and hydroxide ion and this was not considered:

. _ ‘ . Aﬂm2
BuNO + OH ~——— [BuN(0")OH] —>=5%

[ButN(O-)OH] + ArNO,

l

Bu'No + O

In Section 3.4 the reaction of an aromatic nitro compound with
nitrosobutane and sodium hydroxide in for example DMSO, was investigated
and the nitro-radical-anion was ﬁot detected unless nitrosobutane was

present.
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Section 3.6

The Use of Electrolysis for C-Nitroso-Radical-Anion Production

Electrolytic methods for radical ‘generation seemed ideal for
an investigation of the mechanism of nitroxide formation in the reaction

of nitroso-compounds with alkyl halides and base. Long-lived radical-

H *

anions may be generated conveniently in the cavity of an e.s.r. spectro-

104

meter as shown by Geske and Maki and the polarographic, one-electron,

half-wave reduction potential, E1/? of nitrosobenzenew5 is less than
that of an alkyl iodide.m6 Thus conditions could be used where the

direct reduction of the alkyl iodide at the'cathode was not probable, at
the séme time generating the nitroso-radical-anion by a "clean" route.

It has been shown105 that E1/é for nitrosobenzene depends upon the

cation present, supﬁlied by the electrolyte. In DMF solution with the
ammonium ion or the magnesium IT ion E, s, is ca. -0.3V (v: SCE) and a
two-electron process is involved, whereas'with tetra—alkylammonium ions

or alkali metal ions E1/2 is ca. -0.9 7V and a one electron step, is

" involved. Consequently, a tetra-alkylammonium salt . (iodide or perchlorate)

was used.

By generating the nitroso-radical-anion electrolytically, the
presence of a base is avoided and any short-lived infermediate formed
between the base and nitroso-compounds [e.g. (XXXII), (XXXIII) and

(xxx1v)], acting as an-electron donor, is no longer present.

(XXXII) ArN-OR'
|
o-
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RO NO

(XXX111) . (xxxiv)

2

E” TOR

Polargoraphic and cyclic voltametric studies of the electrochemical
reduction of nitrosobenzene in dry dipolar aprotic solvents show that
the first reduction step is a reversible one - electron addition, whereas

in protic media a reversible two-electron step occurs:1o5’106

PhNO &y PuNoOT aprotic medium
cathode

PhNO + 2¢~ + 2H' ———3 DHNHOH protic medium

In an aprotic medium a second, reversible, one-electron reduction

105

step occurs at a higher potential, corresponding to dianion formations:

PHNO -0.9 V (v.SCE) > PhNO- Nat counterion

o= —1eTTV (v.SCE) > PhNO®~ Na+ counterion

The reduction potential used for nitrosobenzene was ca. -0.8 V
(v.SCE) with tetra-n-butylammonium counterion in dry DMSO or DMF. The

scheme shown below was therefore, considered improbable.

PhNO _cathode . py\HOE(PHNHO™)

-

PhNHOH + RI ————» PhN(R)OH (+ HI)

PhN(R)OH + PhNO ——> PhN(R)O* + PhNHO"
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However, although in general radical-anions are kinetically
stable in aprotic solvents, because the following equilibrium lies to
the left:

OPLNO®  e==—=> DhNO + PhNO°"

disproportionation will occur if the: dianion is consumed (e.g. by
reaction with a proton donor). In general, the disproportionation of a
radical-anion is less unfavourable if the radical-anion is present\as

51

an ion pair or higher aggre.gate, so that polar solvents hinder dis-
proportionation. A consequence of the above equilibrium is that it is
not safe to assume that a reaction of a radical-anion does not proceed

through the dianion.

Nitrosobenzene and 2,4,6-trichloronitrosobenzene were used as
model aromatic nitroso-compounds for the electrolytic experiments. The
e.s.r. spectrum of the ﬁitrosobenzene radical-anion appeared about five
minutes after the mercury cathode had been maintained at ca. -0.8 V
(V. SCE). 1In the presence of molecular oxygeﬁ, the nitrobenzene radical-
anion appeared in increasing amount aftér the nitrosobenzene radical-
anion was detected. Under nitrogen, when methyl iodide was also present,
only the spectrum of methyl phenyl nitroxide was observed, at the same
reduction potential. §imilar results were obtained with 2,4,6-
trichloronitrosobenzene (Figure %3.17). The corresponding nitroxide was
also observed from the reduction of 2,4,6-trichloronitrosobenzene in
the presence of ethyl, isopropyl and n-propyl iodides, but in none of

these experiments was second long-lived radical observed as in the
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reaction in the presence of a base. (Section 3.11).

Therefore the appropriate alkyl aryl nitroxide was formed in the
absence of oxygen at the potential required for nitroso-radical-anion
formation, so that.neither the nitro-compound, its radical-anion, nor

superoxide (0,°) is required (see Section 3.7).

The spin'trapping and electrolytic experiments show that the nitrosé—
radical-anion, or possibly the dianion, is the reactive intermediate for
nitroxide formaiion and that an electron-transfer step generating free
alkyl radicals is not invc;lved in Reaction (xv) (ATXNO + RI + base,

Ar = Ph; 2,6—01206H 3 2,4,6-C1 Celos 2,6—Br206H and 2,4,6-Br C6H2

3 5 3

" and R = Me, Et, Pr, Pr™).

7

These conclusions are confirmed by a study1o of electron-transfer
reactions befween an electrolytically generated radical-anion (A.) and a
less readily reducible compound (BX) forming an unstable radical-anion,
by means of polarography. The rate of reduction of BX by A~, measured

by the catalytic increase in wave-height of A, was seen to be dependent

upon the difference in the reduction potentials (AE1/2) of A and BX.

108

Tt was shown that the logarithm of the rate constant (kx), varied

linearly with a negative gradient against AE1/2. A similar dependence

of k on AE1/? was expected regardless of whether (xxi) or (xxii) was the

rate controlling step. ~

]

AT + BX .<-———-——‘ A+ [E]F (xxi)

[BX]7 == B + X (xxii)
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Their results suggest that for the (ArNO. + RI) reaction where

. 105,10
8B, /, is . 0.8V 22199 (for Ar = Ph; 2,6-X,0cL,;  2,4,6-X,C(,,

| 5? 3
X = ClorBrand R = Me; Et; i-Pr) a value of ca. 1074-10"%1m017 "5~
for the rate constant would result. In the reaction of superoxide

(027) with an alkyl bromide where AEi/é is ca. 1.2 V,71’109 a Sy2

mechanism with almost complete inversion of configuration operates.53
Thus for the reaction of a nitroso-radical-anion with an alkyl iodide a

‘direct electron transfer mechanism is not expected to compete with

subsfitution.
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Section 3.7

The Reaction between a Nitroarene Radical-Anion and an Alkyl Todide.

This reaction was investigated, using e.s.r. as a possible route
for nitroxide formation in Reaction (xv). In the presence of oxygen,
nitrobenzene is expected to be the major product in the reaction of
ﬁitrosobenzene and a base, and the e.s.r. spectrum of the nitro-radical-
anion has been detected in the reaction (see Section 1;4). The reaction
of alkyl halides with nitro-radical-anions has been investigated 6n1&

110

kinetically, and the results were consistent with alkyl radical

formation.

Nitro-radical-anions were readily generated from the nitroarene

by the action of alkaline aqueous sodium dithionite in DMSO or DMF.

~ ~—

- .
8204 — 2SO2

+ S0.,°+ —m ArNozT + 80,

ATNO, 2

(Ar = p-BrCgH, s 2,4,6—But306H2; Ph)

When methyl iodide was. present in the above reaction the nitro-
radical-anion was not detected. When it was added to reaction mixtures
this signal decayed répidly. The effects of ethyl and. isopropyl
iodides were similar to that of methyl iodide, but the radical-anion

decay was less rapid. In the presence of oxygen the radical-anion is

in equilibrium with superoxide ion,72 which reacts rapidly with alkyl
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halides.53’54 The reactions were, therefore, repeated in the absence
of oxygen, to determine whether the displacement of the equilibrium
- below was the reason for decay. of the nitro-radical-anion signal:

< —— ' .
ArN02 + O2 ——] A:cl\TO2 + O2

0,° + RI ———3 ROO" + I

ROO» ~————— products

In fact, in the absence of oxygen the same effect was detected, showing

that the above scheme does not account for the observations.

When methyl iodide was added dropwise to solutions of the nitro-

~benzene radical-anion, in the absence of oxygen, a weak e.s.r. signal

replaced that of the nitro—radical-anion (Figure 3.18). The spectrum
is tentatively assigned to methyl phenyl nitroxide and its formation may

be rationalised by either a substitution or an electron transfer

process.
Phl\"TO2T + CHgI = PuNO, + [CH317]
[cg317] —>  CHp + '.I"
PANO,® + 6H3 —- PhLlTOCHB. — PINO + 6033
o

PLNO + éH3 — > ©uN(CH3)0-

[
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or PhNozf' + CHBI _— 'PhNOCHB + I
' l

0.

PANOCH; (or amion) ——> PHNO + 6053 (ox oCH;)

0-

PhNO + PhNO,.» — PhNO* + PhNO

2 2

PhNO- + CH;I ——> Ph.N(CHB)O.- + I

Reduction of nitrobenzene by electrolysis, in the absence of
oxygen, produced high concentrations of the radical-anion; however, in
the présence of methyl iodide under the same conditions a radical was
not observed.

Thus the nitro~radical-anion, when\present, may contribute to
formation of the alkyl aryl nitroxide in the reaction of the correspon-

ding nitroso-compound with an alkyl iodide in the presence of a base.

——-
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Section 3.8

An E.S.R. Investigation of the Reaction of 2-Methyl-2-nitrosopropane with

an Alkyl Todide and Base.

2~Methyl-2-nitrosopropane (mitrosobutane!) was feduced electrolytically
in the presence of methyl, ethyl or isopropyl iodide in DMSO solution.
In the absence of an alkyl iodide the nitroso-radical-anion (QN = 11.75 G)
and di-t-butyl nitroxide were observed. With ethyl or isopropyl iodide
(Figure 3.19) the corresponding alkyl t-butyl nitroxide was detected.
However, when nitrosobutane was reduced in the presence of methyl\iodide
only di-t-butyl nitroxide was observed. This would be expected from

111 i
(Me < Et < Pri< Bul);

.the ielative stabilities of the nitroxides formed
the steady state concentration of methyl t-butyl nitroxide being too
low to detect. ‘ |

DMSO was not used as a solvent f;f'thé reaction og\nitrosobutane
with an alkyl iodide and base since methyl t-butyl nitroxide was
observed in the absence of the alkyl iodide (Section 3.3). Instead,
nitrosobutane was allowed to react with methyl, ethyl or isopropyl
| iodide and sodium hydroxide in DMF solution. The Yeaction did not lead
to the observation of any dialkyl nitro#ides (nor any t-butyl nitroxides
formed from the trapping of solvent derived radicals, see Section 3.3),
whereas in ethanol solution %he appropriate alkyl t-butyl nitroxide
was detected. Thus in the diéolar-aprotic solvent DMF, nitroxide
formation is not competitive witﬂ hydroxide attack on the alkyl halide,
whereas in the more strongly solvating hydroxylic medium this reactiop ‘
is slowei. In agreement with the electrolysis results, the steady |

state concentrations of the alkyl t-butyl nitroxides were in the order
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Pri> Et> Me. Methyl tbutyl nitroxide wés not observed unless an
oxidising agent (lead dioxide or a nitrobenzene derivative) was present;
it is generated, but dispropdrtionates.rapidly to the hydroxylamine

and methylene nitrone. The oxidising agent alters the hydroxylamine-

nitroxide equilibrium in favour of the nitroxide.

2ButN(Me)O. —_— ButN(Me)OH + ButN(O)=CH2

AN

PbO2

Although the electrolytic reductions were performed at the lowest
potential required for observation of the nitrosobutane radical-anion,
the polarographic half-wave reduction potentials for nitrosobutane and

the alkyl iodides are sufficiently close [difference, (AE)ca. 0.4 V] that

an electron-transfer mechanism, is not excluded (Section 3.6)107. For

AE ca. 0.4 V the corresponding rate constant (k) 15107 ca. 101 mo1” s
however, when AE was large (_c_:_a_. 0.4 V) the error in determining k

increased up to ca. 30%.107

-
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Table 3.2

E.S.R. Spectral Parameters of the Nitroxides ButN(R)O- observed from

the reaction: Butl\TO + RI + base (or cathode) in DMSO.

R ay (1) 2y (alkyl)

| +0.05 G ) + 0.05 @
CH, 16.5 13.25 (3H)
CH2CH3 15.75 | 11.40 (2H)
CH(CH3)2* 15.60 1.60 (1H)
’ 0.32 (6H)

* .g_—value = 2.0058
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Figure 5{19 ESR spectrum of isopropyl t-butyl nitroxide detected from
the electrolytic reduction of nitrosobutane in the presence of isopropyl

iodide in DMSO solution. ThetMﬁzo lines are shown on an ekpanded scale.

-



- 154 -

Section 3.9 _ : i

The Krgnke Reaction

In the Kronke reaction, where a nitrosoargﬁe reacts in basic
conditions with a pyridinium salt to give a nitrone product (see the
Introduction), the results from the reaction 6f a nitrosoarene, alkyl
halide and base is relévant to the mechanism. The nitroso-radical-anion

:may attack the pyridinium cation to form a nitroxide which would decay

" to the nitrone:

ArNO + ‘base —m ATNO~

ATNO®  + g | ———  ArN(R)O: 4 -
| N
R .

 ATN(R)O* ——3 ' ArN=CHR'

N;aikylpyridiniumAiodides were prepared by allowing the alkyl
iodide to react with an excess of pyridine in DMSO at room temper-
ature for one hour. 2,4,6-Tribromonitrosobenzene was then dissolved
in the resulting solution an@ aqueous sodium hydroxide added dropwise.
Wifh N-methylpyridinium iodide a complex e.s.r. signal was observed
[Figure 3.20, 5.70 G (1¥), 5.30 ¢ (3H), 4.25 e (1H), 3.10 G (1ﬁ), 1.80 G

(2H) and 1.10 ¢ (1H)].
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The splittings correspond to those expected for a pyridinyl

98,112

radical. Such radicals are long-lived when substituted in the

98

para-position by an electron withdrawing group:”

H— =

(xxxv)

If the para-position is not blocked then reaction with the pyridinium
),98,113

ion occurs to yield a viologen radical-cation (XXXVI

The -nitrosoarene was necessary for the observation of the pyridinyl

radical as the alkali alone and N-methylpyridinium iodide did not give
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a radical product. The action of alkali on N-alkylpyridinium salts

114

gives a 2-pyridone (XXXVII):

~ OH~ . .
. N oxidation
+ — —_—
\N e.g.
1% KB[Fe(CN)6]

When sodium methoxide was used in place of sodium hydroxide
another complex signal was observed, which decayed too rapidly for
analysis. Similarly, a pyridinyl radical was observed from the reaction
between N-methylpyridinium iodide, nitrosobenzene and sodium hydroxide,
which decayed too rapidly for complete analysis (Figure 3.21). Thus
it appears that the reactions lead to tﬁé formation of a pyridinyl
radical, probably of the general formula (XxxXv), through substitution

into the heterocyclic ring.
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ESR spectrum of a pyridinyl radical formed from .

e 3.20

Fi

,6-tribromo-

)
i

hylpyridinium iodide with 2,4

the reactioﬁ of N-met

nitrosobenzene and sodium hydroxide in équeous DMSO/byridine.

The low-field part of thé spectrum is shown on an expanded scale

(overleaf) followed by a computer simulation.
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Figure 3.21 ESR spectrum of a pyridinyl radical formed from the
reaction of E—methylpyiidinium ‘iodide with nitrosobenzene and sodium

hydroxide in aqueous QMSO/pyridine.
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Figure 3.2 ESR spectrum of (XXX1X), R = Pr" detected from the

electrolytic reductioh of (x) in the presence of isopropyl iodide.
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Section 3.10

A Steric Effect in Reaction (xv).

During the course of the'work described here, the authors of the
report6o which first led to the investigétion undertaken amended their

115

original reaction scheme. Initially they proposed a radical mechanism
for the reaction of alkyl halides with mercaptide ions, supported by

. the detection of nitroxides when a C-nitroso-compound was present in

\

fhe reaction. This scheme was discarded in favour of direct involvement
of the nitroso-compound, reacting Xig the radical-anion with the élkyl
halide to form the nitfoxide observed., The main evidence in support

of this came from the results with 2,4,6-tri-t-butylnitrosobenzene (X),
(reducing agents = sodium metal or sodium mercaptides), where the ratio
of N-alkylamino radical (XXXIX) to nitroxide (XXXVIII) observed was
rgreater than that for reaction with thg corresponding alkyl radical.

' This was said to show that a substitutidn reaction, involving a greater

steric requirement, led to the radicals observed.

NO . . NO< .

+ R'S

' + RX
R T 0. . OR

(XXXvIII) | ' (XXXIX)
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The reaction of sodium with nitrosoarenes in ethereal solution
has been shown116 to produce the radical-anion, the dianion and the

dimeric dianion:

ONa
ArN—-NAT

ONa

The possibility of reaction via one of these dianions or by direct
reduction of the alkyl halide by sodium was not considered:

Na + R —mm Na+ + X 4+ R-

TN e

ATNO + R+ —> ArN(R)O- + ATIOR

The ease of reduction of nitrosobenzene was overestimated. The
reduction potential for an aqueous, pH 7, buffered solution quoted

(E1/2 = 0.10V v.SCE)117 correéponds to a two-electron step generating

N-phenylhydroxylamine.

PhNo Y28 PLNHOH
+2H+

The relevant reduction potential is that for aprotic solvents, a one-
electron step to generate the radical-anion (E1/é = -0.8 V v.SCE in

DMF with sodium nitrate electroly‘te,m6 E1/2 =-0.9V v.SCE in IMF with

alkali metal or tetra-alkylammonium cation.1o5). Although figures for
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only the oxidation 1 of (X) are available, a value for its reduction

potential between -1.0 to -1.5 V v.SCE may be deduced by comparison with

the values for the equivalent nitro-compounds. [E1/2 (PhNOz) ==-1.1V v.
. ey : % R

'8CE in DMF or acetonitrile; Eq/p (2,4,6-Bu 3C6H21\T02 = -1.5 V v.SCE in

107

acetonitrile]. Consequently, the radical-anion of (X) may be capable

of transfering an electron to an alkyl iodide.

Generation of the radical-anion of (X) by electrolysis should

| gimplify the reaction system and avoid the direct reduction of the alkyi
halide. The radicalfanion of (X) was readily detected during electrolytic
?eduction of (X) in DMF solution with tetra-n-butylammonium iodide

as supporting electrolyte. Solutions of (X) and an alkyl iodide were
reduced at the minimum potential required to genefate the nitroso-
radical-anion. In the presence of methyl iodide both the anilino radical
and the more persistent nitroxide and were observed (Figure 3.22). [A
similar result was obtainéd when methyl iodide was added to(X)and
potassium t-butoxide in DMSO in the absence of oxygen]. In the previous
report only traces of the nitroxide were observed. In the electrolytic
reduction of (X) in the presence of ethyl iodide the radicals (XXXVIII)

and (XXXIX) (R = Et) were detected in low concentration. In the
presence of isopropyl iodide only the anilino radical was observed

(Figure 3.23).

-

Thus similar regults were obtained using the electrolytic method
as had been obtained by the other workers, and are consistent with a
substitution reaqtion. However, the:results do not exclude the
possibility of the dianion as the effective nucleophile (Section 3.6):

e

ArNOT 4+ EBX ——> ArN(R)O:- + ATNOR + X~



or
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DATNO® =———> ATNO + ArNO>"

AN0® 4+ RX ——  ATN(R)O(+ ATNOR) + X

AN(R)OT ey A;«N(R)b"

AYNOR ——=——3  ATrNOR
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Table 3.3

S . t
E.S.R. Spectral Parameters of the Nitroxides, 2,4,6-Bu 395H2N{R!O-

detected from the Reaction, (X) + RI + base (or cathode) in DMSO.

Hyperfine Splittings/G

R | + 0.05 G
2y (1N) 2y (m-H) 2 (alkyl)
CH3 13.20 0.80 12.95 (3H):
CH,CH; - 13,75 0.80 | 18.5 (2H)
CH(CH3)2 Not detecéed
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Table 3.4
E.S.R. Spectral Parameters of the N-alkoxyanilino radicals 2,4,6-
But}(_)61_{21<TOR detected from the Reaction (X) + RI + base (or cathode)
in DMSO.
Hyperfine splittings/G
R , : + 0.05 G
ay (1N) 2y (m-H) ag (alkyl)
CH, 12,20 2.25 , 2.25 (3H)
CH,CH, 11.80 - 2.05 : 2.05 (2H)

CH(CH3)2 ' 11.35° 1.75 1.75 (1H)
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Section 3.11

The Second Type of Persistent Radical detected from Reaction (xv).

As described previously (Section 3.1), a second type of persistent
radical (XXV) was often formed in the reactions of alkyl iodides and
based with nitrosoarenes having chlorine or bromine at the 2,6- or

The spectra (Table 3.5) are characterised by a nitrogen splitting
| of ca. 9.5 G and a (1:2:1) triplet (ég, 1.25AG; ethyl or n—propyi
 iodide) or a doublet (é_a. 1.25 G; isopropyl iodide). The smaller
splittings are assigned to the alkyl groups. Although the spectra

were observed from solutions of similar composition, small variations
in the splitting constants were found (Section 3.1). The nitrogen and
alkyl group splittings were seen tg increase simuitaneously, indicating

"~ that the alkyl group is probably situated close to the nitrogen atom

and not on the aryl group.

The g~values, ca. 2.0054 (bromq compounds) and gg{ 2.0047 (chloro
compounds), sﬁow the preseﬁce of at least one halogén atom in the
radicals Lgﬁ. the corresponding grvalue‘ change on going from the
chloro (ca. 2.0062) to the bromo (ca. 2.0065) substituted aryl alkyl
nitroxides]. The observatioh of halogen in the radical indicates the
presence of an aryl group, alfhough meta~-proton couplings were not

detected (linewidth ca. 0.3 G).

The nitrogen and proton splittings and the g-values are all

con31stent119 w1th an N-alkoxyanilino radical structure (ArNOR)
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However, the absence of meta- and ‘Egggrproton couplings does not
support this assignment, unless the substitution pattern of the aryl
group has bhanged during the reaction. Nucleophilic substitution by
hydroxide into the ring is a possibility, supported by the conditions
under which the radicals were detected, they required longer reaction
times and higher alkali concentrations than those required for detection
of the corresponding nitroxide, and were not detected using the o

eiectrochemical'or photolytic methods (Sections 3.6 and 3.1).

Hydroxide ion may éttack eithei the ring or the nitroso-group
of halogen substituted nitrosoarenes. Attack at the nitroso-group may
"lead to the breaking of the C-N bond, by analogy with the reaction of
hydroxide ion withV2,6—dichlorobenzaldehyde to give 1,3-dich10robenzene:120

;0 OH
NO N N~ .

X X

- 0=N-0H

x 2 x
+0H _____, . N X :‘ X
' Cx X
— O e
‘ (X = halogen)

-

The nitrite ion formed ﬁay react with the alkyl iodide and base
present to generate rédical produc%s. The reactioh of sodium nitrite,
alkyl iodides and sodium hydroxide in DMSO or DMF gave nitrogen-
centred radical p£oducts (Sectioﬁ 3.13) but the second type of radical

(XXV) was not detected.
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Attack of hydroxide ion on the ring cf the nitroarene will bring

about substitution, favoured by the electron withdrawing substituents

present:

For example,

NO

NO N
X
X X X X
+ 0B ,
H OH
(X) «

() (x)

(X = C1 or Br) , -

-X
; '\ (X) -
(xL1) | | (xz)

The nitrosophenols formed (XL) exist in a tautomeric equilibrium

 with the quinéne monbxime forms (XLI),121 via a common anion. In the

presence of an alkyl iodide and alkali, alkylation takes placem1 to.
give (XLII)
NOR
X 0
~
(X)

(XLII)
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Alternatively, alkylation to give an N-alkoxy group may occur prior
to nucleophilic attack, assuming the steric effect of the ortho-
halogens is sufficient to allow alkylétion at both the nitrogen and
oxygen atoms: |

\ -0 OR

= Y

(x) (x) (x)

- T~ . S

+ og - — ANOR

N -

Thus the second type of radical XXV, is thought to be an N-alkoxy-
. ?
anilino radical (AYNOR) where the aryl group (Ar) is unknown, but is
probably derived from the products of nucleophilic substitution by

hydfoxide ion.
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Table 3.5

E.S.R. Spectral Parameters of the Second Class of persistent Radical

Observed from Reaction (xv).

The values below were obtdined from DMSO + ca. 10% H,0, unless

stated otherwise.

Allkyl iodide

ATNO
CH,CH, CH,CH,CH, cH( CH3)2
NO 9445 (11) 9.60 (1N) 9.45 (W)
Br Br
@ 1.25 (2H) 1.20 (2H) 1.30 (1H)
g = 2.0054 2.0055 2.0054
Br
NO - 1 9.50 (1N) 9.85 (1N) [
Br Br
@ 1.25 (2H) 1.30 (2H)
g = 2.0054 2.0054
NO 9.60 (1N) 9.60 (1N) 9.75 (1N)
cl c1
@ 1.20 (2H) 1.30 (2H) 1.15 (18)
g = 2.0047 2.0047 2.0047
c1 .
M - 9.55 (1N) 9.65 (1) #
01 c1 N _
@ 1.25 (2H) 1.35 (2H)
g= 2.0047 2.0047

g The radical was not detected

* Splitting constants to + 0.05 G, g-values to + 0.0001.
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Section 3.12

An E.S.R. Ingestigation of the Reaction of Nitrosoarenes with

Polyhalogenomethanes

The investigation of the reactions of nitrosoarenes with simple
alkyl halides under reducing conditions was extended to the polyhalogeno-
methanés, tri-iodomethane (iodoforﬁ), tri-bromomethane (bromoform),
trichloromethane (chloroform), and di—iodqmethane.

!
| When nitrosobenzene was allowed to react with iodoform in DMSO or
bMF in the presence of a base ( aqueous sodium hydroxide or potassium
t-butoxide) a complex e.s.r. signal (Figure 3.24) of high intensity was
observed. Use of d5—nitrosobenzene in the reaction gave a much simplified
sfeétrum (Figure 3.25). The (1:2:3:2:1) pattern split into doublets was
assigned to the interaction of two equivalent nitrogen atoms and one

~ ~—

“hydrogen atom. - .

6.00 ¢ (2n)

4.50 ¢ (1H)
2.0065

n

Sy
25
5

Deuterium coupling was not resolved.

Figure 3.24 haé, -

oy = 5.95 ¢ (aW)
ag = 4.50 G (1H) :
2 = 0.96 ¢ (6H)

-~ g = 0.48G (4H)
g = 2.0065



- 173 -

The simulation is given in Figure 3.26. Similar spectra were

obtained using bromoform.

The g-value is ca. 0.0010 higher than that expected for an alkyl
phenyl nitroxide, but is in accord with the radical being N, N'-

diphenyl-formamidinyl-N-N'-dioxide (XLIII):

, ' il i
+e | + + ' +.
PhN—C—NPh €——> PhN—C—1NPh

0- . 0= (XLII1) 0- 0-

Cyclic nitronyl nitroxides (XLIV, XLv)122’123 have been well

characterised, and one example of an aliphatic acylic nitronyl nitroxide

is known (XLVI).124
0_ - \' o~ 0-
| " I
N N
=\ +\
+. C—R +/C—R
N/ 2
| - |
o~ o : 0~
(xLIv) (x1v)
ay ca. 756G (2w) - | 2y ca. 4.2 @ (2N)
ag = 3.44 6 (1H, R = H) - ag = 2.75 ¢ (3H, R = Me)
g ca. 2.0065 2z ca. 1.0 G (2H)

&y ca. 0.75 G (2H)
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+. +
Bu'l —CH=Bu®

o~ o-

(XLvI)

6.50 G (2N)
4.13 ¢ (1H)

= '2.0067 in benzene solution.

2N
%1
&

5

Deoxygenated analogues (XLVII) have been identified 22, in which

A

the nitrogen splittings are now different. !

' + L ]
Ar—TN=—=C—2"pr

0

(xwviI)

2y ca. 7.5 ¢ (%)
2y ca. 3.0 G (W)
ag ca. 1.5G (1H)

Thus the splitting constants and g-value of the radical observed
agree well with thosge expected for the écyclic, aromatic nitronyl

nitroxide (XLIII).

The radical (XLIII), was also observed from the electrolytic
reduction: of nitfbsobenzene in tﬂé presence of iodoform or bromoform
(Figure 3.26). Although the polarogfaphic, half-wave reduction potentials
109,126

of the haloforms are below that of nitrosobenzene in the same solvent,

{the radié;i was not obéérved unless the applied potential was sufficient
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to generate the nitrosobenzene radical-anion. When the electrolysis

was performed in d6-DMSO solvent with d_-nitrosobenzene the spectrum of

5
(XLIII) still contained a doublet splitting of 4.5 G, showing that the
hydrogen atom originated from the haloform. These results rule out

the possibility of a carbene intermediate in the formation of (XLIII):

HCX, + —0OH =—= cx3 T+ E,0

PN(O)=CK, o (X, + X

although the presencé of a earbene, in the reactions involving a base,
is most probable. The mechanism proposed is shown below:

. _ HCX
PO —*T 5 PHNOT ———s PhN(O- )CHX,,

(X = Br, I)  (XWVIII) ~
and/or
‘ +e~ : -
HCX, —— HCK, + X

HCX, + PNO ——>  (XLVIII)

P@(O-)CEXZ Go7) o preomx 4 X.(X0)
. (')_
(xIX)

+ -
PhN—CHX. + PhNO* ———> PhN —C—NPh

| [ 1 |

o . o X O

S~
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+c ' N _X_ +o +
PhN ——C—~NPh — 5  PhN —CH=NPh
R | |
o X o o~ o-
“(XLIII)
and/or
PIN(0+)CHX, - [PHNCEX.NPh] + X~
Sy2 | .
0. O

l

+. +
Ph? —CH=NPh + X-

o~ o-

"Similar reaction steps have been proposed before. Nucleophilic addition
by a nitroxide to an halogenated nitrone has been proposed127 to account

for carbonyl nitroxide formation in the reaction of t-butoxyl radicals

with haloforms in the presence of nitrqsobutane.127 ~

~

éx3 + BuNO —— ButN(O')CX3

Y. +
ButN(O')CX3 —X-—-) ButliT=CX2

O.
£+ +
Bu'N=CX, + ERR'NO® ——> Bu'lO®

I .
(O ‘ RR'NO—CX2
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An alternative suggestion for formation of (L) was direct S_2

H
displacement of halogen by nitroxide:128

(XiIII) was not observed from the reaction of diiodomethane with
nitrosobenzene in the presence of a base, nor during electroiytic
redqction. .This result is consistent with the formation of an inter-~
mediate nitrone, (XLIX), as reaction with diiodomethane would be

expected to generate the corresponding methylene nitrone (II), which

is thought to dimerise rapidly to (LII).22’129
- - ™~ . T~
y OH - _
PhNO + H,CI, —— PhN-CH,I + I
: I
0-

+ + : o+
PhN-CH-CH=NPh <22i% PhT:CHz + I°
| |
0 o~ o
(LII) (11)

-

Other routes to (LI), such as the reaction of diazomethane and
nitrosobenzene, and tﬂe reaction between N-phenylhydroxylamine and
dibromomethane in the presence of pyridine, also lead to the dinitrone

(LII).22 Bamberger,130 discovered a reaction of N-phenylhydroxylamine

R
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with formaldehyde in ethanol solution. The product isolated was

thought to be (LIII) on the basis of the elemental anaiysis.

PhN—CH, .NPh (LI11)
l |
OH OH

The preparation was repeated and a soiid, having the same elemental
analysis, was isolated (see Experimental Section). Mild oxidation

of the solid with lead dioxide did not generate the expected22f12

nitronyl nitroxide, (XLIII) but gave phenyl nitroxide, (PhNHO-). In
agreement with a later report131 the material obtained is probably a

mixture of N-phenylhydroxylamine and the dinitrone (LII).

The reaction of nitrosoarenes (2,4,6—X306H2NO, X = Cl, Br, Me or

.2,6—X206H NO, X = F, Cl, Br) with iodoform or bromoform in the presence

3
of base did not lead to the corresponding nitronyl nitroxides. However,
2,4,6-tribromo- and 2,4,6-trichloro-nitrosobenzene reacted with di-iodo-
methane or iodoform in the presence of sodium hydroxide to give nitronyl
nitroxides which did not exhibit a mefhine proton splitting (for
example, Figure 3.27 , ay (W) ca. 6.2 G). The radicals were not
detected from eléctrolytic reduction of these nitrosoarenes in the

presence of di-iodomethane or iodoform, indicating that alkali is

necessary for the reaction, The radicals probabiy:have the structure

(LIV):
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0- 0~
| * : +o | 4+
Ar?———C::TAr «—%» ArN ——C==TAr
I
0~ 0~ o= o~
(a) (1IV) . (v)
0
+

¢<«—» ArN —C—NAr

. L
0 0

(e) .

~ The nitrogen couplings from radical (LIV), compared with those ffem
(XLIII), are expected to be affected'by twe opposing effects. Firstly,
the ortho-halogen atoms will force the benzene ring out of conjugation
"with the nitroxide function, causing the spin density on the nitrogen
atoms to increase. Secondly, spin density may be transmitted to the
carbonyl group [represented by (LIVa)],reducing the spin density at
nitrogen. Thus a nitrogen coupling from (LIV) similar te that from

(XLIII) might be predicted. A cyclic analogue (LV) has been observed

previously, havinglgN' = 8.75 G (2N) in agueous solution.
Ol—
N
+\
N c—0"
ﬁ./
c’,— - ()

Observation of (LIV) from both di-iodomethane and iodoform agrees
with a possible nitrone intermediate, as now the expected methylene
129

nitrone from reacfion with di—iodemethane should be slow to dimerise.

(LIV) is probably formed from hydroxide ion attack upon the nitrone.
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For example,

+
ArNO + HCX ——> ArN=CHX

3
. O—
. OH OH
+ ] + '
Arl\'T=CHX NN [Arll\T—-(')H] — ATN=CH + X~
o . 0-_ X ' .\O"'
. +, o+ < . /O
ArN — C=NAr SANOT arn-cZ
| [ 1 -2H- | "H » '
0- 0~ O- : . OH
(LIv)

Thus the reaction of nitrosoarenes with polyhalocgenomethanes under
reducing conditions has provided the first route to aromatic acyclie

nitronyl nitroxides.
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Fipure 3.2

A e e

Figure 3.2 ESR spectrum of C6D5N(0)=CH 1\1(0')06135 detected from

the reaction of perdeuteroﬂitrbéobenzene with iodoform and sodium

T e

* hydroxide. -

Figgre 3.27 ESR spectrum of the:nitroxyl nitroxide formed from the

reaction of (VIII) with di-iodomethane with sodium hydroxide.

T
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Section %.13

An E.S.R. Investigation of the Reactions of Fluorine Substituted

Nitrosoarenes with Alkyl Halides in the Presence of 4 Base.

'The ﬁitrosoarenes investigated in the above reaction were 2,6-di-
fluoro-, 2,4,6—trifluoro—, 2,34,5,6-tetrafluoro- and pentafluoro-
nitrosobeﬁzenes. Symmetrically substituted nitroarenes were chosen
in order to miniﬁise the complexity of the hyperfine splitting patterns
expected from radical derivatives. The reaction conditions were similar
to those used for other grnitroso—coﬁpounds examined (ethanol, DMF
and DMSO solvents, with usually 10% agueous sodium hydroxide as the

" added base.)

2,6-Difluoronitrosobenzene (XI)

The reactions of (XI) with methyl, ethyl, isopropyl and n-propyl
iodides were examined. Two typeé of niﬁfoxide were observed from
the reactions depending upon the base concentration and reaction time.
The e.s.r. spectra of the two types of radical differed in gfvalue.(by
about ca. 0.0003) and nitrogen splitting constant (by about ca. 1.0 G).
The spectra observed initially from solutions containing low concen-
trations of base are assigned as alkyl 2,6-difluorophenyl nitroxides,
and the splitting constants in DMSO are given in Table 3.6. The
spectrum of 2 6-d1fluorophenyl methyl nitroxide is given in Figure 3.28;
the same spectrum was detected when (XI) trapped methyl radical (from
titanium JII trichloride, hydrogen peroxide and DMSO). The couplings
(gbfu 5%)> gm) ob;erved for the fwo alkyl 2,6-difluorophenylnitroxides

show that . the nitroxide group is not forced out of the plane of the
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BE.S.R. Spectral Parameters of the Nitroxides 2,6—FECSH,N(R)O- detected
J

from (XI) in Reaction (xv).

Hyperfine
. : Methyl Ethyl Isopropyl n-Propyl
splittings/G :
2y (1) 12.20 not 13.05 not
detected detected
2 (alkyl) 11.50 (3H) 3.40 (1H)
0.25 (6H)
a (ring) 1.95 (2F) 1.80 (2F)
1.40 (1H) - 1.60 (1E)
0.70 (2H) " 0.80 (2H)
. g-value 2.0062 2.0062
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Table 3.7

E.S.R. Spectral Parameters of Secondary Nitroxides observed from (XI)

in Reaction (xv).

" Hyperfine
Methyl Ethyl Isopropy n-Propyl

Splittings/G

2y (1) 13.20 13.35 14.15 13.75

2 (alkyl) 12.10 (3H) 8.90 (2H) - 4.25 (1H) 8.50 (2H)

| ca. 0.35 (3H)
a(ring) 1.05 (2) 1.05 (1)} * *
0.90 (2)  0.70 (4)
10.35 (1) ™

g-factor 2.0060 2.0060 2.0059 2.0059

¥ Ring coupling not resolved

- 1 TUnambiguous aésignment not possible.

-
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the benzene ring, as occurs for t-butyl 2,6-difluorophenyl nitroxide
(Section 1.1). However, the secondary nitroxides (Table 3.7) for
example Figures 3.29 and 5.31) exhibit increased nitrogen and alkyl
group couplings and a decrease of g-factor and ring couplings (where
—-0

a ~ g~ 2@)’ expected for the nitroxide group forced out of the

plane of the benzene ring.

2,4,6-Trifluoronitrosobenzene (XII) and 2,3,5,6-Tetrafluoronitrosobenzene

(xI11).

Persistent radical products were not observed from the reactions

involving the above nitroso-compounds, except for the reaction of (XIII)
with methyl iodide and sodium hydroxide. Two weak signals'showing the
same ggyalue were observed, one being a broadlined triplet (EN = 12.80 @),
the other having the splitting constants given below,

™~ ~e—
1y i
~

13.00 (1N) @&

2y
ay 12.00 (3H) G

"~ and couélinghfrom the benzene ring, not analysed irom the weak spectra
obtained. An authentic spectrum of methyl 2,3,5,6-tetrafluorophenyl
nitroxide was defected when titanium IIT ion and hydrogen peroxide

were allowed to react in DMSO in the presence of (XIII); the splifting

constants are given below:

2y = 12.906 (1)
ag = 12.50 G (3H)
2.05 G (2F)

’(QTF)QF

(m-H)zy = 0.75 ¢ (28)

Il
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(p-Flay = 3.00 G (17)

Pentafluoronitrosobenzene (XIV)

In the reaction of (XIV) with methyl, ethyl isopropyl or n-propyl
‘iqdide in the presence of sodium hydfoxide in DMSO, DMF or ethanol,
the corresponding alkyl pentafluorophenyl nitroxidé was not detected.
However, when an excess of base was present iersistent radicals were

observed.

Addition of excess of sodium hydroxide to éolutions of (XIV) and
methyl iodide in DMSO or DMF produced a nitroxide (Figure 3.32) the
concentration of which declined rapidly about two minutes after
addition of the base. qurt from coupling to one nitrogen atom.(gg.
13.0 @) and a methyl group (ca. 11.75 @) a splitting of ca. 2 G was
.observed from two equivalent nuclei héfing I= 1/5. Similar spectra
were observed when ethyl or isopropyl iodide was used in place of’
methyl iodide (Tgble 3.8). With d3-methy1 iodide the expected spectrum
was observed initially (Table 3.8), but this was later replaced by the
spectrum from a mixture of two nitroxides having theé splitting

constants (Gauss) given below.

Radical F' 13.30 (1N) Radical G 13.75 (1N)

1.75 (3D) 1.75 (3D)
1.75 (1) ‘

Similariy, when (XIV) and methyl iodide were allowed to react in

alkaline é%hanolic solution mixtures of nitroxides were detected
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Table 3.8 7
Splitting constants of the Nitroxides (Type E) detected from (XIV) in

Reaction (xv), in IMSO or DMF solution.

Alkyl group Splitting Constants + 0.05 G
| R 2y 2n a (other)
CH, 13.00 11.75 (3H) 2.25 (2)
oD, 12.70 1.75 (3D) ~2.25 (2)
CH,CH, 13.00 " 9,00 (2m) 2.00 (2)

~.
Q\.

cB(CE,), 13.25 3.90 (1E) 1.90 (2)
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(H, J and K, for example Figure 3.33).

Radical H 13.30 (1N) Radical J .' 14.25 (1N)
12.20 (3ﬁ) , _ 12.90 (3H)
0.25 (3)

Radical K singlet

The results in this section indicate that on increasing the
fluorine substitution in the ring of the nitrosoarene, from 2,6- -
- difluoro- to pentafluoro-, thefe is a parallel increase in the number
of side-reactions. Only with (XI) were the corresponding alkyl aryl
nitroxides observed along with, nitroxides of the structure R'N(R)O"
(from AYNO + RI + NaOH), where R!' is unknown. There are two
likely structures for the.group R'. It may-be solvent-derived or an
'alkoxjasubstituted aryl group. Possible.routes to the two possible

nitroxides are outlined below.

O—
1. ANO + OH  ————» AN (xxiii)
: ~L OH
@H + NO,T — — + HONO
RI + No, —>  RNO, + RONO (xxiv)
) lon-, RI

{x3wv)

RZNO- + RR'NO-
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N/O : NO
2. ATYNO + OH —— @ —_— + B
HO F
OH
OH ' OR '
~ . \ ~_OR
NO y n i
RT -
S —_—> —te
i RI
OH o . .0 OR
R 0-
N+
N .
ATN(R)O* or » 0 5 ar'm(R)o-
0
RT
‘0
| ~p "
Cst(OR)yN(R)O- < €
} OR

Step (xxiii) is analogus to the reaction of 2,6-dichlorobenzalde-

hyde with base to give 1,3—dichlorobenzene:120

Ny
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- OH
H 0 |
N # H—C—0 |
c1 Cl cl cl . CL _~_C1 .
LY EN —_— @ + HCOH
o a c1
-+ HCO,.”

2 .

Step (xxiv) is a known reaction, 21 Step (xxv) was verified for
nitromethane, amyl nitrite or sodium nitrite, with methyl iodide, and
nitroxides observed were dimethyl nitroxide and the type CH5N(CH2X)O'
where X did not exhibit any hyperfine coupling. However, the nitrogen
splitting constant of the secondary radicals (ca. 13 @) is too small
for a dialkyl nitroxide (ca. 15 @) and splittings of ca. 2 G observed from

the reactions of (XIV) are too small for a B-H coupling.

In the second scheme nucleophilic\aromatic substitutioh followed
by alkylation of the products is shown. .Alkylation can oécur before or
after the substitution reaction. waevér, if substitution occurred prior
to alkylation of the nitroso-group, then a nitrosophenol, tautomeric
with the quinon-oxime, would result. This tautomer is alkylated by alkyl

halides under basic conditions to give (LVI) and not (LVII).121

OR
7
N 4 _ NO

- (or ortho-isomer)

(1v1) ‘ or (LVII)



The splittings observed for the secondary radicals do not fit
those expected for a rédical of ATNOR structure (gN and ap are too
large), which would be expected to be long-lived under the reaction
conditions (see Section 3.11). Thus it is probable fhat alkylation of
the nitroso-group occurs before substitution in the ring, but the
- primary nitroxide concentration does ﬁot become high enough for
observation of its e.s.r. spectrum,except for the less reactive 2,6-

difluoronitrosobenzene.

The secondary nitroxides derived from (X1) (Table 3.7) have
.specfra which show that the nitroxide group is forced further out of
the plane of the benzene ring than for the corresponding alkyl 2,6~
difluorophenyl nitroxide.. This demonstrates that at the ortho-position
" substitution by a more bulky group has‘resuited and the radicals are

consequently assigned the structure:

‘\.N,/’
OR

By analogy, the secondary radicals (Table 3.8) derived from (XIV) are

thought to be alkyl 2,4,6-trialkoxy-3,5~difluorophenyl nitroxides.
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Figure 3.30 ESR spectrum of isopropyl 2,6~difluorophenyl nitroxide

detected from reaction of (XI) with isopropyl iodide and sodium

hydroxide in aqueous DMSO.

- }
Figure 3,31 ESR spectrum'ofkg secondary nitroxide detected from the

~

above reaction.
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EXPERTMENTAL

All the electron spin resonance’ spectra were recorded on a Varian
E4 (X-band) spectrometer with 100 kHz modulation. A flat cell was
used for the polar solvents DMSO, DMF and ethanol. Where appropfiate,

DMSO and DMF were dried using Linde type A3 molecular sieve (BDH).

Reactions Involving Bases

The reacticns involving the use of base (aqueous sodium hydroxide,
potassium t-butoxide, sodium methoxide or'sodium hydride) were carried
. out under static conditions at room temperature, the reactions being

too slow to require the use of a flow system.

TUsually the nitroso-compound was dissolved in a suitable solvent

(DMSO, DMF or ethanol) to give a concentration of ca. 10_2 mol dm-s.

2

The alkyl halide (10-2 to 5 x 10 < mol dm-B) was added when required

and the base, usually aqueous sodium hydroxide, was added dropwise ‘as

3

a 10% solution to give a concentration of 1072 mol dmw ™ or greater. On
addition of tﬁe base, an iﬁmediate change of colour of the solution
was usually observed and upon transfer fo the spectrometer a spectrum
could be recorded. Occasionally a longer reaction time was required

before observation of the specfrum of a kinetically stable radical

-

was possible.

’

When the elimination of oxygen from the reaction solution was
necessary, freeze-thaw degassing using a vacuum line was employed.

The cycle was usually repeated three times. The solutions were
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transfered using syringes. The reaction vessel and cell were purged
with oxygen-free nitrogen before use and were protected from the

atmosphere by means of a serum cap.

Radical Generation by Photolysis

A water-cooled, 100 W, high pressure mercury arc lamp (Varian
- Limited) was used as a source of ultra~violet light. A lens system
concentrated the light into a 1 cm diameter beam coincident with the
spectrometer microwave cavity. Samples were irradiated in the quartz,

flat cell.

Irradiation of the C-nitroso-compound and alkyl halide usually gave
rise to detectable concentrations of the alkyl aryl nitroxide. Where
appropriate, tri—n—butyltin hydride was added to increase the rate of
generétion of alkyl radicals. The solvents uséd and solute concen-

trations were similar to those used in the reactions involving bases.

Eloctrolytic method of Radical Generation

Radicalfanions were generated by an electrolytic procedure similar
to that introduced by Geske and Maki.1q4 The electrolytic reductions
were carried out.in the cavity of the spectrometer. A mercury or
platinum wire cathode was used. The active surface of the cathode was
positioned approximately one third of the way up the flattened section
of the cell (Figure 4;1). A platinum-wire anode was suspended in the
electrolyte reservoir above the flattened section of the cell. The

solvents used were dried DMSO and DMF as they had sufficiently high

dielectric constants fo allow electrolytic dissociation to form highly
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conducting solutions} and were stable to reduction (up to -3.0 V versus (
saturated calomel electrode (SCE) with tetra-n-butylammonium cation.1o9)
The supporting electfolyte (needed to increase the conductivity of the 4
_solution) used was tetra-n-butylammonium iodide or tetra-ethylammonium
perchlorate. These salts are readily soluble in DMSO and DMF (0.1 mol
dm™> concentration was used1o4) and inert over the cathodic potential
range of interest. Solutions were made up With the reducible substance

2

~ present at 107 ° to 10_3 mol dm_3 concentrations. Similar concentrations

of alkyl halides were also used where needed.

The reductions were carried out usiﬁg a constant potential d.c.
_source. The current flowing through the cell was monitored (Figure 4.2)
using a microammeter (20 or 100 pA full scale deflection). ZFotential
differences were measured. using a digital voltmeter of intermal

.

resistance 10 Ma; drawing less than 0.2 pA current. The potential
differences measured were that across %he working elecfgedes and that
between the mercury surface and a reference aqueous saturated calomel
electrode (SCE). In order to keep water out of the electrolyte cempart-
ment the SCE was connected by means of an agar salt bridge saturated with
aqueous potaseium chloride. The salt bridge wes connected to a
capillary ('Luggin capillary!) filled with electrolyte and drawn out
into a fine tip. The tip was placed as close as possible to the mercury
surface. This arrangement wes adopted in order to minimise the effect
of the potential (IR) drop oceurring in the electrolyte due‘to the
passage of current. As virtuall§-no current flows in the cathode-

reference electrode circuit (hence no IR drop) the salt bridge and

Luggin capillary haﬁe the effect of extending the reference electrode

N

to the mercury surface.
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nitrogen in to salt bridge

nitrogen out i /ﬂ ' ‘
. | | ‘agar sait | I SCE
' bridge
- (sat. KCl)\F()
‘ ‘. l
| | ,

AN

! ) '+‘ capillary l '
‘ aqueous KCl
J | o solution
A . Pt wire anode
'Luggin!

capillary {
pitrogen inlet capillary
electrolyte
o ] resonant cavity
mercury cathode
Pt wire contact
Figure 4.1 Electrolytic reduction cell.
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Figure 4.2 Electrolytic reduction circuit diagram.

6-12 V d.c. source

7

<

microammeter 20 or 100 pA
@ full scale deflection

anode — |~ cathode ('working' electrode)

(rauxillary! electrode) , i { .

"~

reference electrode

©

10 M. resistance digital voltmeter
reading + 0.01 V

N
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The electrolyte was deoxygenated when required, by the bubbling
of oxygen free nitrogen through the solution in the cell. The nitrogen
was introduced through a fine capillary passing into the flat section
of the cell to close to the cathode surface. When spectra were recorded
the capillary was raised to a position above the flatténed section of
the cell to prevent interference by the nitrogen of the signal |

recorded.

Tsotropic g-Factor Measurement

A relative method of g-factor determination was adopted invalving
measurement of the field difference between the centres of the spectrum
.of a radical of known g and the spectrum of the radical of interest.
This was achieved in practice by attaching a thin capillary, containing
a solution of the standard g-value radical, to the flat cell. The
_capillary was positioned so thaf itrwas paréllel to and against a narrow
side of the flattened part of the cell. With this arranéement it is

assumed that the magnetic field is the same for both sample and standard.

The g~factor of the sample is given by:
g =8 (1 + %)
H

derived from the resonance condition, where g is the sample g-factor,
g, is the standard g-factor, H and E  are the magnetic fields at

the centre of the sample and standard spectra respectively, and d =

(B,-5).

As standards Fremy's salt (g = 2.00550 + 0.00005 in saturated

-

aqueous sodium carbonate solution132) and p-benzosemiquinone radical-
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anion (g = 2.004665 in t-butyl alcohol 22’ 19%) were used. The
sample g-factors were determined to'within.i 1x 10_4; higher
accuracy was unnecessary as solvent-induced variation of g was of the

same order of magnitude for the radicals under examination.

Preparation of C-nitroso Compounds .

2-Methyl-2-nitrosopropane (Aldrich) and pentafluoronitrosobenzene
(Bristol Organics) were commercial samples and p-nitroso-N,N-dimethyl-
éniline was also available. Nitrosobenzene was prepared by the usual
route of initial reduction of nitrobénzéne to E}phenylhydroxylamiﬁe,
followed by controlléd‘oxidation.135 A sample of fully deuterated

nitrosobenzene was kindly provided by Dr. J. Sandall.

The 2,6~ and more highly substituted halogeno- or alkyl-nitroso-

benzenes were prepared by controlled oxidation of the parent aniline.

" The oxidant was either peracetic acid or m-chloroperoxybenzoic acid.

Bromo- and Chloro-Substituted Nitrosobenzenes

2,6-Dibromo-, 2,4,6-tribromo- 2,6~dichloro- and 2,4 ,6—trichloro~
nitroSobenzené were prepared by adapting the method.of Holmes and Bayer.136
In.place of 3%0% aqueous hydrogen peroxide and glacial acetic acid with
catalytic amounté of sulphuric acid, mixtures of peracetic acid in

glacial acetic acid were used.

In general:

(precipitated as the dimer)
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No attempts were made to maximise the yield of nitroso-dimer obtained.

A typical method:

2,6-Dichloroaniline (10 g) was added to a solution of peracetic
acid (40%; 50 cm3) in glécial acetic acid (150 cma). The stirred
solution was left overnight, after which the precipitated nitroso-dimer
was filtered off. Further product could be obtained by pouring the
femaining reaqtion mixture into water. The colourless dimer was
recrystallised from ethanol (m.p. =- 173-174 °c, lit.136 m.p, = '

173-175 °C from acetic acid, 175-176 °C after vacuum sublimation.)

2,4,6~Trialkylnitrosobenzenes

2,4,6-Trimethylnitrosobenzene and 2,4,6—tri—t;buty1nitrosobenzene

139 .

were prepared by reported methods.

\\

2,4,6-Trimethylnitrosobenzene

2,4,6-Trimethylnitrosobenzene was prepared by oxidation of the

corresponding aniline.
NE, NO

Me 2
Me m-C1PhCO,H Me Me

CH2F112

Me Me
The aniline (1 mol) and méchloroperoxybenzoic acid (2 mol) were
‘allowed to react in dichloromethane at O °c for approximately 60 hours.
After filtering off the solid benzoic acid-peroxybenzoic acid mixture
the reaction solution was washed with 10% aqueous sodium carbonate and

dried over anhydrous sodium sulphate. The dichloromethane was then
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Table 4.1

Melting points of and recrystallising solvents used for the chlorine or

bromine substituted nitrosobenzenes.

Substituted s m.p./oC . recrystallising literature

Nitrosobenzene - solvent. m.p./ C
!
. ' N 136
2,6-dibromo 135—136_ ethanol 135-136
| 135-136 17
: : 138
2,4 ,6-tribromo 121-122 acetic acid 120
120-123 130
2,6-dichloro 173174 ethanol 175-176 130
174-175 7
2,4,6-trichloro | 143-144 ~ acetic acid . _ 145146136
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evaporated from the filtered solution and the red-brown product was

washed with pet. ether (b.p. 60-80 °C), which dissolved the coloured
material leaving behind the colourless nitroso-dimer. The dimer was
recrystallised from methanol to yield colourless plates, m.p. = 121~

122 °¢ (122 0)140

2,4,6—Tri—t-butylnitroéobenzene

The starting material was p-di-t-butylbenzene, which was alkylated
141

by means of a Friedel-Crafts reaction using t-butyl chloride with
aluminium chloride catalyst below O °c. e 1,3,5~-tri-t-butylbenzene
product, obtained by carefully adding water after 50 minutes, was ‘

extracted with ether and recrystallised from ethanol.

AlC1
+ BuCl —2

This trialkylbenzene was nitrated and the product reduced by
' 142

godium amalgam in ethanol to 2,4,6~-tri-t-butylaniline.

¢

CH, co it @X EtOH
(CH co)2

To a mixture of 1,3,5-tri-t-butylbenzene (2.85 g), glacial acetic
acid (5 cm3) and acetic anhydridé (10 cm3), a mixture of glacial acetic

acid (2.5_cm3) and nitric acid (a 1.52; 2.0 cmB) was added dropwise



- 208 -

below 0 °C. The temperature was then allowed to rise to ZO?OC over

4 hours and‘the mixture allowed to stand for 2 days. When poured into
water the almost pure nitro-compound precipitate§; On recrystallisation
from ethanol almost colourless crystals were obtained, m.p. = 205-206 OC,

(m.p. = 205-206 °c142).

A mixture of 2,4,6-tri-t-butylnitrobenzene (2.67 g) and absolute
ethanol (50 cm3) was gently refluxed for 5 hours over sodium analgam
(70 &3 4% w/w). The solution was poured out while still warm into
500 cm3 of water to yield the aniline. Recrystallisation from 95% ethanol

gave colourless crystals,.m.p. = 147 %c (147-148 o 142).

The final stage was oxidation of the aniline by m-chloroperoxy-

139

benzoic acid in dichloromethane at O oC, as in the preparation of
2,4,6~trimethylnitrosobenzene. The crude product obtained was purified
"using column chromatography on alumina, éiving a good separation from
the nitro-derivative by-product. The 2,4,6-t~butylnitrosobenzene was
bright green and monomeric in the solid state, the bulky t-butvl groups
apparently prgvent dimer formation.139 The product had the melting
point 166-167 °¢ (1it. 7 167-168 °C from methanol),

Found: C 77.7, H 10.6, N 4.9%. Calc. for CigHpg¥0: C 78.5, H 10.6,

N 5.1%.

Fluoro—substituted nitrosobenzenes

2,6-Di-; 2,4,6-tri-; and 2,3,5,6-tetra-fluoronitrosobenzenes

137

were preparéd by use of or adaptation from a reported method.

-, .
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For example:

m-ClPhCO_H

filliasiinde N

in HCCl3

A solution of gfchloroperoxyﬂenzoic acid (0.058 mol, 75 cm3) was
slowly added at room temperature to a stirred solution of 2,6-difluoro-
aniline (0.022 mol) in chloroform (50 cm3). After two hours reaction
time the small excess of peroxy-acid was reduced by washing with sodium
%hiosulphate sélution (2#). The benzoic acid product was removed by
repeated washing wi%h aqueous sodium carbonate solution (5%). The
remaining solution was then washed with water, dried (anhydrous sodium
sulphate) and the chloroform evaporated in vacuo. The product

| obtained was recrystalliséd from ethanol, m:b. = 107-109 °c (1it.137
108.5-109.5 °C from ethanol). Found: C 50.4, H 2.1, N 9.7%. Calc.

| for C6H3F2NO: c 50.0', H 2.1, N 9.7%.

For 2,4,6-trifluoronitrosobenzene, m.p. = 115 °a recrystallised twice

from ethanol. (C 45.2, H 1.2, N 8.8%. 06H2F3NO requires C 44.7,

H 1.2, N 8.7%).

For 2,3,5,G—tetréfluoronitrosobenzene,m.p. = 65-66V°C recrystallised
twice from ethanol, (lit.ﬂ45nhp. = 66 °C from ethanol). Found:

C 41.5, H 0.5, N 8.1%. Calc. for CgH,F,N0:  C 40.2, ;16.56, N 7.8%.

Preparation of 4H, 4'H-Octafluoroazobenzene and 2H, TH-Hexafluorophenazine

4H, 4'H-Octafluoroazobenzene (LVIII) and 2H, TH-hexafluorophenazene
' 144

(LIX) were obtained as products of the same reaction.

N
R
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F F F F P o
- F N
F
, F : N~
FoF . F F
(IvIII) : (11x)

Oxidation of 2,3,5,6-tetrafluoroaniline by lead tetra-acetate in benzene
under reflux leads to the formation of(LVIII)and(LIXDas major products.
Lead tetra~acetate (30 g, 0.066 mol) was added to 2,3,5,6~tetrafluoro-
-aniline (6.5 g,-0.04 mol) in benzene (150 cm3) and the mixture refiuxed
for one hour. The brown suspension obtained was diluted with 250 cm3
.of benzene, washed successively with aqueous 50% acetic acid, saturated
aqueous sodium hydrogen carbonate and water, then dried (MgSO4). After
evaporation of the solvent the residue was chromatographed on alumina.
Elution with a mixture of 30% benzene and 70% light petroleum (b.p. 60-
80 °C) gave orange-red 4H, 4H'-octafluéfoazobenzene (m;£: = 115-118 °¢).
Recrystallisation from light petroleum (b.p. 60-80 oC) raised the melting
ﬁoint to 119-120 °c (119-120 00144). Purther elution, increasing the
proportion of benzene (70-90%) in the eluent gave a blue-green fluores-

cent solﬁtion'of 2H, TH-hexafluorophenazine, which formed a yellow solid,

m.p. = 207-208 °%c (1it. ** 208 °c).

Preparation of Bamberger's dimer

Bamberger reported130 a reaction between N-phenylhydroxylamine

and formaldehyde to give a dimeric product assigned the structure:

(LIII)



- 211 -

The preparation was repeated. N-Phenylhydroxylamine was made according
to ngel135, and 20 g (2 mol) was dissolved in ice-cold ethanol (100 cm3)

and 40% aqueous formaldehydé (7.5 g, 1 mol) added. After stirring the
3

solution for half an hour a precipitate formed and 800 cm” of water
were added. After a further half-hour the colourless solid was filtered
off, and triturated with ethanol. The elemental analysis agreed with

that reported:130 h

¢ 67.3, H 6.1, N 12.2. Calc. for (LIII: C 67.8, H 6.1, N 12.2%

However, reaction with lead dioxide (Section 3.12) and the
reported130 tendency to turn yellow on standing (characteristic of N-
phenylhydroxylamine) suggest that the material is a mixture of N-

e

phenylhydroxylamine and the bis—nitroné (111).

CH . -(1L11)

-

Thé elemental analysis results are im between the values expected for

(LII) and N-phenylhydroxylamine.
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Calc. for (LII): C 70.0, H 5.0, N 11.7%

Calc. for PhNHOH: C 66.1, H 6.4, N 12.8%

It has been shown that (LII) is a product of the reaction. |
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