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The addition of solutions of nitrogen dioxide to alkenes has
been studied under various reaction conditions. Solutions of low concen=-
tration of nitrogen dioxide react with alkyl-substituted alkenes to
produce dialkyl nitroxides, and react with o, -unsaturated carbonyl
compounds to produce iminoxy radicals. Most of these reaction mixtures
when kept unexposed to air, and light over a period of time showed the
decay of nitroxides, and iminoxy radicals, and the formation of acyl
nitroxide radicals. Cther reaction conditions, for example upon exposure
to oxygen, or raising reaction temperature to 100° are found to accelerate
the rates of both the formation of acyl nitroxide radicals, and the
disappearance of nitroxides, and iminoxy radicals.

The reactions of solutions of high concentration of nitrogen
dioxide with alkenes are found to produce mixtures of nitroxides, or
iminoxy radicals, together with acyl nitroxide radicals.

The reactions of alkenes with nitric oxide in the presence of
a trace of nitrogen dioxide provide the information that vic-=nitronitrites
may have major role in continuing the reactions of addition of nitrogen
dioxide to alkenes to produce acyl nitroxide radicals, and other reaction
preducts.

The effect of substituents of alkenes in deciding the radical
products, and the reaction mechanisms are discussed.

Finally, the existence of pB-nitroalkyl radicals which are

initial radicals formed from addition of nitrogen dioxide to alkenes is
confirmed by employing nitrosobenzene as spin trap.

Index Terms :

ESR
nitrogen oxides
alkenes
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CHAPTER ONE

Introduction to Reactions of Nitrogen Dioxide with Alkenes

1,1 Introduction

The reactions of nitrogen dioxide (Noz) have been the subject
of many previous investigations (J.L.Riebsomer, 1945). The results of
numerous investigations have been conflicting and confusing in that the
various different products of the addition of nitrogen dioxide to alkenes
have been frequently reported. In the past, reactions of nitrogen dioxide
were interpreted as ionic reactions. During the 1950s, evidence accumu=-
lated in favour of a radical nature of additions of nitrogen dioxide to
alkenes and it is now certain that the addition reactions of nitrogen
dioxide proceed by radical mechanisms (H.Shechter, and F.Conrad, 1953).
In the past eighteen years the electron spin resonance spectroscopy has
been applied to study the reaction mechanisms of addition reactions of
nitrogen dioxide with alkenes (C.Lagercrantz, and M.Yhland, 1962), and
the results have confirmed the free radical nature of nitrogen dioxide in
addition reactions. This chapter therefore includes a brief account of
our knowledge of chemical and physical proverties and also the reaction
mechanisms proposed by previous investigators. The details of the previous
investigations have been reviewed elsewhere (J.L.Riebsomer, 1945; H.Shech-
ter, and F.Conrad, 1953; P.Gray, and A.D.Yoffe, 1955a and 1955b3 H.Shech=
ter, 1964; G.Sosnovsky, 1964; and Y.Rees, and G.H.Williums, 1968).

1,2 Some Physical Properties of Nitrogen Dioxide and Related Oxides of

Nitrogen.
Nitrogen dioxide (Noz) is an odd-electron molecule with

seventeen valency electrons and shows high tendency to dimerise and form

dinitrogen tetroxide, Nzoq' At room temperature, nitrogen dioxide is in

-] -



equilibrium with its dimer, as shown in equation 1l.l.

2 No, == N,0, (1.1)

The solid (m.p. =11.2°) is colourless and diamagnetic and is assumed to
contain only dinitrogen tetroxide. The liquid at the triple=-point is
yellow, and darkens in colour as the temperature is raised. It is diamag-
netic at all temperatures, but the diamagnetism decreases with increasing
temperature as more dimeric molecules dissociate. The liquid boils at
21.150, at which temperature the vapour contains 16.1 % of the monomer
and is brown. As the temperature is increased, the proportion of the
monomer, and the intensity of the colour, increases; at 150° the vapour
is black. At 150° nitrogen dioxide begins to decompose to nitric oxide
(¥0), which is a colourless gas, and to molecular oxygen and the disso-
ciation is complete at 600°. Impure nitrogen dioxide or dinitrogen tetro-

xide is often green owing to the presence of dinitrogen trioxide, NZO .

Nitric oxide (NO) is also a paramagnetic molecule, and has
eleven valency electrons. Nitric oxide melts at -163.60 and boils at
-151.?0. The gas is colourless, but the liquid has been reported as colour=
less, cobalt blue, and pale straw=-green. It shows no marked tendency to
dimerise.In the liquid state, nitric oxide exists almost entirely as the
dimer, NZCb, and is feebly paramagnetic. In the solid state, where asso=-
ciation is virtually complete, the dimer is still feebly paramagnetic.

1.3 The Chemical Reactions of Nitrogen Dioxide.

Chemical reactions of nitrogen dioxide have been studied in
both the liquid and the gas phases. In the liquid phase and at low tempe-
rature, dinitrogen tetroxide is present and is involved in chemical

reactions whereas in the gas phase and at high temperature, nitrogen

e



dioxide is principally the species involved in chemical reactions. Kine-
tic data from studies in both phases suggest that it is the reactions of
nitrogen dioxide and not dinitrogen tetroxide.

Since nitrogen dioxide is an odd-electron molecule, a number
of its reactions belong to classes typical of free radicals, such as
association reactions with radicals including dimerisation, addition to
uﬁsaturated systems, hydrogen abstraction, and under appropriate condi-
tions substitution of hydrogen in aromatic nuclei occurs. Other of its
reactions such as photolysis, decomposition, reduction, and oxidation
are non=-radical or owe little character in free radical type reactions.
Its reactions with organic compounds have been extensively reviewed
(J.L.Riebsomer, 1945; P.Gray, and A.D.Yoffe, 1955a and 1955b; A.V.Topchiev,

1959; and A.I.Titov, 1963).

1.3.1 The Association of Nitrogen Dioxide with Other Radicals

The association of nitrogen dioxide with alkyl radicals and
the energetic factors determining the nature of the products have been
discussed by P.Gray (1955). When nitrogen dioxide reacts with an alkyl
radical, Re, two distinct modes of association are possible, according

to whether it combines at a nitrogen or an oxygen atom,

R* + No, —= BNO, (1.2)
R* + NO, —> RONO (1.3)

The products are a nitroparaffin and an alkyl nitrite respec=-
tively. Although the dissociation energies of those carbon-nitrogen and
carbon=oxygen bonds are approximately equal, when the reaction yields a
nitrite, the strength of the oxygen=-nitrogen bond is frequently so low
that the energy released on association is sufficient to break it imme=-
diately, yielding an alkoxy-radical and nitric oxide as -in equation (1.4),
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the net effect thus being oxidation of the alkyl radical. Association of

R* + NO,—— [R=0=N=0] —— RO* + NO (1.4)

a radical and nitrogen dioxide via the oxygen atom to give a nitrite is
more favourable in solution than in the gas phase, since the excessive
energy is more easily removed in deactivating collisions with solvent
molecules, )

As well as with alkyl radicals, nitrogen dioxide also asso-
ciates with other atoms and radicals, for example the hydrogen atom,
fluorine atom, chlorine atom or with hydroxy and alkoxy radicals.

1,3.2 Addition of Nitrogen Dioxide to Unsaturated Compounds

Addition reactions of nitrogen dioxide to simple alkenes were
first placed on a firm experimental basis by N.Levy, and C.W.Scaife (1946).
Various interpretations of nitrogen dioxide addition reactions have been
reported and most evidence favours free radical attack by nitrogen dioxide
(d.Shechter, and F.Conrad, 1953).

Addition reactions of nitrogen dioxide to alkenes have been
studied in the gaseous phase and in the liguid phase with and without a
solvent. The primary products of the reactions are dinitro compounds and
nitronitrites in nearly equal proportions. The secondary reactions give
rise to other preocducts, §uch as nitroalkenes, nitronitrates and nitro=-
alcohols and these have all been found in reaction products. In the gas
phase at elevated temperature, addition is followed by complete oxidation.
In the liquid phase, oxidation is diminished by the presence of sclvent
and molecular oxygen. Addition of the first nitrogen dioxide molecule
always forms nitro compounds, the second nitrogen dioxide may yield either

nitro compound or nitrite as shown in equations 1.5 and 1.6.
L=



: |
Ye=c{ + NO ——————-r)g-c-uoz (1.5)

2 I
| {7} -
>c—ri:-N02 FE I i el and -(II-C’:- (1.6)
0.N NO ONO NO
g S5 2

The studies of reaction products of nitrogen dioxide and unsym-
metrically substituted alkenes in various reaction conditions, for example
in different solvent systems, varying temperatures or in the presence of
oxygen molecule, provides the evidence to deduce reaction mechanisms,
Direction of addition is specific in that in formation of nitronitrites,
the first nitro group is always attached to the carbon atom containing
the larger number of hydrogen atoms, the second nitro group is added to
form either C=C=N=0 or C-NOZ. With terminal alkene, the addition of the
first nitro group occurs exclusively by C=N bond formation at terminal
position (H.Shechter, and F.Conrad, 1953). In some cases the addition
takes place irrespective of the electronic demands of groups attached to
unsaturated system, for example dinitro compounds have been isolated from
reaction of fluorinated alkenes and nitrogen dioxide (J.L.Kmunyants, and
A.V.Fokin, 1956 and 1957). This subject has been reviewed by F.W.Stacey,
and J.F.Harris (1963); and H.Shechter (1964). This evidence argues against
most addition reactions of nitrogen dioxide to alkenes that nitrogen dio=-

xide is an electrophilic reagent (C.K.Ingold, and E.H.Ingold, 1947).

In 1963, the electron spin resonance spectroscopy was used to
study addition reactions of nitrogen dioxide to unsaturated compounds,
and stable nitroxides were reported to be reaction products (P.D.Cook
et al., 1963; and M.Ebert, and J,Law, 1965). Iminoxy radicals and acyl
nitroxide radicals were reported later as the reaction products of addi-
tion reactions between nitrogen dioxide and saturated or a,B -unsaturated
carbonyl compounds (W.M.Fox et al., 1967)., B -Nitroalkyl radicals have

been proposed to be initial radical intermediates which lead to several
-5



non=-radical and radical products, The esr spectra of pJ-nitroalkyl
radicals were observed by R.M.Estefan et al., 1970; and J.R.Rowlands,
and E.M.Gause, 1971.

Nitrogen dioxide also adds to acetylenic and aromatic compounds,
Numerous of these compounds have been studied and a free radical mechanism
is proposed for acetylenic compounds. A mechanism proposed for aromatic
compounds is that at elevated temperatures under pressure nitrogen dioxide
adds to the ring system and is followed by hydrogen atom abstraction by
a second nitrogen dioxide molecule, but the products are formed in very
low yield. The mechanism of these reactions have been described by J.L.
Riebsomer, 19%45; and A.I.Titov, 1949.

1.3,3 Hydrogen Abstraction Reactions

The abstraction of hydrogen from organic molecules by nitrogen
dioxide always proceeds via the oxygen atom, with the production of

nitrous acid and alkyl radical (equation 1.7).

RH + NO,— R* + HONO (1.7)

The weaker the R-H bond, the easier the abstraction occurs, It
is found that hydrogen abstraction is easiest for tertiary C-H bonds
and the hardest for primary C-H bonds, Aldehydic C-H bond of CHO group
is considerably weaker than in hydrocarbons. In the reactions of aldehydes
with nitrogen dioxide, oxidation occurs at temperature lower than of
hydrocarbons. Alkenic and acetylenic C-H bonds are stronger than alkanes
and addition reaction takes precedence over hydrogen abstraction.

After hydrogen abstraction the alkyl radical may undergo
further reactions. Prominent among these reactions are nitration and
oxidation, as described in section 1.3.l; equations 1.2 and 1.4,

Overall the reactions are complex. Their course is dependent

o2



on temperature, pressure and catalysts and may involve many different
types of individual steps. However, an initial abstraction of a hydrogen
atom is able to account satisfactorily for the observed properties in
nitration of paraffins, hydrogen abstraction from aldehydes, ethers,
alcohols, ketones, acids and other organic compounds (A.E.Rout, 1946;

A.D.Yoffe, 1953; and H.B.Hass, and D.E.Hudgin, 19%4).

1.3.4 Metathetical Reactions

In this class of reaction, nitrogen dioxide has a role in oxi-
dation=reduction reactions and including decomposition of nitrogen dioxide.

When nitrogen dioxide acts as an oxidising agent, an oxygen
atom is transferred from the nitrogen dioxide molecule, as shown in

equation 1.8.

0L SR e X0 (1.8)

where X may be an atom (H,N,0,Na), a radical (C o1 ¢ Cofonay GHBCO,

2,02,N0 ) or a normal molecule (CO,

NOCl). When X is an alkyl radical the process is exothermic. The

0013), an odd-electron molecule (NO, NO
802,
species RO+ is itself very reactive and if R is a secondary or tertiary
group the largest alkyl group is split out most readily, leaving a carbo-
nyl compound. The alkyl radical continues to react in the same way, a

primary alkoxy radical being formed.

Re + NO,—= RO+ + NO (1.9)

when X is an oxygen molecule, its oxidation generates ozone (H.S.Johnston,

and H.J.Crosby, 19%).

B, H e WD+ Qg (1.10)

When nitrogen dioxide acts as a reducing agent it gains another
-



oxygen atom, Association and abstraction reactions are included in this
type of reaction. The oxidation of nitrogen dioxide by ozone is a rapid
reaction. The final product is dinitrogen pentoxide, N205 (H.S.Johnston,

and D.M.Yost, 1949).

NOo, + 0Oy s WL Oy (1.311)
No, + Noj—»nzoj (1.12)

The decomposition of nitrogen dioxide is an example of oxygen

transfer reaction and occurs as in reaction 1.13.

2N, ——= 2NO + O (1.13)

2 2

1.3.5 Photochemistry of Nitrogen Dioxide

Nitrogen dioxide shows absorption in the visible region and as
far as A = 2800 nm in near ultraviolet. The fluorescence spectrum is
appreciable at A = 4360 nm, weak at A = 4050 nm and virtually zero at
A = 3650 nm, The scheme for fluorescence at wavelengths from 3950 mm to

4360 nm is as following:

L

absorption B0, PN By et RO (1.14)
re-radiation NO, ———= N0, + hv (1.15)
quenching Noz* + WO, s 2HO, (1.16)

An absorption of radiation and formation of excited nitrogen
dioxide is at 6000 nm. This energy of excitation is not enough to disso-
ciate molecule and it is quenched or re-radiated as fluorescence, At
shorter wavelengths, 4000 nm the absorption becomes diffuse and fluores-

cence fades as dissociation begins as following reaction:

NO, + hy — NO + 0(31=) (1:17)

2
As the wavelength is further diminished and energy of excita-

-8~



tion increased, dissociation predominates, the intensity of fluorescence
is zero by 3650 mm, absorption is continuous. This leads to the second

step:

No, + 0(3P) ———— WD #.0, (1.18)

The second region of sharp absorption bands near 2596 nm and
the second diffuse region near 2459 nm corresponds to dissociation into

nitric oxide and an excited oxygen atom,

0, it e O & o(ln) (1.19)

1,4 The Previcus Studies of the Reactions of Nitrogen Dioxide with

Alkenes by Electron Spin Resonance Spectroscopy

Using electron spin resonance spectroscopy to study reactions
of nitrogen dioxide with alkenes in liquid phase was first reported by
C.lagercrantz, and M.Yhland in 1962, They observed esr spectra from liquid
=-photolysed solutions of tetranitromethane in unsaturated and ketonic
solvents, and the results were interpreted in terms of formation of
charge-transfer complex between the solvent and tetranitromethane and
mechanisms of some of the reactions which occurred with nitrogen dioxide,
produced by photolysis, were proposed. T.J.Schaafma, and J.Kommandeur
(1965) also proposed the formation of charge-transfer complexes from
reactions between nitrogen dioxide and aromatic or olefinic solvents., '
P.D.Cook, and others in 1963; and M.Ebert, and J.Law in 1965 have found
that when mixture of nitric oxide and nitrogen dioxide was added to methyl
methacrylate at room temperature, a relatively high concentration of radi-
cals was produced and possible structure of this radical has been sug-
gested by J,A.McRae, and M.C.R.Symons, 1966. W.M,Fox, and others, 1967,

studies reactions of nitrogen dioxide and a number of saturated and
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unsaturated carbonyl compounds at room temperature, nitroxide radicals,
iminoxy radicals and acyl nitroxide radicals were observed. Interaction
of nitrogen dioxide with styrenes and a number of alkenes were also
studied by using electron spin resonance spectroscopy, and nitroxide
radicals were observed and charge-transfer complexes were thought to be
involved (B.H.J.Bielski, and J.M.Gebicki, 1969). The reactions of nitro=-
gen dioxide with styrenes in the presence of nitrosobenzene and the reac-
tions of nitrogen dioxide-nitric oxide mixture with styrenes were also
studied, and it was concluded that J-nitroalkyl radicals and vic-nitro-
nitroso compounds were involved in the mechanistic pathways (L.Jonkman

et al., 1970, and 1971). When R.M.Estefan et al., 1970; and J.R.Rowland,
and E.M.Gause, 1971, studied reactions of nitrogen dioxide with blood and
lung components, and also unsaturated lipid components, nitroxide radicals,
iminoxy radicals and another radical with hyperfine structure extending
over 36 gauss were observed. They proposed that the esr spectrum of the
latter radical was the spectrum of the J=-nitrocalkyl radical, the initial

radical intermediate in nitrogen dioxide=-alkene reactions.

1.5 Scope of This Present Study

From the brief review of the chemical reactions of nitrogen
dioxide with alkenes outlined in sections 1.3 and 1.4, the mechanisms of
these reactions seem to be rather complicated and have not yet been
completely worked out. The aims of this present work are to study
mechanisms of addition reactions of nitrogen dioxide with alkenes by
using electron spin resonance spectroscopy. The areas which have been
investigated in this study include the interaction between nitrogen
dioxide and various alkenes, electron donating=-substituted alkenes and
electron withdrawing=-substituted alkenes. The reactions were carried
out in the absence, and in the presence of oxygen, varying reaction
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temperature, and exposed or unexposed to room daylight or ultraviolet
light., Particular attention has been paid to a study of the initial
radicals formed which had been proposed to be J =-nitroalkyl radicals.
These investigations along with those from the previcus works may explain
some reaction pathways of the reaction studies. The results and discus=

sions are then presented in Chapter Four and Chapter Five.
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CHAPTER TWO

Theory of Electron Spin Resonance Spectroscopy



CHAPTER _TNO
Theory of Electron Spin Resonance Spectroscopy

2.1 Introduction

Electron spin resonance (esr) spectroscopy means the obser=-
vation of absorption of electromagnetic radiation caused by the magnetic
dipole transitions between spin states of unpaired electrons in a magnetic
field. The phenomenon was discoﬁered by E.Zavoiskii in the USSR in 1945,
and since then esr has rapidly developed into a most powerful tool of
various areas in physics, biology and chemistry. The applications to the
study of free radicals were stimulated in the mid-1950s when pioneering
work clarified the principles of relating esr patterns to radical struc=-
ture. Many versatile techniques for the detection of radicals during
chemical reactions by esr have been introduced and have made esr a still
more valuable method of radical chemistry. The information obtainable
from esr spectra of free radicals is contained in

a. the number and positions of the spectral lines,

b. the line widths,

c. the total absorption intensity.

Analysis of the number and positions of the lines leads to the
determination of the chemical and steric structure of the radicals and
provides insight into the odd-electron distribution, Discussion of the
line width may offer additional information on structure as well as on
kinetics of reversible radical reactions. The concentration of the radi-
cals is determined from the absorption intensity.

The basic principles and the-details of the necessary analyses
of esr spectra and many results have been described in a number of books
and general reviews (D.J.E.Ingram, 1958; M.Bersohn, and J,C.Baird, 1966;
P.N.Atkins and M.C.R.Symons, 1967; P.B.Ayscough, 1967; B.H.J.Bielski, and
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and J.M.Gebicki, 1967; A.Carrington, and A.D.MclLachlan, 1967; C.P.Poole,
1967, R.S.Alger, 1968; F.Gerson, 1970; J.E.Wertz, and J.R.Bolton, 1972;
M.C.R.Symons, 1978; and Landolt Bornstein, 1979). In this chapter we
briefly describe basic principles of esr, and the present knowledge of
some carbon and nitrogen centred radicals related to our study are also

summarised.

2.2 Theoretical Considerations

2.2.1 Resonance Condition

The electron has a non=classical, intrinsic angular momentum
called spin. According to the principles of quantum mechanics, only one
of the components of the spin in a given direction (z) can be measured
accurately apart from its magnitude. The spin is characterised by the
quantum number S = %, its component along the z=-axis being characterised
by the quantum number Ms =% %, The eiectron thus has two spin states
differing in M.

The spin of the electron gives rise to a magnetic moment s
whose z=component gt; can assume only two values corresponding to the

spin quantum number Ms =% 4, Ms and gxg are related by equation:

| -()eghy  for M =+
,ug = = Ms.gE./}E = ’ (2.1)
~(4tleg By for M = -4
where Bg is the Bohr magneton, a constant having the value of 9.2733 X
10*2lerg/gauss; 2o is a dimensionless number whose value for free elec=-
trons is 2.0023. The gn value for electrons in atoms or molecules may be
different. It is convenient to identify z-axis with the direction of
applied magnetic field. The component .ug of the magnetic moment is then
responsible for the behaviour of the electron in the magnetic field.

In the absence of an external magnetic field, the two spin
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states with M_= ++ and M = -+ are degenerate. When a magnetic field H
is applied along the z=axis, it interacts with magnetic moment “e of
the electron, and the spin states are no longer degenerate (Zeeman effect).

The energy of interaction E is given by the formula

E=-ugH = +(M gep) H (2.2)

and the energy difference between two spin states is

-8 - e (2.3)

where E, and E, are energy levels of the spin states M_= -4 and M = -5

respectively (Fig. 2.1).

Fig. 2.1 Splitting of the spin levels of an applied
magnetic field of intensity H.

Transition from one Zeeman level to the other (i.e. between
El and EZ ), in which the electron changes its spin state occurs when the
system is exposed to an electromagnetic radiation with a resonance fre=-

quency v . This frequency is determined by the resonance condition

o3 = gyl (2.4)

where h is Planck's constant (6.624)(10-27 erg.sec); v thus depends on
allj-



H, and the proportionality constant between them, V_, amounts to 2,802

E'
Miz.gauss™-, when g = 2.0023.

A e, 2 &gly (2.5)
i h

To satisfy the resonance condition, one can vary v and/or H.
For technical reasons, the frequency v is kept constant and the field
strength H is varied to bring it to the value at which the resonance
condition is fulfilled.

2.2.2 Relaxation Phenomena

The resonance condition hv = gfH implies that energy has been
supplied to electron spins in a lower energy level and has transposed
them to a higher energy level. These electron spins must eventually
return to the lower state and the time they take to return is known as
relaxation time.

Relaxation times comprise two terms, a dipolar spin=-spin
relaxation time TZ’ which is determined by the amount of spin energy
shared with other electrons or nuclei, and a spin-lattice relaxation
time Tl’ which is determined by the rate of sharing spin energy with
thermal vibrations of the lattice. Tl is defined as the time in which an
initial excess of energy given to the spins will fall to 1/e or 0.368 of

its value. T. and T2 are related to t by

1
e L (2.6)
T T2 '.'I.‘1
where 7 is defined by
T = ﬂ'g( W - cuo)max (20?)

in which g(w=- ab) is the line-shape function,
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Thq magnitude of the spin-lattice relaxation time is controlled
by spin-orbit coupling, but since this is a very small parameter in
organic radicals this mechanism does not usually contribute to the line=-
width of an esr spectrum and Tl is of the order of seconds. The major
contribution to the linewidth of the esr spectrum of an organic radical
is the spin-spin relaxation time. This is the reduction of the time spent
in a particular spin state because of dipolar interactions with surround-

ing magnetic particles whether these be electrons or magnetic nuclei.

¥ i
The g-value or spectroscopic splitting factor or Lande factor

defined by the equation

hy = ggH
is a proportionality constant, relating to the frequency and field at
which resonance occur. The g-value for free electron is 2.0023 which
resonance occurs at X-band frequencies and with an applied field of some
3300 gauss. This is not generally the case for unpaired electrons in
paramagnetic molecules since there may be a contribution to the magnetic
moment arising from orbital angular momentum which will be observed as a
deviation of the g=-value from the free spin value (go), and resonance at
a field different from 3300 gauss. The g-values of most organic free
radicals are within 1 % of the free electron value while those of hydro-
carbon free radicals are within 0,1 % of g,+ The deviation of the observed
g from &o has been interpreted as being due to spin-orbit coupling; the
spin-orbit coupling parameters for most hetero-atoms are greater than
that of the carbon and this explains why those radicals with spin densi-
ties localised on, for example oxygen, nitrogen or sulpher atoms have g=-
values which deviate from g, more than those of carbon radicals. Since

it is possible to measure g-values to very high precision they can be

=]l



used to give information about the orbital occupied by the unpaired

electron and also to identify radicals.

2.2.4 Hyperfine Interactions

2,2.4.1 The Origin of Hyperfine Structure
A well resolved esr signal of a radical in solution may con=-

sist of more than a hundred lines. This complexity of the signal, known
as its hyperfine structure is determined by the interaction between the
unpaired electron and the magnetic nuclei in the radical, for example
nuclei with a non=-zero spin quantum number I, analogous to the electron
spin quantum number S of an electron.

A description of the behaviour of a nucleus in a magnetic
field H involves the component of the nuclear magnetic moment Uy in the

direction (z) of the field (,u;). By virtue of

Z

.‘U'N P +M.-LgN’GN (2‘8)

y§ depends on the spin quantum rumber M .. M. can assume (2T + 1) values,
namely =I, (=I+1l), (=I+#2)eesesceseees, +1. Among the four most common

nuclei in organic compounds, “H (I = %, M= %) and iy (I=1, M= t3)

12 16

are magnetic, whereas ~ C and ~ 0 are not. The gy values are dimensionless

and characteristic of the type of the nucleus. The nuclear'magneton Py

(5,0493 x 10-2& erg/gauss) is smaller than the Bohr magneton /_ by a

E
factor of 1836, which is the ratio between the mass of the proton and that
of the electron. The values of y; are therefore correspondingly smaller

than g,
to the positive charge of the nucleus.

and provided that gN)» 0, they have the same sign as MI’ owing

In a strong magnetic field H the interaction between the

unpaired electron and a magnetic nucleus results in a small perturbation

™

d E to the Zeeman levels E. and Z, of the electron spin, this perturbation

s §
7



being made up of two terms:

5B *. (R o (9R), (2.9)

The anisotropic term (SE) aniso rePresents the classical dipole-dipole
interaction, which depends on the relative positions of the magnetic

moments of the unpaired electron and the nucleus, u. and 4., In the case

E g8
of liquids, where ‘the molecular motion continuously changes the relative
positions of the magnetic moments, the dipole-dipole interactions average
out except for a small residue that depends on the viscosity of the
medium, It contributes to the line-width Avbut not to §E, since the time
average ( ‘SE)a.niso is now zero. The hyperfine structure of radicals in
solution is therefore due exclusively to the isotropic or direction=-
independent Fermi contact term ( 3E)iso' In a strong magnetic field in

the Z~direction, this term can be expressed as

(8E)y = - %{( u;u; ) ' (0) (2.10)

where p'(0) is the electron spin demsity at the nucleus. Using equations

(2.1) and (2.8) for ,u; and .u;, one obtains
(400 = + I exiamghy(11)0" ) 1)

Equation (2.11) shows that, for positive gy and p'(0), the level E, and
E2 of the unpaired electron are stabilised when Ms and HI have the oppo-
site sign, being destabilised when they have the same sign., The diagrams
in Fig. 2.2 refer to radicals in which the unpaired electron interacts
only with one nucleus having a spin quantum number I of % or 1 (for exam=-
ple 1 or lL"N, respectively). The levels E, and E, of the electron spin
states with M = - % and M= % each split into two or three sub-levels
corresponding to the two quantum mumbers M;= - % and + } of the proton

or to the three quantum numbers Mf- -1, 0, and +1 of the lQ’N nucleus,

=18
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The selection rules

Msutl,MI=o (2.12)
state that only those transitions are allowed which occur between spin
states with the same quantum number M. Consequently, two hyperfine lines
are detected in the spectrum resulting from the interaction of the
unpaired electron with a proton, and three hyperfine lines when the

electron interacts with 14

N as can be seen in Figure 2.2. The separation
between the adjacent lines gives the hyperfine coupling constants (hfes)
of the nuclei in question (aH and ay in gauss). These are independent

of the field and characteristic of the nucleus-electron interaction in
the radical.

For a radical containing n equivalent magnetic nuclei, these
nuclei have equal coupling constants, and the number of equidistant lines
is equal to 2nI + 1., In this case some of the lines appear at the same
field strength, and their intensities add. The intensities are given by

the expansion coefficients of (1 + x + <%+ x3+....)n, where the number of

symbols within the parentheses is equal to (2I + 1),

2,2,4.2 Hyverfine Svlittings and Their Relations to Radical Structure.

2,2,4,2.1 Proton Hyperfine Splitting

It is convenient to distinguish the positions of the coupling
nuclei with respect to their relation to the electron-bearing carbon as
@ 5,V ,8, and so on. Thus in the n-butyl radical we denote the nuclei

as in the structure formula

S

O ® _~PuB APV A0
(8 H2 -C H2 =G H2 = H3

Isotropic hyperfine sﬁlittings of protons arise through a net spin
population of the hydrogen ls orbitals. If this spin population were N

the resulting parameter would be 507 G; therefore

=20-



3-H - 5074'*0& ‘ (2.13)

Proton coupling constants seldom exceed values of 50 G; that is, Py is
mostly lower than 10 #. The mechanisms leading to spin populations in
1ls orbitals are different for the different types of protons.

Table 2.1 gives the hyperfine splittings and g factors of a
number of radicals, many of which have « and f protons.-

aften, one distinguishes between 7= and o-type radicals.
In n radicals the unpaired electron occupies essentially carbon 2pz(n )
orbitals, the axes of which are perpendicular to the axes of the carbon-
substituent bonds. In o =type éadicals the electron occupies a sp3 or sp2
hybrid orbital of carbon and the angles between the axis of these orbitals
and the bond axes are 109°or 120°.While many radicals may be of interme-
diate structure, phenyl and formyl radicals are probably good examples .
for o=-type radicals (120°), whereas methyl very probably is a typical =
radical (90°).

The a=proton hyperfine parameter (a,) of methyl is -23.04 at
-188° C. Because of symmetry there can be no direct participation of the
hydrogen 1ls orbitals in the molecular orbital of the odd electron. The
nonzero value of hyperfine coupling constant is therefore explained by a
higher order effect,called spin polarisation of the C=-H bbnding orbitals.
This generates a net spin population in the hydrogen 1ls orbitals of
opposite sign to that in the carbon 2p, orbital and simultaneously a net
spin population in the carbon sp2 hybrid of like sign to that in the
carbon sz orbital. Because of the inversion of sign of spin populations,
the hyperfine coupling constant of the hydrogen is negative. To a very
good approximation, the spin population of the hydrogen ls orbital is
proportional to the spin population of the carbon sz orbital. Therefore,

for o protons in planar radicals with conjugated =~ systems one may write

i



Ay = 7Py = Qly (2.14)
where Pr is the spin population of the carbon 2pz orbital and @ is a pro=-
portionality constant. From the methyl o splitting ( .= 1) the value
Q = =23 G follows. Relation (2.14) has found wide application in the
interpretation of coupling constants of in-plane protons of conjugated
n radicals as well of neutral species like allyl, cyclohexadienyl, or
benzyl and of aromatic radical ions. A transfer of Q from one class of
radicals to another will hold only if the involved orbitals are very
similar, On the basis of a comparison of experimental splittings with
the results of INDO calculations on a large variety of radicals, a value
of Q = =22 G has been suggested to be most appropriate (J.A.Pople et al.,
1968).

The hyperfine interactions of 3 protons with the odd electron
are nearly isotropic. The isotropic splitting parameter of j protons may
be larger than that of a protons, as is seen from the values given in
Table 2.1 for ethyl, isopropyl, and tert-butyl radicals. The corres=-
ponding spin population in the 1s hydrogen orbitals results from.a hyper-
conjugative delocalisation of the odd electron into these orbitals. This
mechanism can operate for planar radical site at C, only if the j -hydro-
gens are not located in the nodal plane of the a =carbon 2pZ orbital.
This explains why the value of e 8 depends on the angle 9§ between the
sz axis at C, and the plane containing C, , Cﬁ , and Hﬁ « For radicals
in solution, the analysis of the pj=-coupling is not straightforward since
there is often hindered internal rotation about the C, =-C, bond and also

leads to angular dependence.

a.H5=(B° + Bzcosze)pf (2.15)

The quantity gis the azimuthal angle between the axis of the p orbital

2D



and the CH bond; Bo is sometimes considered to be the spin-polarisation
term, and BZ is the hyperconjugative term. The values of these parameters
are generally of the order of 0 to 6 gauss for B, and 50 to 60 gauss for

B,. These parameters are uncertain, but for many applications the value

2
of Bo can be assumed to be zero.

Hyperfine splitting by VY and § protons in alkyl radicals is
generally of the order of 1 gauss or less and often resolved only in
solution spectra. They are temperature denendent, which indicates a sort
of hyperconjugative mechanism for the coupling modulated by internal
rotation. For cyclic radicals larger splittings have been obtained for

the remote protons.

2.2.4.2.2 Hyverfine Splitting by other nuclei.

Hyperfine splitting by other nuclei, for example 3¢, laN,

15 17

N, or ~'0, if they are part of a planar n-radical skeleton, their
isotropnic hyperfine coupling constants obey a Karplus-Fraenkel relation
(2.16) (M.Karplus, and G.K.Fraenkel, 1961). For trigonal 1°C radical,
one obtains

AZS sl 5 3 Q) ey + 2 pd (2.16)
where ﬂf is the spin population of the sz orbital of the considered
carbon, and the ,%f are the spin populations of the corresponding orbitals
of the three neighbouring atoms X of this carbon. The coupling arises
through spin polarisation mechanisms, as outlined for o protons. The
positive terms ng denote the spin polarisation of the C-X o bond by elec-

tron interactions at the considered carbon; the negative terms Qgﬂ denote

the corresponding contributions from interactions at atoms X. The term

-

QC represents a spin polarisation of the carbon 1ls shell. The parameters

¢

S° and Qc have been determined empirically and for planar = radicals the

C c & c
Va,]_ S - "12.7 G, = + l . G, | = lq'. G rld. = -l .
ues QCH 9.5 QCC' 5Ga QC'C 3.9 G

=23~
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(trigonal hybridisation of C') are commonly accepted. The relation(2.16)
is semiempirical, and the constants QF may change from system to system.
Similar relationships hold for other hetercatoms. Nevertheless, the
Karplus-Fraenkel treatment often allows reasonable estimates of coupling
constants or of spin population distributions.

There are some indications that alkyl radicals with a-amino
or alkylamino groups may be nonplanar at the radical site in which éase
relation (2.16) breaks down. Coupling constants of nitrogen nuclei sub-
stituted at j-carbon atoms have been treated by assuming the validity of
an expression like (2.15) and values of Bgzs 0, Bg:s7 G were suggested
(H.Paul, and H.Fischer, 1969).

2.3 The Present Knowledge of Some Free Radicals Related to This Study.

2.3.1 Transient Free Radicals.

Many of the radicals which are of interest in organic chemis-
try are transient in the sense that they react with each other with great
efficiency and little or no activation energy if they come to close
spatial contact. Therefore their rates of disappearance are governed by
the rates of approacﬁ, that is, by the diffusional motion within the
medium. This allows a prediction on the radical concentration to be
expected during a typical reaction, for example

=

k

K

2Re (2.17)
B 0 8 2 R's (2.18)

R P (2.19)

Esr can detect radical concentrations as low as predicted only

in very special cases (for instance, if the signal is one sharp rescnance
line) and under most circumstances the recording of good quality spectra
requires concentrations above 5 x 10-? M. Therefore, often special
techniques have to be applied to study the radicals of interest. Either
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the rate of radical production has to be enhanced drastically or the rate
for radical disappearance has to be diminished. The latter approach
corresponds to the use of highly viscous media, or to trapping the radicals
in solids, or to converting reactive primary radicals R* by reaction with
suitable substrates S into unreactive species R'+ with low k3 (spin
trapping) so that these species can be conveniently observed. The former
approach is employed in the various techniques for rapid generation of
radicals in solution and within the cavities of esr spectrometers, while
the spectra are observed, for example radiochemical, photochemical, mixed-
flow, and thermolysis techniques.

Transient free radicals in this study are pB-nitroalkyl radicals
which we detect by employing spin trapping and mixed-flow techniques. The
details of these two technigues have been discussed elsewhere (E.G.Janzen,
and B.J.Blackburn, 1969; S.Forshult et al., 1969; G.R.Chalfont et al.,
1968; I.H.Leaver, and G.C.Ramsay, 1969; E.G.Janzen, 1971; I.Yamazaki et al.,
1959; E.Saito, and B.H.J.Bielski, 1961; B.H.J.Bielski, 1962; and W.T.Dixon,

and R.0.C.Norman, 1962 and 1963).

2,3.2 Nitroxide Radicals

Nitroxide radicals are compounds containing the ::N;O group,
which has one unpaired electron. The structure of this fragment can be
conceived as a superposition of two resonance structures:

+ s e
SN0 «—> _N-0°

The fundamental chemical and physical properties of stable
nitroxides were established over the last 20 years largely through the
pioneering research of E.G.Rozantsev in the USSR, and A.Rassat in France
and their collaborators. Several books and reviews summarise the many

contributions of these and other investigators in this area. (A.R.For-
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rester, 1968; E.G.Janzen, 1971; E.G.Rozantsev et al., 1971; and J.F.W.
Keana, 1978).

The esr spectrum of the nitroxide function consists of three
lines, or group of three lines, due to the nitrogen hyperfine splitting
(IN- 1). The nitrogen hyperfine splitting constant (aN) varies substantially
with the nature of the one or two substituents attached to nitrogen.

Table 2.2 gives the range of ay values expected from different types of
nitroxides for the nitroxide of unknown structure is being identified.
Steric or remote powerful electronic effects may cause the ay value to
increase or decrease to values outside these limits. Solvent is also
important, polar and protic solvents cause an increase in ay probably
because of an enhanced contribution of the dipolar resonance form in high
dielectric or hydrogen bonding solvents (E.G.Janzen, 1971). The ay values
in Table 2.2 are those expected using solvent in the polarity range benzene
to chloroform. g-Values are of less diagnostic value than an values when
considered by themselves but when used with ay values they provide comple=-
mentary evidence of structure.

Nuclei with spin attached directly to nitrogen or one, two
or even three (carbon) atoms removed from the nitroxide function show
further hyperfine splitting. From the esr point of view, the following

position nomenclature has evolved:

gl gy e

'

RE—O .

Hydrogen attached directly to nitrogen ( a-position) gives
large hyperfine splitting. Hypverfine splitting from hydrogens in the
5 =position have a strong well understood angular dependence. The mecha=-
nism of p -hydrogen hyperfine coupling is most readily ascribed to hyper-

conjugation, for example in methyl-substituted nitroxides.
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Table 2.2

Summary Table of ESR Parameters of Nitroxide Radicals

2i§§g:ide stractare EZiﬁgs) gvine
alkyl alkoxy RN(0*)OR 24,044029.0 2.0054..2.0060
dialkyl R,NO 14.0...15.5 2.0059..2.0065
aryl alkoxy aryl-N(0)R 13:000015.5 2.0046,.2,00%4
monoalkyl RNHO* 12.30s0l 33 2.0060, 42,0065
alkyl aryl RN(Qe )=aryl 105500312, 5 2.0056..2.0064
diaryl (a.ryl)zNO' 9:00e2l10.5 2.0055..2.0063
monoaryl aryl=-NHO. - e 2.0060
alkyl acyl RN(0e )COR BiSevesbal 2.0065..2.0075
aryl acyl aryl-N(0*)CO- 7400400840 240060, ,2.0070
aryl
E;) /H /H ? }i/H
=it c\;n <——>—_I:.—G;H <—>—§= i

The magnltude of this coupling depends both on the spin
density on nitrogen and on the dihedral angle between the p-orbital on
nitrogen and the C-H bond of the methyl group.

The equation a,.= 26 cos®9 which is derived from the relation
(2.15) when B =~ 0, B,py= 26 is used to calculate the dihedral angle for
the }S-hydrogen in alkyl nitroxides and thus obtain the conformation of
the group attached (G.Chapelet-Letourneux et al., 1968). E.G.Janzen
(1971), and A.Rassat (1971) have summarised some of the configulational
aspects of nitroxide radicals as determined by esr.

Splitting from more remote hydrogens also varies as a function
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of angle, but this angular dependence is not as well understood. The ay
values are usually fairly small or non-existant, typical values for 'aHV,
are approximately 0.4 gauss or less (F.W.King, 1976). Table 2.3 represents
2y and o of some nitroxides which include methyl-, methylene-, and
methine-substituted nitroxides.

Acyl nitroxides have the rather low ay values, for example
phenyl acetyl nitroxide and phenyl benzoyl nitroxide have ay values of
7.18 and 7.55 G respectively indicating a large contribution of form
(2-Ib) to the hybrid. In addition there is very little interaction of

the unpaired electron with the protons of the acyl group. (see Table 2.4).

+
R-(“!-PII—Ph R-C'!=1}T-Ph
00 00
(2-Ia) (2-Ib)

Structure of nitroxide function based on esr and X-ray data
is believed to be essentially planar with the unpaired electron to the
extent of at least 80-00 % in a N-0 7 orbital. Deviations from pure sp-
hybridisation are observed in the case of fluoro and alkoxy nitroxides.
The calculated ay for an unpaired electron in a nitrogen 2s-orbital is
552 ¢ (P.W.Atkins, and M.C,.R.Symons, 1967). The ay of 13-15 G found for
aliphatic nitroxides is a relatively small fraction of this, a condition
which strongly suggests a planar nitroxide structure with unpaired elec-
tron occupying a m=-orbital on the nitrogen and oxygen atom.

Stable nitroxide radicals are polar, deeply coloured solids
or liquids; an exception is bis=- [tri—fluoromethyl] -nitroxide which is
a gas under ordinary conditions. All nitroxides except the latter show

no tendency to dimerise at O=N centre at room temperature, Certain

nitroxides form inclusion compounds with hydrocarbons (E.G.Rozantsev,
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1966).
Most of the stable nitroxide free radicals are secondary amine

N-oxides of the general structure (2-II) in which there are no hydrogens

o3 :?- R4 23 :?: o
P e\l B NS NV

ST \ / \ g8 % 4 \g6

a =-carbon atoms

(2-1Ia) (2-1Ib)

attached to the a =-carbon atoms, for example di-tert-butyl nitroxide
(2-III) and 4,4'-dimethoxyphenyl nitroxide (2-IV) are stable in the sense
that they can be isolated and stored indefinitely. However the vast
majority of organic nitroxides are unstable since they react with each
other through some other centre of the ﬁolecule. For example, diphenyl
nitroxide in solution decomposes over the course of several days to

diphenylamine and N=-phenyl=-p=benzoquinone-N-oxide.

P S e
(CHy),07 CH OO/

(2-111I) - (2-1V)

Dialkyl nitroxides other than di-tert-butyl nitroxide are much
less stable than diaryl nitroxides.

When one or more hydrogen atoms are attached to the a -carbon
atoms of the nitroxide group, the radicals typically undergo a dispropor-
tionation reaction (D.F.Bowman et al., 1971; J .Martinie-Hombrouck, and
A.Rassat, 1974) producing a nitrone (2-VI) and a N-hydroxyamine (2-VII),

either or both of which may undergo further reaction. The rate of the
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disproportionation reaction strongly depends on the degree of substitution
of the a=carbon atoms and on the solvent (D.F.Bowman et al., 1971).

The following scheme for the decomposition has been proposed by D.F.Bow=
man et al., 1971; and G.D.Mendenhall et al., 1974. The structure of the
dimer (2-V) must be regarded as uncertain (G.D.Mendenhall, and K.U.Ingold,
1973).

\ N 7 e
2 N—O¢ hed o §— 01 2.19
Sely M, Ne”
7 « W
(2=v)
: -+
\ \
\c-/-:—o_o—ﬂ\c/ : 2 0
“ s e ey
s X __o—~N
(2=v) o L o
\ | -
N— + HO—N o
S L 0 R (2.20)
g H// \\\
(2=-v1) (2-v1I)

In addition, the nitrone appears to act as a trap for nitroxide radicals

so that the esr signal during the decay of high concentrations of nitro=-
xide changes continuously. A whole series of nitroxides could be formed,

for example:
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+ Et,NO-
EtzNO- - 'Et?ECHCHB-—-w——————> Et?th—CHB > (2.21)
0 0 ONEtz

> Further nitrones and nitroxides

The rate constant for nitroxide decay gradually decreases during a decay
presumably because of the increasing stability of the more hindered
nitroxides that are formed by this reaction sequence (K.Adamic et al.,
1971).

2.3.3 Iminoxy Radicals

Iminoxy radicals have been characterised as o radicals. The
unpaired electron is contained in an orbital which is derived from a p=-

orbital on oxygen and the nonbonding sp2

orbital on nitrogen and which
lies in the nodal plane of the molecular C=N = bond, as represented by
the contribution of the canonical structures (2-VIIIa) and (2-VIIID).
Nearly 50 % of the spin density is associated with the nitrogen nucleus
(M.C.R.Symons, 1963, and 1965) the nitrogen hyperfine splitting constant

is about 30 gauss.

R R! R\\ //R'
K4 :
N N
& \op 57 &op
(2-VIIIa) (2-VIIIDb)
Iminoxy radicals exist in two geometrically isomeric forms,
(2=IXa) and (2-IXb) which are interconvertible but at a sufficiently
low rate for the spectrum of each radical to be observed. We shall use
the term cis=~ when the mentioned group is on the same side with iminoxy
oxygen and trans- when the mentioned group is on the opposite side to

the iminoxy oxygen. The terms E- and Z- will be used throughout the
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discussions in Chapter Four in which these terms correspond to the

nomenclature of iminoxy radicals in Landolt-Bornstein, 1979.

j i
R C-R' RCH, C=R"'
% / L
C c
; :
0~ \\0.
E-isomer Z=-isomer
(2-IXa) (2-1XDb)

The esr spectra of iminoxy radicals have been discussed in
detail by numerous authors (J.R.Thomas, 1964; B.C.Gilbert et al., 1964;
H.Lemaire, and A.Rassat, 1964; M.Bethoux et al., 1964; W.M.Fox, and
W.A.laters, 1965; B.C.Gilbert, and R.0.C.Norman, 1966a, 1966b, 1967a,
1967b, and 1968; and J.W.Lown, 1966). The hyperfine splitting patterns
for protons or nuclei in iminoxy radicals show two types of effect, one
is a long-range interaction which is greatest when the proton, the
iminoxy group and the intervening atoms are coplanar. In particular,
the interaction is larger when the nuclei are on the same side of the
double bond as the oxygen atom., Nuclei such as protons which are five or
six bonds removed from the iminoxy oxygen also show interaction, which is
greatest when the H-C_ and =N-O+ fragments are coplanar, The other effect
is a shorter range interaction that appears to occur directly across space,
for example in the case of radical (2-X), the iminoxy oxygen and the
proton lie closely together so that there is possibly a direct overlap of
the orbital containing the unpaired electron and the hydrogen 1ls orbital,
and it may be that some at least of the spin density at the proton arises
from this overlap, and the remainder arising by transmission through the
bonding framework, (R.0.C.Norman, and B,C.Gilbert, 1967; and J.L.Broken-

shire et al,, 1972).

~38=



Oe

(2=x)

For carbonyl-containing iminoxy radicals, the attenuation for
transmission of spin density across carbonyl may be greater than that
across methylene when a particular geometry is involved, the carbonyl
group can aid the transmission of spin density by increasing the stability
of coplanar conformations, for example (2-XI) and (2-XIII) which are
effective for spin transmission, are more heavily populated than (2-XII)

and (2-XIV) respectively.

j Ef
/C\ /CHJ A /GHB
. ﬁ 1.40 G CHB 1 l.40G
0.56 G N\O. -c(N
(2=X1) (2-xII)
el
gl ¢ Ny
c g
I G i CH,
g9 1sg O i
0.71 G ‘ s
(2-XIII) (2-x1V)

The N=hfsc and H-hfsc of some iminoxy radicals are shown in
Table 2.5.

Iminoxy radicals can dimerise by N=-N, N=O, and O=C coupling
and rather complex mixtures of products are produced because of the

instability of some of the iminoxy radical dimers. With unhindered dialkyl
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iminoxy radicals the equilibrium favours the radicals or else is only
slowly established and decay is second order (J.L.Brokenshire et al.,
1972). The principle self-reactions of the majority of iminoxy radicals

are shown in following diagram.

—_ g“;@N-o-N=cig,
W b R 2
2 30N > " C=N=0~C=N=0 o {2422)
3 ) RY R
e B E §=C\R'
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CHAPTER THREE

Experimental



CHAPTER THREE

EXPERIMENTAL

3.1 Materials

3.1,1 Alkenes Investigated
Most alkenes readily available commercially were purchased, in

the purest form available. They were redistilled or recrystallised before

use. Gaseous alkenes were used without further purification.

3,1.1.1 Alkenes with di-alkyl, tri-alkyl or halogen substituents,
The following materials were purchased:

Compound Supplier
cis=2=butene BDH Chemicals Ltd.
trans-2-butene i
2-methyl-2-butene ”
cyclohexene 5

oleic acid (9=octadecenocic acid) "

methyl oleate (9-octadecenoic acid, »
methyl ester)

1,2=-dichlorocethylene Fisons

tetrachloroethylene -

3,1,1,2 Terminal alkenes with alkyl, aryl or halogen substituents.
The following alkenes were purchased:

Compound Supplier
iso=butene BDH Chemicals Ltd.
2-methyl-l-butene Koch=Light lab. Ltd.
l-decene i
ethyl vinyl ether 2
allyl chloride (3=-chloropropene) BDH Chemicals Ltd.

Llim



Compound Supplier

3=-butenoic acid Koch=Light lab. Ltd.
styrene (phenylethylens) BIP Chemicals Ltd.
p=methoxystyrene Koch=Light lab. Ltd.
(4=-methoxyphenylethylene)

a -methylstyrene BDH Chemicals Ltd.
(1-methyl-l-phenylethylene)

hexachloropropene Koch=Light lab. Ltd.
hexachloro=l, 3=butadiene ”

3.1.1.3 Alkenes with carbonyl, alkyl carbonyl or halogen substituents,

The following alkenes were purchased:

Compound Supplier
acrylic acid BDH Chemicals Ltd.
(propenoic acid)
3=-butene=2-one Koch=Light lab. Ltd.
acraldehyde Aldrich Chemical Co,Ltd.
(propenal)
methacrolein "

(2-methylpropenal, a -methylacraldehyde)

methacryloyl chloride =
(2-methylpropenyl chloride)

methyl methacrylate (monomer) BDH Chemicals Ltd.
(2-methylpropencic acid,methyl ester)

crotonic acid Hopkin & Williams Ltd.
(2=-butenoic acid)

ethyl crotonate Fisons
(2-butenocic acid, ethyl ester)

methyl crotonate Fisons
(2-butenoic acid, methyl ester)

crotonaldehyde Hopkin & Williams Ltd.
(2-butenal )
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Compound Supplier

hexachloro=2=-butenoic acid Koch=Light lab, Ltd.
3=pentene=2=one Aldrich Chemical Co,Ltd.
tiglic acid Koch=Light lab.Ltd.
(2-methyl-2-butenoic acid)

3,3=-dimethylacrylic acid "
(3-methyl=-2-butenoic acid)

mesityl oxide Hopkin and Williams Ltd.
(4=-methyl-3-pentene-2-one)

maleic acid Fisons

(cis=ethylene~1,2-dicarboxylic acid)

The following alkenes were prepared using the methods described
by A.I.Vogel (1978):
fumaric acid (trans-ethylene-1,2-dicarboxylic acid)

dimethyl maleate (cis~ethylene-l,2-dicarboxylic acid, dimethyl
ester)

dimethyl fumarate (trans-ethylene-l,2-dicarboxylic acid, dimethyl
ester),

3.1.,1.,4 Alkenes with aryl or aryl carbonyl substituents.

The alkenes purchased were:

Compound Supplier
cis-stilbene Koch=Light lab.Ltd.

(eis=-1,2-diphenylethylene)

trans-stilbene »
(trans=-1,2-diphenylethylene)

cinnamaldehyde BDH Chemicals Ltd.
(trans-3-phenylpropenal)
cinnamic acid Hopkin and Williams Ltd.

(trans-3=-phenylpropencic acid)

benzalacetone , sy
(4=phenyl=3-butene=2-one)

46—



Compound Supplier

cinnamyl alcohol BDH Chemicals Ltd.
(3-phenyl-2-propene=1-ol)

a=methylcinnamaldehyde Aldrich Chemical Co.Ltd.
(2-methyl=3=-phenylpropenal )

The following alkenes were prepared using the methods described
by A.I.Vogel (1978):
benzalacetophenone  (1,3-diphenyl-2-propene-2-one, or chalcone)

dibenzalacetone (1, 5~diphenyl-l,4=pentadiene=~3=one or
dibenzilideneacetone)

3.1.2 Nitrogen dioxide LEOZ) and nitric oxide (NO).

Nitrogen dioxide and nitric oxide were purchased from BDH
Chemicals Ltd, They were purified bhefore use by the methods described

in sections 3.2.1 and 3.2.2.

3.1.3 Nitrosobenzene

Nitrosobenzene was prepared by the method described by
G.H.Coleman, C.M.McCloskey, and F.A.Stuart (1955). Recrystallised
product was white solid, m.p.= 64=67° and was kept in a closed container

at O°.

3.1.4 Phenyl N-tert-butyl nitrone (PBN).,

Phenyl N-tert-butyl nitrone was purchased from Lancaster

Synthesis Ltd., and it was used without further purification.

3.1.5 1,4=Dioxan

Solvent which was used throughout this work was 1,4-dioxan.

It was purified by the method described by A.I.Vogel, 1978.
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3,2 Methods

3.2.1 Solutions of NO, in 1,4-Dioxan

NO, gas was bubbled through 1,4=dioxan until the solution
became dark brown and this solution was used as "solution of high concen=
tration of N’OZ". In practice, this solution was further diluted with a
small quantity of 1,4=dioxan if it gave a violent reaction with alkenes
or to prevent the reaction from overoxidised by NOZ'

"Solution of low concentration of N02“ was prepared by diluting
the "solution of high concentration of NDZ" with 1,4=dioxan to the concen=-
tration which upon gradually mixed to solution of alkene resulted in only
one type of radical product and high esr spectral intensities were observed.

Both solutions of low and high concentrations of NOZ were
bubbled with oxygen to oxidise lower oxides of nitrogen, for example
NO to NOZ and they were deoxygenated by bubbling nitrogen through the

solutions before mixing with the alkene solutions.

3,2.2 Solution of NO in 1,4-dioxan in the presence of a trace of NO, .

NO from cylinder was purified by passing through KCGH solution
and twWwo cold traps, one containing solid carbon dioxide and a second con=
taining a solid carbon dioxide and acetone mixture., The gas was then
bubbled through 1,4-~dioxan solution until a saturated solution was obtained,
This solution was used together with a drop of solution of low concentra-
tion of NO, (from section 3.2.1) to mix with alkene solutions in the
experiments on the reactions of NO in the presence of a trace of N02 with
alkenes.

3.2.3 Solutions of Alkenes

Solutions of gaseous alkenes, for example cis-2-butene, trans-
2-butene, and iso-butene were prepared by bubbling the gaseous alkene

into 1,4-dioxan until saturation occurred.
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Solutions of liquid alkenes were prepared by mixing equal
quantities of liquid alkene and 1,4=-dioxan together, Some alkenes, for
example ethyl vinyl ether, acrylic acid and acraldehyde were very reactive,
The solutions of these alkenes were prepared by adding a drop of alkene
to 0.5 ml of 1,4-dioxan,

Solutions of solid alkenes were prepared by dissolving the
alkene in 0.5 ml of 1,4=-dioxan until a saturated solution was formed.

In the case of trans=-stilbene, a mixture of n-hexane and 1,4-dioxan

(1:1) was used as solvent.

3.2.4__§§gple preparation for electron spin resonance spectroscopy.

3:2.4,1 Sample preparation for the study of reactions of NO, with

alkenes under "ordinary reaction condition".

In most cases, a few drops of NO2 solution were added to 0.5
nl of solution of alkene at room temperature. A small quantity of this
nixture was subsequently transferred into a small capillary tube, both
ends were sealed and the mixture was examined for radical products in the
cavity of esr spectrometef at room temperature.

Only in the case of cinnamaldehyde, was the sample prepared
at ice=-salt cooling=-bath temperature and the esr measurement carried
out at room temperature.

The reactions of both low and high concentrations of NO, with

2
alkenes were studied using these reaction condition (see sections 4.5, and

4,6).

3.2.4.2 Sample preparation for the study of reactions of NO, with

alkenes with the addition of oxygzen =zas.

The samples were prepared as in the same method as under
"ordinary reaction condition" but as soon as both reactants were well

mixed, oxygen was bubbled through the solutions for two minutes and the
49~



resulting solutions were then sealed in capillary tubes and examined for
radical products by esr spectroscopy.

The reactions of both low and high concentrations of NOZ and
alkenes with the addition of oxygen were studied as discussed in section

4.7.

3.2.4.3 Sample preparation for the study of reactions of NO, with alkenes

at elevated reaction temperature.

The reaction solutions were prepared as in the same method as
"ordinary reaction condition" sample preparation, as soon as both reactants
were well mixed, the reaction solutions were placed in a boiling water-
bath for one minute or until the colour of the solutions changed from green
or blue to yellbw or colourless and the resulting solutions in sealed
capillary tubes were examined for radical products at room temperature.
Some alkenes were studied at varying reaction temperatures, for example
raising, and lowering the temperatures in the range between room temperature
and boiling water-bath temperature, and the esr measurements were carried
out at room temperature. Some alkenes solutions were kept in the boiling
water-bath until the colour of the solution no longer changed or for about
five minutes and then the radical products were examined by esr spectroscopy.

The reactions of NO, and alkenes under this reaction condition

2
were discussed in section 4.7.

3.2.4.4 Sample preparation for the study of reactions of NO in the

presence of a trace of NO. with alkenes.

In all cases, equal quantities of a solution of NO in 1,4=-dioxan
in the presence of a trace of HOZ and the solution of the alkene (section

3.2.3) were mixed together and subsequently a smsall amount of this solution
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in a sealed capillary tube was examined for radical products.

Another reaction condition used was that of bubbling oxygen
through the reaction solution, prepared as described above, for two
minutes and then examining the solution for radical products.

The study of reactions of NO in the presence of a trace of NOz
with alkenes under "ordinary reaction condition", and in addition of

oxygen is described in section 4.8,

3,2.4.5 Sample preparation for the study of reaction of NO, with

alkene upon exposure to ultraviolet light

The sample was prepared as method described in section 3,.2.4.1,
and it was transferred into a capillary tube, both ends were sealed. This
capilLary tube containing sample was continuously exposed to ultraviolet
light in an ultra=-violet exposure carbinet for a period of time as required

and radical products were examined by esr spectroscopy (see section 4,9)

3s2.4.6 Sample preparation for the study of reaction of NO, with

alkenes in the presence of spin trap.

Two spin traps, nitrosobenzene and phenyl N-tert-butyl nitrone
were used in this experiment. When nitrosobenzene was used as spin trap,
the sample was prepared by the addition of a few drops of the solution _
of low concentration of N02 at the same time adding a few drops of nitro-
soﬁenzena solution to the alkene solution and thoroughly mixing the lot.
Solution of nitrosobenzene was prepared by dissolving a few crystals of
nitrosoﬁenzene in 0.3 ml of 1,4=-dioxan, When phenyl N-tert-butyl nitrone
was used as spin trap, the sample was prepared by dissolving a few crystals
of phenyl N-tert-butyl nitrone in 0.5 ml of alkene solution and then a
few drops of the solution of low concentration of NO. was added. The

2
resulting solutions were transferred and kept in sealed capillary tubes

o



and examined for radical products in esr cavity (see Chapter Five).

3,2.%4.7 Sample preparation for the study of reactions of NO, with

alkenes by using continuous flow technique.

The saturated alkene solution and the solution of low concen=-
tration of N02 were placed in separate containers, and flowed through a
mixing chamber by gravitational force and then the mixed solution entered
the esr cavity. The fastest flow rate of an apparatus in this study was
0.60 ml/sec, but other flow rates were able to be obtained, The radical
products were examined at the position at which both reactants just mixed

and then entered a quartz flat cell in esr cavity (see sections 5.2 and

5.4). The mixing cell is described in section 3.3.2.
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. Instruments

3.3.1 Ultra=violet exposure carbinet

The source of ultra-violet light used were 24 'Actinic' lamps
and 8 'sunlamps' which were symmetrically arranged on a 3:1 basis in the
ultra=violet carbinet. The samples placed in this carbinet were rotated
to exposed to all light wavelengths.

3.3.2 Mixing cell
The mixing cell which was used in this study was based on the

mixing cell of D.G.Borg (1964). Two reactants flowed from separate con-
tainers to the arms of mixing cell and mixed at the point at which the
mixed solution could enter the quartz flat compartment of mixing cell
within the shortest time. The quartz flat compartment was fixed in esr

cavity. Figure 3.1 shows the mixing cell which was used in this study.
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Quartz flat compartment

\_T l Capillary tube (2 mm outer diameter)
terminating in a bulbous end (3 mm
outer diameter) with four small holes.

<—— Reactant A

<——— Reactant B

Figure 3.1 Mixed=flow cell



3.3.3 The Electron Spin Resonance Spectrometer
3.3.3.1 A Description of the Instrument

The electron spin resonance spectrometer used in this work
was a commercially available one, the 'JEOL-FE 1' manufactured by Jeol
Ltd., Japan. This is an instrument using high frequency modulation and
phase sensitive detection. This is also known as homodyne detection, and
involves modulating the magnetic field at high frequency, usually 100 kHz,
with an amplitude small compared with the line width, and then sweeping
slowly through the resonant condition,

A block diagram of the apparatus is given in Figure 3.2.

Energy is fed into the hybrid tee bridge from the klystron
and is split equally between the side arms, one arm feeds energy to the
resonant cavity, the other arm carries components which reflect back a
resonance wave, adjustable in amplitude and phase. These two reflected
waves are detected in the fourth arm of the tee. In the off-resonant
condition, the reference wave is adjusted to give a reflection equal in
amplitude and opposite in phase to the reflection from the sample and
cavity, and therefore cancels, with zero power being transmitted to the
crystal detector in the fourth arm. At resonance, an off-balance signal
is detected.

A medulation coil is mounted inside the cavity. It modulates
the steady magnetic field of the sample at the modulation frequency. Any
absorption or dispersion due to resonance in the specimen changes the
reflection coefficient unbalances the bridge. The crystal detects the
resulting high frequency signal (100 kHz), which passes through a low
noise pre-amplifier and a narrow band amplifier to a phase sensitive
detector, which is also fed with a reference signal that is adjustable in

phase relative to the modulation. The high frequency modulator supplies
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the modulation coils and also reference output for the phase sensitive
detector,

Automatic frequency control is an incorporated feature of the
machine, allowing the klystron frequency to be locked to the resonant
frequency of the sample cavity.

The esr signal may be displayed on a cathode-ray oscilloscope,
or by a pen recorder,

All the work was carried out using X-band radiation, approxi-
mately 9400 MHz frequency, and the field intensity according to this

frequency band is 3360 gauss.

TE 011 mode (cylindrical) was used throughout this work. The

magnetic and electric field configulation is shown in Figure 3.3. The
maximum magnetic field is along the central vertical axis, and the sample
should be positioned at the centre of the cavity. In addition, the greater
the sample quantity placed in the cavity, the greater the effective volume

subject to the magnetic field, hence the stronger the signal.

3.3.3.3 Spectrometer Operation

The instrument was set up as instructed by manufacturers.

The frequency of the klystron and the natural resonance fre-
quency of the sample cavity were adjusted to be the same, and the klystron
frequency was then locked to the sample cavity frequency by an AFC unit,
Changes in sample cavity frequency were then followed by the klystron,
the instrument remaining 'on tune' (assuming changes in sample cavity
frequency were small)., This enabled the spectrometer to be used for
several hours without retuning. Samples were often changes without
necessitating more than very minor adjustment of the spectrometer, enabling
comparisons between different samples to be carried out.
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Magnetic field

——

————»—-- Blectric field

f Sample axis

Figure 3.3 Cylindrical TE Oll resonant cavity and the
electric and magnetic fields of the standing

wave,

Zero

Resultant modulation
of output signal

[VAVAVAYA)

H

2

____L/A\Q\JA;,___ First derivative output

N H

Figure 3.4 First derivative output, obtained when the
amplitude of the high frequency modulation
is small compared to the line width,
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The absorption of microwave energy was detected us;ng phase=
sensitive detection with a 100 kHz modulation current, and the first
derivative signal thus obtained displayed on an oscilloscope. The mag-
nitude of the modulation current, and thus the amplitude of the modulation
field, was made small enough to minimise lack of resolution by modulation
current broadening, and the scan speed and the amplitude set to display
the signal. A permanent recording was made by a chart recorder.

3¢3.3.4 Use of Derivative of Absorption

The amount of the supplied microwave power absorbed by the
sample is only a small fraction, necessitating amplification of the signal.
If the dc output from the microwave detector were amplified, it would be
difficult to detect the small change in the dc level the absorption would
make. If, instead, a small oscillating magnetic field is superimposed
onto the large applied field, a process referred to as modulation of the
applied field, this small field altermately adds to and abstracts from the
large field, Ho.

As the resultant Ho + H

modulation swings up and down, the dc

output also increases and decreases, This therefore supplies an ac signal
which may be amplified, and is not a small alteration of a large signal
level, but is zero when the sample is not absorbing microwave power. This

process is illustrated diagramatically in Figure 3.4,

3.3.3.5 Measurement of g-values and hyperfine splittineg constants

The g=-value or spectroscopic splitting constant of a paramag-

netic species is defined by the equation

hv = gpgH (3.1)
where h and g8 are known constants, and it is usual for practical reasons,
to hold v constant and sweep the magnetic field over the resonance

positions, Thus,
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gi = hv = constant : (3:.2)
B

Thus, if the frequency v and the magnetic field H are measured,

g may be calculated. It was, however, not possible to read the frequency
accurately. The g=-values were therefore calculated relative to a standard.
The standard chosen was Mn++ containing in MgO which gives
six lines esr spectrum, the g-value of the fourth line counted from the
low magnetic field side is g = 1.981. In the JES-UCX-2 Cavity Resonator,
this value remains constant for cavity resonance frequencies between
9200 ~ 9400 MHz. Furthermore, the distant between the third and the fourth
lines is 86.9 gauss.
Assume that the following measured sample and esr standard
signals were recorded simultaneously and the data as shown in Figure 3.5

was obtained.

Measured signal

N\

AH—
The third line of The fourth line of Mn' "
- o
Mn++ spectrum ™ n&\\\ spectrum
8, = 1.981
— 86.9 gauss —™
Figure 3.5
From the diagram g = g4 (3.3)
HI-JH

where g is the g=-value of the unknown sample
g, is the g-value of the fourth line of Mn' spectrum (1.981 at
9300 MHz)
H) is the value of the field at the fourth line of Mn'" spectrum
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and AH is the field deviation of the unknown peak and the fourth line
of Mn' T spectrum,

Thus, the g-value can be obtained easily without measuring
the microwave frequency. In this case, if the measured sample spectrum
appears in a magnetic field higher than that of the fourth line, it will
be necessary to make A H negative.

Using proportional calculation compares to the distant between
the third and the fourth lines of Mn' & spectrum, hyperfine splitting

are easily determined from the recorded spectra.
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CHAPTER FOUR

The Addition of Nitrogen Dioxide to Alkenes

Results and Discussion

Results

Alkenes which were studied in this work were classified into
four groups by the characteristics of substituents on a single double bond
as following:

1. Alkenes with dialkyl-, trialkyl=-, or halogen substituents,

2. Terminal alkenes with alkyl=-, aryl-, or halogen substituents.

3. Alkenes with carbonyl-,alkyl carbonyl=-, or halogenyl carbonyl-

substituents.

4, Alkenes with aryl-, or aryl carbonyl substituents.

The difference in substituents and also in reaction conditions
lead to the production of different radical products. Reactions of low
concentration of N02 with alkenes at room temperature and 1,4-dioxan as
solvent were studied and the radical products were detected by esr spec-
troscopy within few minutes in freshly prepared solutions. The esr spectra
showed that alkyl nitroxides, ay = 13=15 G, or iminoxy radica.ls,a.N = 29=-

32 G were formed. In reactions in which there was a high concentration of
N02 with alkenes, the radical products which we detected, apart from alkyl
nitroxides, and iminoxy radicals,were radicals with N-hyperfine splitting
of about 7 G which was the characteristic of acyl nitroxides were also
observed.

In the study of the reactions of both low and high concentrations
of N02 with alkenes with the addition of oxygen at room temperature or
when the reaction was carried out at an elevated temperature (at boiling
water-bath temperature) and with 1,4-dioxan as solvent, we found that the
main radical products were acyl nitroxides. Although there were some alkenes

which did not produce acyl nitroxides under these conditions, the esr
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spectra showed a change in radical concentrations compared to that produced
by 'ordinary' condition, .

In order to understand the reaction mechanisms of radical for-
mation, we also studied the reactions of NO in the presence of a trace of
NO, with alkenes. The radical products were alkyl nitroxides and/or imino-
xy radicals produced in high yields compared to the radical products
observed from the reacéions of N02 with alkenes. At high concentration of
NO, or with the addition of oxygen, or at elevated reaction temperature,
acyl nitroxides were never detected.

Consideration was also given to the involvement of atmospheric
oxygen and room daylight in the reactions of N02 with alkenes., We studied
the reactions of both low and high concentrations of N‘C}2 with iso-butene
in which the reaction mixtures were kept exposed or unexposed to room
daylight or to atmospheric oxygen (air). The radical products were detected
at different times for two months. The esr spectra showed a decrease in
alkyl nitroxide concentration and increase in acyl nitroxide concentration
dependent on reaction time, and also at different reaction rates according
to the oxygen concentration present in the reaction mixture. We found that
there was no difference in radical products and their concentrations on
exposure or unexposure to room daylight.

The results from all experiments will be described in detail

as following.,
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4,1 Alkenes with dialkyl-, trialkyl-, or halogen substituents,

Alkenes which were classified into this group were cis-2-butene,
trans-2-butene, 2-methyl-2-butene, cyclchexene, oleic acid, methyl oleate,
dichloroethylene, and tetrachlorocethylene. Radical products which we

observed from these alkenes were alkyl nitroxides, and acyl nitroxides.

4,1.1 cis-2-Butene, and trans-2-Butene

Blue solutions of low concentration of NOZ’ and cis-2=-butene
or trans-2-butene in 1,4-dioxan yielded radicals which had esr spectra
which were typical of alkyl nitroxides, i.e. 3 doublets ay = 13,167 G
(1:1:1), u(cn) = 1.756 G (1:1), and ay = 13.268 G (1:1:1), %u(cH) =
1.749 ¢ (1:1) from cis-2-butene, and trans-2-butene respectively
(Figure 4.1). We suggest structure (U4=I) for these alkyl nitroxides. When
similar reactions were carried out but elevated reaction temperature or
with the addition of oxygen then resulted yellow scolutions, and only acyl
nitroxide (4-II), 3 doublets esr spectra ay = 7.618 G (1:1:1), u(cH) =
2,12 G (1:1), and By ™ 7.683 G (1:1:1), 2(cH) = 2.048 G (1:1) were detected

from cis=-,and trans-2- butenes respectively.

N 0 NO
o T A e e
CHy=CH ¢ =N~ CH -CH -CH,
{CHB-(EH- cH Tﬁo
NO, CHy|
(4-1)
o, CH ? ﬁ
a —h' (T oL
CH, ,.:{ CH N c,
(4=I1)

il



At high concentration of NOZ. and cis=2-butene or trans-2-<butene,
the yellow solutions which resulted, contained alkyl nitroxide (4=I) and
acyl nitroxide (4=II) (Figure 4.2), but only acyl nitroxide (4=II) was
observed when the same reaction mixtures were studied at elevated reaction
temperature or with the addition of oxygen gas (Figure 4.3).

In the study of the reaction of NO with cis-2-butene, and trans-
2-butene in the presence of a trace of NO, in 1,4=-dioxan solution, at room
temperature or at elevated reaction temperatrue, with or without the
addition of oxygen, and also with an excess amount of NO, only alkyl nitro-
xide (4=I) was detected. This radical was observed in high yield undér
'‘ordinary' reaction condition and its spectral intensities were increased

at elevated reaction temperatures.

The blue solution of low concentration of NOZ' and 2-methyl-
2-butene in 1,4=dioxan gave 3 lines esr spectrum of alkyl nitroxide
(4=IIT), ay = 14147 G (1:1:1). A higher intensity spectrum of this radical
was observed when reaction temperature was increased and a lower intensity
spectrum of the same radical was obtained when the reaction temperature
was prolong increased where acyl nitroxide (4-IV), ay = 7.804 G (1:1:1)
was also observed in low yield. Addition of oxygen to the reaction mixture,

resulted in decreased spectral intensities of alkyl nitroxide (4-III).

CH, O CH
CH.~CH ~¢ - N i CH ~-CH
< N i g B 3
NO, GHy  CHy NO,
(4=III)
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0 O
?HB I

CH3-§H -? =N=- C~ CH3

NO2 CH3

(4=1V)

At high concentration of NO,, and 2-methyl-2-butene, the main

2’
radical product detected was alkyl nitroxide (4-III) and acyl nitroxide
(4=IV) was found only in traces.

In the reaction of NO, and 2-methyl-2-butene in the presence

of a trace of NO, in 1,4~dioxan , only alkyl nitroxide (4-III) was observed

in high yield especially at elevated reaction temperature.

4,1.3 Cyclohexene

The yellow solution of low concentration of NO,, and cyclohexene
yielded alkyl nitroxide (4-V), its esr spectrum showed 3 lines with ay =
12,374 G (1:1:1) and was stable for a few hours in this reaction mixture.
The reaction of high concentration of N02 and cyclohexene resulted in acyl
nitroxide (4-VI) in low yield, the weak 3 lines esr spectrum showed

ay = 6.705 G (1s1s1).

NO,0,N

(4=V)
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Q0

e
NO

-

(4-V1)

4.1.4 Oleic acid, and Methyl oleate

Alkyl nitroxide (4-VIIa), or (4=-VIIb) was obtained from the
reactions cf low concentration of NO,, and oleic acid or its methyl ester
in 1,4-dioxan solution, Their esr epectra showed 3 doublets with ay =
14,952 G, aH(CH) = 2,06 G for nitroxide (4-VIIa), and ay = 14.759 G,
aH(GH) = 2,11 G for nitroxide (4=VIIb). When the reaction temperature was
increased, alkyl nitroxide (4-VIIa) or (4-VIIb), and acyl nitroxide

(4=VIIIa) ay = 6.713 G, or (4-VIIIb) e 6.78 G were detected.

?oca 3008
1;102(?&2)7 (CHy), HO,
GHB(LHZJ?-CH -CH —y - ? -CH —(\,HZ)?\.I«:3
o O-N TH -CH(NOZ)-(GH2)75313
()7
COOR

(4=VITIa) R =H

(4=-VIIb) R = cH3
coor

! foz(%“fz)??f g

uﬂB(CHZ}?-uH ~CH  =N= C= (c&z)?x

£ = COCR, or CH

3

1]
=¥

(4=VIIIa) R

(4=VIIID) R

Il
&
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At high concentration of NO,, and ocleic acid or methyl ocleate
in 1,4=dioxan solution, only acyl nitroxide (4-VIIIa) or (4=VIIIb) was

obtained.

4.1,5 Dichloroethylene, and Tetrachloroethylene

Reactions of dichlorcethylene, and tetrachlorocethylene with NOZ
at both low, and high concentrations were studied at room temperature or
at elevated reaction temperature, with or without the addition of, oxygen,
the resulted reaction mixtures did not generate any detectable radical

product.

4.2 Terminal alkenes with alkyl=-, aryl-, or halogen substituents.

Compounds which were classified into this group were iso-butene,
2-methyl=-l-butene, l-decene, ethyl vinyl ether, allyl chloride, 3-butenoic
acid, styrene, p-methoxystyrene, a -methylstyrene, hexachloropropene, am
hexachloro-1,3-butadiene., Radical products observed from this group were

alkyl nitroxides, and acyl nitroxides.

4.,2.1 iso-Butene

The blue solution of low concentration of NGZ, and iso-butene
in 1,4=-dioxan yielded alkyl nitroxide whose esr spectrum showed 3 quintets
with ay = 14,695 G (1:1:1), a"-FH(VCHZ) = 0,561 G (1l:4:6:4:1) which is
suggested to be the alkyl nitroxide (4-IX). Its esr spectra is shown in

Figure 4.4, Reaction of high concentration of NG,, and iso-butene resulted

2!
in a yellow solution whose esr spectrum showed broad 3 lines of the alkyl
nitroxide (4-IX), and 3 doublets of acyl nitroxide (4=X), ay = 7.126 G
(1:s1:1) , and 24(-cHO) = 1,397 G (1:1) , and is shown in Figure 4.5..
Reaction of low concentration of NOZ’ and iso-butene with the addition of
oxygen gave colourless solution which esr spectrum showed 3 doublets of

acyl nitroxide (4=X) as radical product (Figure 4.6).

oL 1



(4-1X)

Gy 0 9

-? =N- C=H

T

NO2

CH3

()

(4=X1)

The solution of low concentration of NOZ' and iso-butene was
studied at elevated reaction temperature, and produced acyl nitroxide
(4=x1), 3 lines,ay = 7.665 G (1:1:1) as main radical product, and acyl
nitroxide (4= X) as a minor radical product (Figure 4.7).

The high concentration of NO,, and iso-butene reaction with
addition of oxygen produced only acyl nitroxide (4-X) or when this solution
was carried out at elevated reaction temperature only acyl nitroxide (4-XI)
was detected.

The study of the reaction of an excess of NO with iso-butene
in the presence of a trace of Noz in 1,4=dioxan, at rooﬁ temperature or

at elevated reaction temperature, with or without the addition of oxygen,

only alkyl nitroxide (4-IX) was detected.
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The solution of low concentration of NOZ’ and iso=butene in
1,4-dioxan was studied to determine the stability of alkyl nitroxide (4-IX)
and the formation and stability of acyl nitroxide (4-X), and the results
are now described.

The solution of low concentration of NO,, and iso-butene in
1,4=-dioxan containing alkyl nitroxide (4-IX) when kept in a sealed tube
in the absence of oxygen and unexposed to room daylight, slowly produced
acyl nitroxide (4=X) which we observed together with alkyl nitroxide
(4-IX) in equal amounts at the fifth week of the reaction time. We also
observed the same result when the reaction mixture was kept in sealed tube
in the absence of oxygen but exposed to room daylight.

When the reaction mixture which contained only alkyl nitroxide
(4=IX) was exposed to air and room daylight, the acyl nitroxide (4-X) was
slowly produced and observed as the main radical product within 24 hours.

When the reaction mixture with addition of oxygen was prepared
in which acyl nitroxide (4=-X) was present, and kept in sealed tube, we
found that the acyl nitroxide (4-X) was stable for more than five weeks.

When the reaction mixture containing alkyl nitroxide (4-IX) was
kept in sealed tube, and exposed to ultraviolet light for four days,
we found that the concentration of this radical increased, and no other

radical product was cbserved.

4,2,2 2=-methyl-l-butene

Alkyl nitroxide (4-XII), acyl nitroxide (4=-XIII), and acyl
nitroxide (4-XIV) were observed from reactions of NO,,, and 2-methyl-l-butene
which was carried out with the same experimental procedure as in the study

of reactions of NO,, and iso-butene in which alkyl nitroxide (4-IX),

2!
acyl nitroxide (4=X), and acyl nitroxide (4=XI) were produced .
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CH

B e
o
N02 NOZ
(4=X11)

a1
Gty e G-y
2

NO2

(4=XIII)

Gy 0 9
i

NOZ

(4=-x1V)

A solution of low concentration of NO,, and 2-methyl-l-butene

2!

was initially blue and turned green when the temperature was raised to

100° and there resulted an increase in svectral intensities of alkyl

nitroxide (4-XIT), and acyl nitroxide (4=XIII). Acyl nitroxide (4=XIV)

was formed in low concentration from reaction with addition of oxygen.

Esr spectra of alkyl nitroxide (4=XII), and acyl nitroxide (4=XIII) showed

only simple 3 lines with ay = 14,623 G (1:1:1), and ay = 7.126 G respec-

tively, and no H-hyperfine splitting was detected. The 3 doublets esr

spectrum of acyl nitroxide (4-XIV) showed ay = 7.405 G, (1:1:1), and

u(cH) = 1,677 G (121).

The reaction of NO with 2-methyl-l-butene resulted in alkyl

nitroxide formation (4=XII), and the yield was increased when the reaction

was carried out at elevated reaction temperature.

..?8..



4,2.3 1l=Decene

The solution of low concentration of NO,, and l-decene produced
alkyl nitroxide (4-XV) for which only a 3 lines esr spectrum was observed,

ay = 13,547 G (1:1:1). With high concentration of NO,, and l-decene, only

acyl nitroxide (4=XVI), for which esr spectrum showed 3 lines , ay = 7.153
G (1:1:1), was detected. Both alkyl nitroxide (Q-Xf), and acyl nitroxide
(4=XVI) were not stable in these reaction mixtures since the esr spectra

became weak and were not observed after twelve hours,
e
CH, O CH2

2]
ity (@, )y = G = ()G
o-{ cu(CH, )., G
e

NO2 2

(4=-xV)

T

CH, 0 O
| 2 i

|
CHB(CHZ)?-CH ~N=- C= (CHZ)?CHB

(4=XVT)

4,2,4 Ethyl vinyl ether

Since ethyl vinyl ether reacted with NO2 in solution violently,

only very low concentration of NO2 was used for study with this alkene.
The yellow solution of very low concentration of NO2 and very low concen=
tration of ethyl vinyl ether yielded an alkyl nitroxide (4-XVII), Ay =
13.603 G (1:1:1), and acyl nitroxide (4=XVIII), a, = 7.132 G (L31s1),

These two radicals were not detectable after an hour,



TR
cH,
- N=Q-
CZH5 O—?
T2
No, |, >
(4=XVII)
' g
CZH5-O-?H =N= C= CHZ-NOZ
i
NO2
(Q-KVIII)

4.2,5 Allyl chloride

The green solution of low concentration of NO,, and allyl
chloride was observed to produce an alkyl nitroxide (4=XIX) whose esr

spectrum showed 3 triplets with ay = 13,282 G (1:1:1), a = 4,239 G

24(BCH)
(1:2:1). The same reaction solution, when oxygen was added went colourless
and its esr spectrum showed only broad 3 lines of alkyl nitroxide(4-XIX).
When the reaction was studied at elevated reaction temperature, the solu-
tion went dark green and the main radical product was alkyl nitroxide
(4=XX), whose esr spectrum showed 3 doublets ay = 13.095 G (1:1:1),

(cH) = 3.27% G (1:1) and acyl nitroxide (4-XXI), 3 doublets esr spectrum

8 = 7.642 G (1:1:1), u(cH) = 2.530 G (1:1) was also obtained.

N i
e
CH. O CH
| 2 | |

Cl-CHz-CH -N- CH —CHZ-CI

(4=XIX)
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GHZ ? CHZ

C1-CH,~ CH -N- c ~CH,C1
' O—N CH ~CH,C1
I 2
NO, 2
(4=xx)
$02 :
cH, O
e b A

C1-CH,=CH =N=- C-CH,~Cl
(4=XX1)

hen the reaction mixture was held at the elevated temperature
for prolonged period, only the broad 3 lines of alkyl nitroxide (4=XX) was
obtained.

With high concentrations of N02 and allyl chloride, two spectra
of alkyl nitroxide (4-XX) and acyl nitroxide (4-XXI) were detected. The
addition of oxygen broadened the esr spectral lines, and an elevated
reaction temperature yielded only alkyl nitroxide (4-XX) in low concen-
tration.

The reaction of NO with allyl chloride in 1,4-dioxan in the

presence of a trace of NO, produced alkyl nitroxide (4=XIX) in high yield,

2

4,2.6 3-Butenoic acid

The bluish green solution of low concentration of NOz, and
3=-butenoic acid yielded alkyl nitroxide (4=XXII), the esr spectrum of

which showed 3 triplets ay = 13,766 & (1:141), a - 4,225 G (1:2:1).

2H(BCH)
On the addition of oxygen, the spectral intensities of alkyl nitroxide
(4-XXII) were increased and acyl nitroxide (4=XXIII) was detected,

ay = 7.355G (1:1:1), n(cH) = 2.179 G (1:1). At elevated reaction tempe-
rature, only acyl nitroxide (4-XXIII) was produced,
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0 CH CH 0
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HO-C~CH,~CH =N~ CH =CH,~C~CH

(4=XXII)
¥, .
0 CH. 0 O 0
I 1 2 7 | I
HO=C=CH,,=CH =N~ C~CH,,~C~0H

(4=XXTII)

At high concentration of NO, and 3-butenoic acid reaction, the
radical product was acyl nitroxide (4-XXIII) showing 3 doublets in the
esr spectrum. On addition of oxygen, the same radical was observed with
each line of 3 doublets further svlit into another 5 hyperfine lines, and
its splitting constant was 0.341 G. When the reaction mixture was studied
at elevated temperature, this acyl nitroxide (4-XXIII) was observed with
decreased spectral intensities.

The reaction of NO with 3=butenoic acid in 1,4-dioxan in the

presence of a trace of NO, gave alkyl nitroxide (4-XXII) in high yield,

2
and under any reaction condition tried, acyl nitroxide (4-XXIII) was

never detected,

4,2.7 Styrene

The reaction of low concentration of N02 in 1,4=dioxan with

styrene resulted in a green solution which contained two stereoisomers
of alkyl nitroxide, (4-XXIVa) and (4=XXIVb), their esr spectra showed two
sets of 3 triplets superimposed with the same g-values and N-=hyrerfine
splitting constants which were 2,00685, and 14,755 G respectively. The
H-hyperfine splitting of the cne stereoisomer was 11,715 G (2H, 1:2:1),

and the other stereoisomer gave a = 6.3?? G (1:2:1). These radicals

2H(BCH)
could be cbserved for 2-3 hours at room temperature and they could be
-32-



detected in high intensity spectrum when this solution was carried out at
boiling water-bath temperature. We found that the spectrum intensities
were increased or decreased when the reaction mixture were increased or
decreased in reaction temperature. When the reaction mixture was studied
with the addition of oxygen, the esr svectrum showed the broadened lines
of two sets of 3 triplets with decreased in spectral intensities of alkyl

nitroxides (4=XXIVa, and 4-XXIVb).

.

0
l
06H5-?H ~N- ?H -06H5

H,  OH

NOZ N02

(4=XXTV)

The yellow solution of -high concentration of NOz,and styrene
in 1,4=-dioxan solution gave acyl nitroxide (4=XXV), its esr smectrum
showed 3 doublets, ay = 8.129 G (1:1:1), u(cx) = 3.784 G (1:1). The higher
spectral intensities was obtained when increased the reaction temperature,
and the lower spectral intensities was obtained from the reaction mixture

with the addition of oxygen.

%
e
06H5-CH -N= C -06d5

The reaction of NO with styrene in 1,4-dioxan in the presence
of a trace of NDZ rroduced only two stereoisomers of alkyl nitroxide
(4=xXIVa) and (4=XXIVb) in good yield. Acyl nitroxide (4-XXV) was not
observed in any reaction condition which was carried out in the same

reaction procedure as in the reactions of NO,, and styrene.

2
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4,2,8 p=Methoxystyrene

p-ilethoxystyrene was studied in the same reaction procedure
as in the study of styrene, and similar results were obtained. The two
stereoisomers of alkyl nitroxide , (4=XXVIa) and (4=-XXVID), ay = 14,917 G

(1:1:1), 2ou(scH) = 12.113 G (1:2:1), and a = 6,671 G (1:2:1)

2H (BCH)
were detected from low concentration of N02 and p-methoxystyrene solution,
and from reaction of NO with p-methoxystyrene in the presence of a trace

of NO,. Acyl nitroxide (4=XXVII), ay = 7.427 ¢ (1:1:1), 2u(cH) = 3.268 G
(1:1) was obtained from reaction of high concentration of NO,,and p-methoxy-

styrene in 1,4-dioxan solution.

R

CH. O

|Hz | ?HZ 7
(4=xxXV1)

¥a

CH. 00

12 1 |

D~CH;0-CgH~CH ~N~C- CgH ~OCH4-p
(4=-XXVII)

The reaction mixture of low concentration of NOZ, and p-methoxy-
styrene with the addition of oxygen, the solution turned yellow and the
esr spectrum showed line broadening effect. The same reaction mixture
when studied at elevated reaction temperature, the solution went dark
green, and with increase in alkyl nitroxides concentrations,

The reaction of high concentration of NO,, and p=-methoxystyrene
alvways resulted in yellow solution, with the addition of oxygen or raising

the reaction temperature led to decrease in spectral intensities.

==



4.,2,9 a=-Methylstyrene

The bluish green coloured solution were obtained from both
lom and high concentrations of NO, with a-methylstyrene in 1,4=dioxan.
The esr spvectrum showed 3 lines of alkyl nitroxide (4-XX?III),aN = 14,91G
(1:1:1). Upon raising the reaction temperature or with the addition of
oxygen into the reaction mixture, this alkyl nitroxide (4=-XXVIII) was
still obtained in which the latter case the high spectral intensities

-

were observed.

o e
G B
CH3 GHB

(4=XXVIII)

Tﬁe reaction of NO with o -methylstyrene in the presence of a
trace of NO, also gave alkyl nitroxide (4=-XXVIII).

Acyl nitroxide radical was not observed from the study of this

alkene.

4.,2.10 Hexachloropropene, and Hexachloro=1,3=butadiene

The reactions of NOZ’ and hexachloropropene or hexachloro-=l,3=-
butadiene were studied with the same reaction conditions as used in the
previous experiments, no esr spectrum was observed nor was any seen from

exveriments with these two alkenes with NO and a trace of NOZ'

4,3 Alkenes with carbonyl-, alkyl carbonyl=-, or halogenyl carbonyl

substituents.

Alkenes which were studied and classified into this group were
acrylic acid, 3-butene-2-one, acraldehyde, methacrolein, methacryloyl
chloride, methyl methacrylate, crotonic acid, ethyl crotonate, methyl
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crotonate, crotonaldehyde, hexachlorobutenoic acid, 3-pentene-2-one,

tiglic acid, 3,3-dimethylacrylic acid, mesityl oxide, maleic acid, dimethyl
maleate, fumaric acid, and dimethyl fumarate. The radical products observed
from these alkenes were alkyl nitroxides, acyl nitroxides, and iminoxy

radicals as described in detail below.

4,3.1 Acrylic acid

Acrylic acid produced an alkyl nitroxide (4=XXIX) from the
reaction mixture of low concentration of NO, and acrylic acid in 1.4-dioxan.
The esr spectrum showed 3 triplets splitting ay = 12.615 ¢ (1:1:1),
ou(cH) = 3.647 ¢ (1:2:1), and could be detected for 30 minutes. With

high concentrations of NO,, and acrylic acid in 1,4-dioxan the reaction

o
gave a yellowish green solution containing three radical products which
were alkyl nitroxide(4=XXIX), acyl nitroxide (4=XXX), and iminoxy radical
(4=XXXI), and their esr spectra showed 3 triplets, 3 doublets. and

3 triplets respectively. The N-hyperfine splitting constant of acyl nitro-
xide (4=-XXX) was 7.637 G (1:1:1), and H-hyperfine splitting constant was
3.16 G (1:1), and for iminoxy radical (4-XXXI), ay = 29.493 G (1:1:1)

and aN(Noz) = 2,897 G (1:1:1), and no further hyperfine splitting due to
hydrogen atom was detected.

M 10

OCH, O CH, O
iy e 1l |

AQ0=-C~CH =N=- CH =C~-CH

(4=XXIX)
1;102 :
0 CH, 0 O
W2 F

HQO=C= CH =-N=- C=CH

(=)
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Il
NOZ-CHZ-ﬁ-C-OH

N
00/
E-isomer

(4=XXXT)

These three radical products could be detected for 30 minutes,
therefore other reaction conditions were not able to be studied.

The reaction of NO, and acrylic acid was studied in the presence
of a trace of NO2 and 1,4-dioxan as solvent, the radical product was alkyl

nitroxide (4-XXIX).

4,3.2 3=Butene=2=one

The green solution of low concentration of NOZ. and 3-butene-
2-one resulted in two isomers of iminoxy radical (4=XXXIIa) and (4=-XXXIID)
which were E-, and Z- isomers respectively. The esr parameters for iminaxy
radical (4=-XXXIIa) were ay = 3,124 ¢ (1:1:1), aH(Cﬂz) =2,203 G (1:1),

= 1,01 G (1s1), and a g 0.456 G, (1:1:1), and for iminoxy

“H(aH,) N(¥o,
radical (4=XXXIIb) was ay = 28.09 G (1:1:1) with the further splitting
which was not clear. The intensities of the spectra revealed that E-isomer
of iminoxy radical (4-XXXIIa) was the main radical product, and Z-isomer
of iminoxy radical (Q-XXKIIb) was found as trace radical product., These
two radicals could be detected in this reaction mixture for 2 hours at

room temperature, and when the solution went yellow, no radical product

was detected.

I
JOz-Cﬂz-ﬁ—u-CHj

N
q”

E=-isomexr

(4-XXXIIa)
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0
Il
:NOZ-CHZ-%‘-C-CH3
N
\O-
Z=isomer

(4=XXXIIDb)

The solution of high concentration of NOZ’ and 3=butene=2=-one,
resulted in two isomers of iminoxy radical (4-XXXIIa) and (4-XXXIIb),
acyl nitroxide (4=XXXIII), and alkyl nitroxide (4=XXXIV). The esr spectrum
of acyl nitroxide (4=XXXIII) showed 3 doublets ay = 6.839 G (1:1:1),
S (cH) = 0.884 G (1;1), and the esr spectrum of alkyl nitroxide (4-XXXIV)
showed 3 triplets ay = 13.62 G (1:1:1), 2o (pcH) = 3.849 G (1:2:1).
00

Ll
NO,~CH,-CH=N=-C=-R R= CH3’ or GH2N02

(4=XXXIII)

e s

NOz-CHz-CH-N¥CH-CH =-NO

s

(L4=XXXIV)

In experiments involving addition of oxygen, the detected esr
spectra showed the better resolution of hyperfine lines of iminoxy radicals,
the broadened esr lines of alkyl nitroxide, and the decrease in acyl
nitroxide radical concentration. When the reaction was studied at elevated
reaction temperature, the esr spectrum did not show the presence of any
radical.

In the reaction of NO, and 3-butene-2-one in the presence of

a trace of NO,, the main radical product was alkyl nitroxide (4=XXXIV),

2 ]
and the iminoxy radicals (4=XXXIIa) and (4=-XXXIIb) were found as minor
—88-



radical products.

4.}.} Acraldehyde

The reaction of low concentration of NO,, and acraldehyde

resulted in green solution which went yellow within a few seconds. The

esr spectrum showed two isomers of iminoxy radical were produced as

main radical products: E-isomer(4=-XXXVa), ay = 30.917 G (1:1:1), 23 (50.)
v 2

y aZH(CHZ)
(1:1:1), 2 (-CHO) = 14,188 G (1:1), aZH(CHZ)

= 1,182 G (1:3:4:3:1), and Z-isomer (4=XXXVb), ay = 29.558 G

= 0,887 G (1:2:1), and the

esr spectrum also showed 3 doublets of acyl nitroxide (4=XXXVI), ay =

7.389 G (1:1:1), u(cH) = 2,069 G (1:1) as minor radical product

(Figure 4.8).
?
NOZ'CHZ'E'C-H
N
00/
E-isomer

(4=XXxXVa)

0
NO, ~CH,~C~C-1

o

Z=-isomer
(4=-XXXVb)
7.2
NOZ-CHz-?H-N-C-R
CHO

(4=XXXVI)

-CH=CH
- H

2

for (4=XXXVIa)
for (4-XXXVIb)

The reaction with high concentration of NO,, and acraldehyde

also resulted in the same radical products as obtained from the reaction
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of low concentration of NO2 and acraldehyde. These radicals were stable
in this reaction mixture for few hours,

When the reaction of NOZ and acraldehyde was studied in the
presence of oxygen or at elevated reaction temperatures, the resulting

yellow solution did not show' the presence of any radical products,

4,3.4 Methacrolein

The bluish green coloured solution of low concentration of NOZ
and methacrolein resulted in alkyl nitroxide (4=-XXXVII), the esr spectrum
of which showed 3 lines ay = 14,53 G (1:1:1). With oxygen present, the
spectral intensities due to alkyl nitroxide (4=XXXVII) was found to be
increased, and the esr spectrum showed the presence of acyl nitroxide
(4=XXXVIII) as a trace radical product, ay = 7.405 G (1:1:1). When the
reaction was studied at elevated temperature, the reaction mixture was
colourless and both alkyl nitroxide (4=XXXVII) and acyl nitroxide

(4-XXXVIII) were observed but with low spectral intensities.

—5

™

NUZ—CH2-? =N
CHO CHO

3

~CH,=NO

s
v i,

(4=XXXVII)

98
NGz-CHZ—? =N=-C=R R=CH
CHO

37 or CH2N02, or H

(4=XXXVIII)

The reaction of high concentration of NO,, and methacrolein
resulted in green solution which went yellow in few seconds, and the
radical products detected were alkyl nitroxide (4-XXXVII), and acyl

nitroxide (4=-XXXVIII). An increase in spectral intensities of both radicals
| Wwas observed from the reaction mixture with addition of oxygen and a

5. )



decrease in spectral intensities of both radicals was observed from the

reaction which studied at elevated reaction temperature.

4.3,5 Methacryloyl chloride

The colourless solution of low concentration of NO,, and metha=-
cryloyl chloride produced an alkyl nitroxide (4=XXXIX), its esr spectrum
showed 3 lines, a, = 13.021 G (1:1:1), and this alkyl nitroxide was also
observed from the reaction with a high concentration of NO,. When the
reaction was studied at high temperature, the solution went green and a
poor esr spectrum of alkyl nitroxide (4-XXXIX) was detected. With addition
of oxygen, the resulting colourless solution yielded the same alkyl nitro-

xide (4=-XXXIX) and the spectrum intensities were unchanged.
ClO? ?OCI
NOZ-CHZ-? -N—T -CHZ-NOZ

(4=XXXIX)

—0Qe

4,3.6 Methyl methacrylate

The blue solution always obtained from reaction mixtures of
both low, and high concentrations of N02 and methyl methacrylate, resulted
in alkyl nitroxide (XL), and its esr spectrum showed 3 lines ay =13.932 G
(1:1:1).

0 ¢
(|:H311H3

NOZ-CHZ-? =N= ? -CHZ-NO2

0
CH3 0] COOCH3

(4=XL)

When the reaction was studied at an elevated temperature, or
with the addition of oxygen, the same radical product was formed but the
esr spectrum showed an increase in spectral intensities in the former
experiment, and was broadened in the latter.

=~



In the reaction of NO with methyl methacrylate in the presence

of a trace of NO,, the same alkyl nitroxide (4-XL) was detected in high

2!
yield.

4,3.7 Crotonic acid

The low‘concentration of NOZ' and crotonic acid in 1,4=dioxan
solution resulted in a blue solution which turned yellow in a few seconds,
and the radical products were detected by rather good esr spectra after
the reaction had proceeded for an hour. The esr svectra showed 3 triplets
of E-isomer of iminoxy radical a, = 29.557 G (1:11:1), aN(NOZ) = 6.497 G
(1:1:1) (4=XLIa), and 3 lines esr spectra of acyl nitroxide (4=XLII),
ay = 7.139 G (1:1:1). We found that the longer the reaction time, the
higher the concentrations of radical products were obtained. These two

radicals were stable in the reaction mixture for few days.

0
=CH =C=C=0H
i) [
O.N N

s
2 .0

CH

L -isomer
(b=-x1Ia)
0
CH,=CH =CH=- N= C-= R R = CH il
H3 l : ] o) CHj. or ?H CH3
NO,, COOH No,,

(4=XLII)

When the reaction was studied at elevated reaction temverature,
the good esr spectra were observed which E-isomer of iminoxy radical
(b=XLIa), and acyl nitroxide (4=XLII) were produced. In the reaction with
the addition of oxygen, the same results wers observed.

When the reaction was studied at high concentration of NO

-93_
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got the same results as in the reaction at low concentration of NOZ’ and

crotonic acid study.

4,3.8 Bthyl crotonate

Esr spectra detected from reaction of low concentration of NOZ,
and ethyl cretonate in 1,4-dioxan solution were due to two isomers of an
iminoxy radical and where partly superimposed. The reaction mixture was
blue for the first few minutes and then turned yellow., The E-isomer,
iminoxy radical (4-XLIIIa) was the minor radical product, the esr spectrum
showed 3 multiplets, ay = 33.8 G (111:1) u(cH) = 4,45 G, aBH(CHB) =

1.50 G, a yik 0.389 G. The Z-isomer iminoxy radical (4-XLIIIb) was
2

N(NO
the main radical product and its esr spectrum showed a, = 29.755 G (1:1:1),

and other hyperfine lines superimposed by its E-isomer. In the reaction in
which oxygen was added, the esr spectrum showed good resolution of hyperfine
lines of both isomers of iminoxy radical. 'Yith an increase in reaction
temperature, the esr spectrum was observed to decrease in its intensities

and it disappeared when the reaction was prolonged at increased temperature.

0

Il
-(EH—(l.I‘.-C-OCH

CH s

3
o.N N
29/

E-isomer

(4=XLIIIa)

)

-CH =C= C= OC,.H
| I 25

NO, N
3N

CH3

Z=-isomer
(&—XLIIIh)
-%-



The reaction of high concentration of NOZ. and ethyl crotonat
in 1,4=-dioxan produced high concentrations of both E-isomer and Z-isomer
of iminoxy radical, (4=XLIIIa) and (4-XLIIIb) respectively in which the
Z=isomer was the main radical product. From the reaction in which oxygen
was added, the esr spectrum showed clear hyperfine lires of both isomers.
At elevated reaction temperature, both isomers of the iminoxy radical
(4=XLIII) were observed in decreased spectral intensities and acyl nitro-

xide (4=XLIV) was detected in very low concentration, a,~7 G (1:1:1).

0
I
CHB—CH -FH ~N= C= R R= OCij y O ?H—CH

|
NOZ CUOCZHs N02

or GH3

3 ¥

(4=XLIV)

The reaction of NO with ethyl crotonate produced the iminoxy
radical of both isomers, (4=XLIIIa) and (4=XLIIIb), and we also observed

a 3 doublets esr spectrum of nitroxide (4-XLV) from this reaction mixture,

ay = 13.383 G (1:1:1) and au(cy) = 3.380 G (1:1).

o Hi500C 0 COOC.H
| | |

2°5
CHB-(NOZ)CH- CH=- N=- ? - CH{(NOZ)-CHB
0=-N cl:H-CH(Noz)-CH3
C00C, g 2

(4-x1.V)

4,3,9 Methyl crotonate

Radical products observed from reactions of N02 with methyl
crotonate were similar to those obtained from reaction of N02 with ethyl
crotonate., The E-, and Z-isomers of iminoxy radical, (4-XLVIa) and (4=-XLVID),

showed in the esr spectrum of two sets of three multiplets partly suver-

-95..



1,50 G, and aN( = 0,389 G , and for Z-isomer 8y = 29.755 G, and other

NOZ)
hyperfine lines superimposed by its E-isomer, The esr spectrum showed

that Z-isomer (4=XLVIb) was the main radical product.

I
CHB-(NOZ)CH-ﬁ-C-CCHB

N
O/’

E-isomer

(4=-XLVIa)

0
I
CHB-(Noz)CH-ﬁ-C—OCHB
N
g

Z=isomer

(4=XLVID)

With added oxygen, the esr spectrum showed the good hyperfine
lines and increase in spectral intensities of both isomers of iminoxy
radical (4-XLVI). At the elevated reaction temperature, the esr intensity
of the spectrum of each of these iminoxy radicals was decreased and
finally became zero.

We also observed acyl nitroxide (4-XLIV) from the reaction of
high concentration of N02 and methyl crotonéte in trace amount only when
the reaction was carried out at elevated reaction temperature. The Z-isomer
of the iminoxy radical (4-XLVIb) was the main radical product from this
reaction condition and the E-isomer (4-XLVIa) was observed as minor radical

product.

=06



&.}.10 Crotonaldehyde

The green solution of low concentration of NOZ and crotonalde-
hyde in 1,4-dioxan, turned yellow in few minutes, and contained two isomers
of iminoxy radical: E-isomer (4=XLVIIa) a, = 30.922 G (1:1:1), aN(NOZ) =
6.798 G (1:1:1), S(cH) = 0.822 G (1:1), and Z-isomer (4=XLVIIb), ay =
26,546 G(1:1:1), 2 (-c0) " 19.41 G (1:1), and aN(N02)= 0.87 G (1:1:1).

The latter isomer was found as main radical product, as shown in Figure 4.9.
With addition of oxygen, the esr spectral intensities of Z-isomer (4=XLVIIb)
was increased, and at an elevated reaction temperature we observed the

decrease in concentrations of both isomers of iminoxy radical, and in both

cases the E-isomer (4=XLVIIa) slowly disappeared.

cnj-(NOE)CH-ﬁ -ﬂ-H
N

i
O//

-
E-isomer

(4=XLVIIa)

l
CHB-(N02)0H~ﬁ -C=H
N
L

Z=isomer

(4=XLVIID)

¥ith a high concentration of NO2 and crotonaldehyde, the solu-
tion changed from green to yellow, and Wwe observed the two isomers of
iminoxy radical: E-isomer (4=-XLVIIa) and Z-isomer (4-XLVIIb), and acyl
nitroxide (4=-XLVIII) as the radical products. The esr spectrum of acyl
nitroxide showed only 3 lines a, = 6.984 G (1:1:1), Figure 4.10 shows
that from this reaction mixture, the Z-iscmer of iminoxy radical (4-XLVIIDb)
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Figure 4,9  Electron spin resonance spectrum of radicals formed
by reaction of low concentration of NOZ with
L crotonaldehyde, a2t room temperzture.



Tigure 4,10 RElectron spin resonance spectrum of radicals formed
by reaction of high concentration of NO, with
crotonaldehyde, at room temperature.



was the main radical product, acyl nitroxide (4=XLVIII) was found as the
minor and E-isomer of iminoxy radical (4=XLVIIa) was a trace radical
product which slowly disappeared.
= 09
CHB-(NOZ)CH—CH-N-C-R R=H, or CH3
(4=XLVIII)
When this reaction was carried out at elevated reaction tempe-

rature or with addition of oxygen, the esr spectrum did not show the

presence of any radical product.

4.3.11 Hexachlorobutenoic acid

The reactions of both low and high concentrations of NOZ with
hexachlorobutenoic acid at room temperature or at elevated reaction tempe-
rature or with addition of oxygen, did not produce any stable radical

detectable by esr.

4,3.12 3-Pentene-2-one

The reaction of low concentration of NOZ with 3-pentene=-2=-one
in 1.4-dioxan gave yellowish green solution which turned yellow in few
minutes. The esr spectrum showed the presence of two isomers of iminoxy
radical: the E-isomer (4=-XLIXa) was present in the reaction mixture as
minor radical nroduct and it was detected as 3 multiplets ay = 33.696 G
(1:1:1), 2(cn) = 1.276 G (1:1), a'N(Noz) = 0,638 G (1:1:1), and the 2-
isomer (4-XLIXb) which was the main radical product and its 3 multiplets
esr spectrum showed a, = 30,001 G (1:1:1), a3H(CH3) = 1.914 ¢ (1:1:1),
aN(NOZ) = 0,638 ¢ (1:1:1). In the reaction at elevated temperature, the
esr spectrum of both isomers of iminoxy radical were observed to decrease

in intensities and we also observed 3 doublets esr spectrum of nitroxide

(4=L) as a trace radical product ay = 13.597 G (1:1:1), 2n(cH) = 2,956 G
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(1:1). Another radical which was formed at elevated reaction temperature
was acyl nitroxide (4-LI) detected by its 3 lines esr spectrum , ay = 7
(l:l:l),aH(CH)z= 1.157 G (1:1), which showed that it was present in the
reaction mixture in almost equal concentrations to the Z-isomer iminoxy
radical (4=XLIXb). When the reaction was prolonged at an elevated tempe-
rature, the esr svectrum did not show the presence of any radical product.
When the reaction was studied with addition of oxygen, the esr spectrum
showed good hyperfine splitting of both iscmers of iminoxy radical
(4=XLIXa) and (4=XLIXb), and the nitroxide (4-L) and acyl nitroxide (4-LI)
were observed in equal spectral intensities. Acyl nitroxide (4-LI) pro=-
duced from the reaction with addition of oxygen was observed in lower

concentration than it was in the reaction at elevated reaction temperature.

0
I
CHy=(NO, )CH~C~ C- CH,

N
0/’

E-isomer

(4-XLIXa)

0
I
CHB-(Noz)CH—%- C- cH3
N
o
Z=-isomer

(4-XLIXD)

CH, 0C o 0OCH,
CH -(Noz)CH-cq-N-c ~CH(N0, )-CH,
o-x-F -
l CH (N0, )CH,

COCH3 >

(4-1)
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01-13-(Noz)cH--CH--N—(":-CH3

(4=-LI)

The reaction of high concentration of N02 and 2-pentene-2-one
in 1,4=-dioxan produced a yellow solution in which two isomers of iminoxy
radical (4=XLIXa) and (4=XLIXb) were observed in high yield with the Z-
isomer (4-XLIXb) as the main radical product. The nitroxide (4=L) and
acyl nitroxide (4-LI) were observed as trace radical products. In the
reaction at elevated reaction temperature, the esr spectra of iminoxy
radicals (4=-XLIXa) and (4=-XLIXb) were greatly decreased in intensity and
acyl nitroxide (4=LI1) was only the trace radical product observed. On
adﬁition of oxygen into the reaction mixture, the esr spectra showed
the good hyperfine splittings of iminoxy radicals slightly decreased in
intensity. The nitroxide (4-L) and acyl nitroxide (4=LI) were also observed
as trace radical preoducts.

Iminoxy radicals (4-XLIXa) and (4=-XLIXb) were found to be stable

in the reaction mixture at room temperature for 24 hours.

4,3,13 Tiglic acid

The initial green solution of a low concentration of NO2 and
tiglic acid in 1,4-dioxan , turned dark blue in few minutes, and contained
the nitroxide (4=LII), whose esr spectrum showed 3 lines ay = 13.729 G
(1:1:1) and increased in intensity with reaction time. When the reaction
time. When the reaction mixture was carried out at elevated temverature,
the dark blue solution turned green, and showed increased intensity in the
esr spectrum of nitroxide (4-LII). On addition of oxygen, the dark blue
solution gave a decrease in the amount of nitroxide (4-LII) since its

esr spectrum showed a decrease in spectral intensities.
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HOCC ? ?DOK
CHB-(NOZ)CH—? == e GH(NOZ)-CH

s

(4=-LII)

3

The same result was observed when reaction was studied with a
high concentration of NO2 and tiglic acid in 1,4-dioxan which produced a
high intensity esr spectrum of nitroxide (4-LII). In the reaction at
elevated temperature, a pale green solution was obtained, which did not
show the presence of any free radical. In addition of oxygen into the
reaction mixture, the solution went blue and only a weak esr spectrum of

nitroxide (4-LII) was detected.

4.3.14 3,3-Dimethylacrylic acid

The pale green solution of a low concentration of N02 and
3,3-dimethylacrylic acid in 1,4~dioxan produced the Z-isomer of the iminoxy
radical (4=LIII) in low yield which could observed for an hour at room
temperature after the reaction had started. Its esr spectrum showed weak
3 lines ay = 29.835 G (1:1:1). Another radical product was acyl nitroxide
(4=LIV) whose esr snectrum increased in intensity with reaction time, the
spectrum showed 3 doublets ay = 7.004 G (1:1:1) 2H(cH) = 3.695 G (1:1)
and when the longer the reaction time was taken, it became the main radical
product. When the reaction was studied with the addition of oxygen after
the reaction started, the acyl nitroxide (4-LIV) was observed or when it
was carried out at elevated temperature, we detected acyl nitroxide (4-LIV)
with increased spectral intensity.

c 0
CH -EHZ-C- g-OH
=i

NO, N
ais
(4-LIII)
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[l
033-(N02)? -?H-N—C-OH

CH3 COCH

(4=1IV)

The study of high concentration of NO, and 3,3-dimethylacrylic
acid in 1,4-dioxan, we observed the same Z-isomer of iminoxy radical
(4=LIII) and acyl nitroxide (4-LIV). The solution changed from blue to
green and finally to yellow. The esr spectrum showed the Z-isomer of
iminoxy radical (4-LIII) as trace radical product and acyl nitroxide (4=

LIV) as the final main radical product.

4,3,15 Mesityl oxide

The green solution of the reaction of low concentration of NO,
and mesityl oxide in 1,4-dioxan produced the Z=-isomer of iminoxy radical
(4=LV). its 3 multiplets esr spectrum showed ay = 30.036 G (1:1:1), aBH(CHB)

= 1,750 G (1:3:3:1) and a = 0,680 G (1:1:1).

N(NDZ)
e
-(N0,,)C~ C= C=-

CH3 ( 02) C C- CH

N Ry

9
0
Z=isomer

(4=1V)

When the reaction temperature was elevated, we observed that
the main radical product was acyl nitroxide (4-LVI), whose esr spectrum
showed 3 doublets ay = 7.338 ¢ (1:1:1), u(cn) = 1.583 G (1:1). The esr
spectrum also showed the decrease in spectrum intensity of the Z-isomer
(4=LV) and we also observed the »resence of nitroxide (4-LVII), ay =

13.064 G (1:1:1) = 2,642 G (1:1), and ancther acyl nitroxide

34 (cH)
(4-LVIII) oy ™ 7.338 G(1:1:1) 2y (cr)™ 4,892 G (1:1) as trace radical
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products (Figure 4.11). This reaction mixture was followed over three
hours and we found that the longer the reaction time was taken, the acyl
nitroxide (4-LVIII) became the main radical product and acyl nitroxide
(4=LVI) was found as minor radical product (Figure 4.12). On prolonged
reaction at elevated temverature, the solution mixture gave only acyl
nitroxide for which only a very weak three lines esr spectrum ay~ 7 G

was detected.

0 0
o gl
CHB-(Noz)r.l:- (iZH- N- C= C~ CH,

(b=LVI)

CH,0C c} cI:oc:.Llj' :
(CH.j)z(NOZ)C- CH= N~ clz- c(uoz)((mj)2
O=N ?H-c(cna)z(noz)
COCH, 5

(4=-LVII)

S
(CHy) , (N0, JC=CH= N= C- CH,

(4-LVIII)

In the reaction mixture of low concentration of NO2 and mesityl
oxide in 1,4-dioxan with addition of oxygen, we observed the acyl nitroxide
(4-LVI) as the main radical product and the Z-isomer of iminoxy radical
(4-LV) was the minor radical product (Figure 4.13).

The yellow solution of high concentration of NO, and mesityl
oxide in 1,4-dioxan, produced three radical products with equal esr spectral
intensities, these showed the vresence of the Z-isomer of iminoxy radical

(4=LV), acyl nitroxide (4-LVI) and nitroxide (4-LVII), and we also observed
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the acyl nitroxide (4-LVIII) in trace amount.

The reaction mixture of low concentration of NO2 and mesityl
oxide slowly produced an acyl nitroxide (4=LVI) when it was kept in sealed
tube at room temperature, and within two days it was found to be the only

radical product remaining in the reaction mixture.

4.,3,16 Maleic acid, Fumaric acid, Dimethyl maleate, and Dimethyl fumarate,

No esr spectrum was detected from the reaction mixtures of both
low and high concentrations of NO2 with these alkenes at room temperature,

or at elevated reaction temperature or with addition of oxygen.

4,4 Alkenes with aryl-, or aryl carbonyl substituents.

Alkenes which were studied and classified into this group were
cig=-stilbene, trans-stilbene, cinnamaldehyde, cinnamic acid, benzalacetone,
benzalacetophenone, dibenzalacetone. cinnamyl alcohol, and « =-methylcinna=-
maldehyde. Radical products obtained were nitroxides, iminoxy radicals,

and acyl nitroxides.

L,4,1 cis=-Stilbene, and trans-Stilbene.

The green solution of the reaction of low concentration of NOZ
and cis-stilbene or trans-stilbene in the mixture of 1,4-dioxan and
n-hexane (1:1), produced a nitroxide (4-LIX). The esr spectra showed the
3 doublets ay = 14,014 ¢ (1:1:1), 2y (cH) = 2.817 G (1:1) for nitroxide

from cis-stilbene, and a, = 14,107 ¢ (1:1:1), = 3,245 G (1:1) for

3H(CH)
nitroxide from trans-stilbene. These radicals were stable for a few days.

Tetls O CgH
CH5=(30, )CH=CH ~=N-C ~=GH(N0, )G

O-1 -+ CH~CH (N0, )~C4H,

6ts 2
(4=LIX)
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With addition of oxygen to the reaction mixture, we observed
the 3 broad lines of nitroxide (4-LIX), and when the reaction was carried
out at elevated reaction temperature we observed the acyl nitroxide (4-LX)
ay = 8.290 G (1:1:1) 2 () = 2,665 G (1:1) as a radical product.

0

L
06H5-(N02)CH-CH ~N= Ce= C6H5

(4-1.X)

The yellow solution of high concentration of NO2 and cis-stilbene
or trans-stilbene in the mixture of 1,4-dioxan and n-hexane, produced

only the acyl nitroxide (4-LX) shown by a three doublets esr spectrum.

4.,4,2 Cinnamaldehyde

The green solution of the low concentration of NO2 and cinna-
maldehyde in 1,4=-dioxan was prepared at ice-bath temperature, the esr
measurements were carried out at room temperature at which the solution

became yellow and yielded two isomers of iminoxy radicals: E-isomer (4-LXIa),

= 30,749 G(l:l:l),aH(CH) = 2,005 G (1:1) , and Z~-isomer (4-LXIDb),

=3
[

)
|

" 29.412 G (1:1:1), 24 (=cHO) = 19,311 G (1:1), aN(Noz) = 0,897 G
(1:1:1) in equal spectral intensities and also produced an acyl nitroxide
(4=LXII) as an another main radical product. The esr spectrum of this acyl
nitroxide showed 3 doublets a, = 8.913 G (1:1:1), 2y(ca) = 4,456 G (1:1).
When the reaction was carried out at room temperature, the solution was
yellow and the esr spectrum did not show the presence of any radical product,
The acyl nitroxide (4=LXII) was observed as the main radical
nroduct and its esr svpectrum increased in intensity with increased in the
reaction time., The E- and Z-isomeric iminoxy radicals (4-LXIa) and (4=-LXID)
were present in equal amount as minor radical products in the reaction
mixture.
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When the reaction was studied with addition of oxygen, we
observed the increase in radical concentration of the Z-isomer of iminoxy
radical (4=LXIb), but the concentrations of both E-isomer (4-LXIa), and
acyl nitroxide (4=LXII) did not change. The esr spectrum was detected
again after the reaction had progressed for twenty four hours, and we

observed only acyl nitroxide (4-LXII) present in the reaction mixture.

I
06H5-(N02)CH-%-C-H

N

il

E-~isomer

(4=-LXTIa)

0
I
Céﬁs-(NOZ)GH-%-C-H

N
\\O

Z=-isomer
(4=LXIb)
OHG 0 0

T
06H5-(N02)CH-CH-N-C-R R=H, or 06H5

(4-IXIT)

At elevated reaction temperature, we also observed aéyl nitro=-
xide (4=LXII) as a radical product in the reaction mixture which was
prepared at ice-bath temperature initially. -

The same results were observed from the reaction of high concen=
tration of NO, with cinnamaldehyde, whose E-isomer (4-LXIa), and Z-isomer

(4=1LXIb) of iminoxy radical, and acyl nitroxide (4-LXII) were detected.

-]]l]l=



4,4,3 Cinnamic acid

The reaction of both low and high concentrations of NO, with

2
cinnamic acid in 1,4=-dioxan solution at rcom temperature, or at elevated
reaction temperature, or with addition of oxygen, did not produce any
radical product. We also did not observed any radical product when the

reaction mixture was prepared at ice-bath temperature,.

4.4.4 Benzalacetone

The reaction of low concentration of N02 with benzalacetone
in 1,4=dioxan, at room temperature did not produce any detectable radical
product but when the reaction mixture was carried out at elevated tempe~-
rature, we observed a three doublets esr spectrum of an iminoxy radical

(Y4=LXIII) ay = 31.977 G (1:1:1) 2y (cy) = 1. 727 G (3:1).

0
I
Céﬁj-(NOZ;CH-ﬁ-C—CH3
N
O’/
E-~isomer
(Q—LXIII)

When the reaction was studied at high concentration of NO,,
the green solution slowly changed to yellow and esr spectrum showed 3 lines
of acyl nitroxide (4=LXIV) ay = 6.5 G (1:1:1) present in the reaction
mixture soon after the reaction started, and we observed that the E-isomer
of iminoxy radical (4=-LXIII) was slowly formed since its esr spectrum
slowly increased in its intensities, With addition of oxygen. these two
radicals were detected with the E-isomer (4-LXIII) as the main radical
preduct, and we could also observe the hyperfine lines of acyl nitroxide
(4=-LXIV) from this reaction condition. The esr spectrum revealed that
there were two acyl nitroxides produced from this reaction mixture:
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which were acyl nitroxide (4=LXIV) , 3 doublets esr spectrum ay = 6.584 G
(1:1:1) % (cH) = 1.483 ¢ (1:1), and acyl nitroxide (4=LXV),.three sets
of 2 doublets esr spectrum ay = 6.525 G (1:1:1) aH(ﬁGH) = 8.601 G (1:1)
3u(ycH) = 1.483 G (1:1).

CHy08 000

(|
CSHS-(NOz)CHeCH-N-C-C-CH3

(4=-LXIV)

cﬁjoc o o :
06H -(NO )ﬁgaﬁﬂ-u-c CH3

(4-1xV)

When the reaction of high concentration of NOZ and benzalacetone
was studied at elevated reaction temperature, the esr spectrum of E-isomer
 of iminoxy radical (4-LXIII) disappeared, and the esr spectra of acyl

nitroxides (4=IXIV) and (4-LXV) still remained.

4.4,5 Benzalacetophenone

No radical product was observed from reaction of N02 and
benzalacetophenone in 1,4-dioxan solution when both low and high concen-
trations of NOZ were studied at room temperature, When the reaction of
high concentration of N02 was studied at elevated temperature, the acyl
nitroxide (4-LXVI) was produced in low yield. The esr spectrum showed
3 lines ay, = 8.468 G (l;i:l).

g8 9§
06H5-(N02)CH-CH-N-C-C6H5

(4=LXVI)
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4,4.6 Dibenzalacetone

The solution of low concentration of NO2 and dibenzalacetone

in 1,4=-dioxan produced the nitroxide (4-LXVII) the esr spectrum of which

showed three triplets a, = 12.958 G (1:1:1) = 4,122 G (1:2:1).

32H(pCH)
The esr spectral intensities increased with reaction time. WHen the reac=
tion temperature was elevated, the esr spectrum of nitroxide (4-LXVII)
disappeared. When the reaction was studied with the addition of oxygen

at room temperature, acyl nitroxide (4-LXVIII) was produced, its esr
spectrum showed 3 lines ay = 7.55 G (1:1:1) and it was stable for a day.
When the reaction mixture,without addition of oxygen, was kept in sealed

tube for three hours, the acyl nitroxide (4-LXVIII) was also formed.

(céﬁ CH—C:I)OC LIJ CO(CH=CH06rI5)
Cetls -(xo, )CH-CH—E.-CH-GH(\ID )—06H5

(4=LXVII)

(C6H CH=CH)O? O O

Chltem -(N0 )CH-CH-L\-C-GéH s

(4-LXVIII)

When the reaction of high concentration of NO, and dibenzal-

2
acetone was studied, we observed only acyl nitroxide (4-LXVIII) as the

radical product,

4,4,7 Cinnamyl alcchol

The reaction of low concentration of NOZ , and cinnamyl alcohol

in 1,4-dioxan solution produced two. stereoisomers of nitroxide, (4-LXIXa)

= 14,656 G (1:1:1), a

and (4=LXIXb). Their esr parameters were 2H(CH)

N

= 4,737 G(1:2:1), and a = 1,776 G (1:2:1).

2H(3CH)
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C - - —
gE ?H N ?H ~Cgils
(NOZ)?H ?H(NOZ)
CH OH

(4=LXIX)

When this reaction was carried out at elevated reaction tempe-
rature, we observed these two nitroxide isomers in high yield, When the
reaction mixture was studied with addition of oxygen, the esr spectrum
was broadened and showed the presence of these two stereoisomers of
nitroxide (4-LXIX) as radical products.

The solution of high concentration of NO, and cinnamyl alcohol
in 1,4=dioxan produced an acyl nitroxide (4-LXX) in low yield; when the
reaction was carried out at elevated temperature, we cbserved the presence
of acyl nitroxide (4-LXX) as the main radical product and nitroxide (4-IXIX)
as a trace radical product. The esr spectrum showed the increase in concen=-
tration of acyl nitroxide (4=LXX) produced from reaction which was carried
out at room temperature. This acyl nitroxide (4-LXX) was also observed in
high yield when the reaction was carried out with addition of oxygen as

the esr spectrum showed three sets of two doublets ay = 7.540 G (1:1:1)

ay(scr) = 2678 G (1:1) ayqeyy = 1190 G (2:1),

= 0 g
06H5- ?H -CH- N=- C=-R R = CH or 06d5
NO,
(4=1XX)

44,8 a-Methylcinnamaldehyde
The pale green solution of low concentration of N02 and

a -methylcinnamaldehyde produced nitroxide (4-LXXI) and acyl nitroxide

=11 5=



(4-LXXII) in equal amounts. The esr spectra showed 3 lines which had
ay = 13.072 G (1:1:1) for nitroxide (4=LXXI), and 3 lines which ay = 7427
G (1:1:1) for acyl nitroxide (4-LXXII), When the reaction was studied at
elevated temperature or with addition of oxygen, we observed a broad

esr spectra of both radicals , also in equal quantities.

OH? ? 950
=CH =C «N= -CH =C.H y
P ??165
NO, cH3 GHB NO,
(4=LXXI)

06H5

S
CéHj-?H —? =N~ C=R R = H,or ushj
NDZ CH3

(4=LXXII)

We also observed the same results from the reactions of high

concentration of NO

5 and o -methylcinnamaldehyde.
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Discussion

GCeneral Introduction to the Addition Reaction of NO, with Alkenes.
Mechanism of addition reaction between NO,, and alkenes is of
the free radical type reaction (H.Shechter, and F.Conrad, 1953). The rate

of addition is the second-order with respect to NO, in the study of reac-

2
tion of NO, at low concentration, and alkenes (R.D.Cadle et al., 1961).
Regarding the mechanism of NOZ and alkenes addition reactions in producing

stable free radical products it has been proposed that the first Nozlalways
attaches to the carbon atom containing the larger number of hydrogen atoms,
this results in a p=-nitroalkyl radical which we term the initial free

radical intermediate. The second NO, then adds to give either C~-ONO or

2

C=NO,, for example the p=-nitroalkyl radical gives vic-dinitro and vic-

>
nitronitrite in equal proportion (H.Shechter, 1964). In terminal alkenes,
the addition of the first N02 occurs exclusively by C=N bond formation at
the terminal position (H.Shechter, and F.Conrad, 1953). From our study

of radical products in this work , when pure NOZ is used in reaction
studies, we suggest that vic-nitronitrite takes an important role in free
radical oproduct formation since it decomposes into - f-nitroalkoxy radical

and nitric oxide (NO), both of which are involved in the formation of

further reaction products. Reactions 4.1 to 4.3 represent this part of

mechanism,
N / Ay L
JORE s MOyt —-rl,'-g- %.1)
Ozﬂ
B =-nitroalkyl radical
(initial radical intermediate)
| i )]
2 —-fli-c— + ZIIO2 —> =(C=C= + -Cll-C- 4.2)
. =) |
02N 02N N02 02N ONO

vie=dinitro vic=-nitronitrite

compound
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decomposition

h
-c-cI:- > -cl:-cE- + NO (4.3)
|
02N ONO OzN 0 Nitric oxide
f=nitroalkoxy
radical
Nitric oxide which is produced from decomposition of vic-nitro=-

nitrite as in reaction 4.3 could add to B -nitroalkyl radical resulting

in a vic-nitronitroso compound as shown in veaction 4.4.

O,N

B =nitroalkyl
radical

|
—> -C—?-
|
02N NO

(4.4)

vic=nitronitroso

compound

When vic-nitronitroso compound is present in reaction mixture

which contains either p<-nitroalkyl radical or p-nitroalkoxy radical, it

will react with these radicals

and give alkyl nitroxide and alkoxy

alkyl nitroxide respectively as shown in reactions 4.5 and 4.6. Alkoxy

alkyl nitroxide is unstable, it decomposes to alkyl nitrite and alkyl

radical or reversibly to nitroscalkane and alkoxy radical (A.Mackor et al.,

1966; Th.A.J.W.Wajer et al., 1967; A.Mackor et al., 1968; and P.J.Cowley,

1969) as shown in reactions 4.6, and 4.7.

| ol
- -(lj_ + -{[:-C- i -(IJ-C N=Qe ("{'-5)
- '
OZN NO 02N OZN 2
alkyl nitroxide
0
g+ et Gmm N0t (4.6)
=([=C=- L=l ——s == ComNem -C= .
3, TR o S {5 [l
OzN NO ZN ? 023 NOZ

alkoxy alkyl nitroxide
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b e |l ) ||
SCuelilafafie  SODONDORS ~C-C-  + =C-C- (4.7)

1]
O,N NO O N ONO NO,

Apart from free radical trapping, nitroso compounds are also
able to react with alkyl substituted alkenes and yield hydroxylamine, and
are further oxidised by unreacted nitroso compounds or by air and finally

yield alkyl nitroxides (A.R.Forrester et al., 1968).

R &

N L
c=C R
RZ(// S o
1¢—Rr —m c—C I
[ 7N | > oH-R
~C=Cm H H ~C=C=N
[N ot gt
O,N 0N

R P

g pE T
| N\
oL D

2

Primary and secondary nitroso compounds dimerise in solution
to give nitroso dimers which are unstable, when exposed to air, or at
elevated temperatures when they decompose into nitroxide and nitric oxide

(A.Mackor et al., 1967a;E.G.Janzen, 1971).

00
1
2 R=N=0 ————>  R=N=N-R %.9)
00 0 y
t? !
R=-N=N=-R ————> R=N=R + NO (%.10)

Nitroso compound are stable only when they contain no
« =hydrogen, primary and secondary nitroso compounds undergo nitroso-
oxime tautomerisation in which the equilibrium lies far over to the right

as in reaction &.11.

=110



(R)ch-N=O s (R)ZC=N-OH (4.11)

Oxime tautomer is able to be oxidised by oxidising agents,
such as N02 or air, the end products could be both non-radical and free-
radical products (A.I.Titov, 1963).

Some nitroso compounds couple to themselves and result in
nitroxide biradicals (4=-LXXIII) in which there is no interaction between
the unpaired electrons (W.Theilacker et al., 1965).

53

|
R=N=N-R
+o 0+

(4-LIKTII)

Nitroso-oxime tautomerisation could lead to iminoxy radical
formation by oxidation of oxime tautomer . The iminoxy radicals are
always observed from the reactions of NOZ with alkyl carbonyl substituted
alkenes, or a, f~unsaturated carbonyl combounds in which there is hydrogen
atom available at a =position (J.A.McRae, and M.C.R.Symons, 1966; and
W.M.Fox et al., 1967). The mechanism of their formation has been suggested
to involve tautomerisation of the vic=-nitronitroso compounds into their

hydroxyimine tautomers which are further oxidised by NO2 or air to iminaxy
radicals (2.L.Chapman, and D.C,Heckert, 1966).

¥ 0 e

- 0

| ] : : | Il
Rl-?-?H—C-' tautomerlsat10n> Rl-?-%—C—RB
OZN Ngo 02N N\OH

NO 3 0
|

L RE-C~C-C-R° (4.12)

or air |

OZN on

iminoxy radical
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@ , p=Unsaturated carbonyl compounds without a hydrogen atom

at the a=-position do not produce any iminoxy radicals.

4,5 The Study of Reactions of Low Concentration of NO, with Alkenes at

Room Temperature.

In our reactions of low concentration of NOZ and alkenes studied
in 1,4~dioxan solution, the main radical products are alkyl nitroxides and
iminoxy radicals as summarised iﬁ Table 4.1. Alkoxy alkyl nitroxide radi-
cals which N-hyperfine splitting constants of about 25-30 gauss, and
g=values are slightly different from the values of alkyl nitroxides are
not observed in these studies. We suggest that since the pj -nitroalkoxy
radicals are produced, they undergo further reaction with N02 and yield
vie-nitronitrates (reaction 4.13), or that they could disproportionate or
decompose before they are trapped by vic-nitronitroso compounds, or the
alkoxy alkyl nitroxides are formed but decompose to jg-nitroalkyl radicals
and vic-nitronitrites , or they are formed reversibly (reactions 4.6, and

4.7).

-l I d

-c|:-<|:- £ AW, i -?-{.l‘.- (4=13)
OZN ? OzN ONO2
vic-nitroalkoxy vic-nitronitrate
radical

When an excess of alkenes and low concentration of N02 are used
in the reaction studies, the esr spectra do not show the presence of any
nitroxide radicals which might be formed from reaction of nitroso compounds
and alkenes as described in reaction &4.8. This is clearly shown in the
study of gem-dialkyl alkenes, for example iso-butene, the esr spectrum

shows only 3 quintets a, = 14,695 G (1:1:1), and aHH(VCHZ) = 0,51 G

(1:4:6:4:1), If alkyl nitroxide formed from reaction 4.14 was observed,
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the esr spectrum would show 3 triplets with ﬁ‘H-hyperfine splitting

constant = 10.7 G (E.G.Janzen, 1971).

CH CH H,C 0

| 3 3 11 »H -
CHy=C-NO +  “OmCH, ———> Cil;=C-N-CH,~C (4,14)

f o1: o I \CH.J

CH,NO,, 3 Ci, O,

4.5.1 Alkenes with dialkyle-, trialkyl-, or halogen substituents.

In the study of reactions of cis-, and trans-2-butenes with

low concentration of NO, in 1,4-dioxan solution at room temperature, we

2
observed that both alkenes yielded alkyl nitroxides the esr spectra of
which showed similar 3 doublets, aNFﬂHLS G and one hydrogen atom coupling
constant ay = 1.7 G as shown in Figure 4.1. We suggest that these two
alkenes produce the same alkyl nitroxide (4-I), since the previous work
observed that NOZ catalysed cis-trans isomerisation of alkenes before
final addition occurred (C.Kelber, and A.Schwarz, 1912; and H.Shechter,
1964). We propose that the initial alkyl nitroxide produced from these
reactions is bis=-(l-methyl-2-nitro-2-methyl ethyl) nitroxide (4=Ia) which
is unstable , it undergoes disproportionation and decomposition which
results in the hydroxylamine (4-Ib) and the nitrone (4-Ic), and we suggest
that alkyl nitroxide (4-I) is the product of alkyl nitroxide (4-Ia)

trapped by nitrone (4-Ic). This reaction mechanism could occur within

sample prevaration time.

NO NO
|2 |2
c‘l .
Hy=CH CH,=CH
2 |CH -GifzN-00 ——> | [CH;-GH}7NO S
(4-Ia) e
No, No,_ N0,
{gﬁa'ﬁ’HL B e, :
HB—CH SN & &qj—m—fc-mj (4.15)
(4=Ib) (4=Ic)
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NO
12

| ©
s e
+

CHB-CHfE*C-CHB CHB-CH ZNQ’
(4=Ic) (4=Ia)
e %2
Cy=CH § CH~CH,y (4.16)
CH -CH—N;?—GH
O=I¥ ?H-CHB
ci-ai
1702 2
(4-1)

The rate constant for alkyl nitroxide decay gradually decreases
during decay, this mechanism has been discussed by K.Adamic et al., 1971
who presumed that it was due to increasing stability of the more hindered
nitroxides that are formed in the reaction sequence. The decay of nitroxide-
(4=I) into nitrone and hydroxylamine derivatives which could lead to further
alkyl nitroxide was not observed during the reactions which we studied.

The same results as found for cis-, and trans-2-butenes were
observed from reactions of cyclohexene, oleic acid, and methyl oleate with
low concentration of NDZ. We suggest that the same reaction mechanism was
involved and the alkyl nitroxides (4=V), (4-VIIa), and (4=VIIb) were
obtained from the disproportionation and decomposition of the first alkyl

nitroxides produced from NO, addition reactions.

2
We observed that alkyl nitroxide (4-III) which was produced

from reaction of low conéentration of NOZ' and 2-methyl-2-butene was the

only alkyl nitroxide product of this reaction. Since this nitroxide has

no p -hydrogen atom therefore it could not decay as the mechanism described

in reaction 2.21.

Dichlorocethylene, and tetrachloroethylene do not yield any
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stable radical product, although there was a report of a reaction of
tetrachloroethylene with NOZ which produced 1,2-dinitrotetrachloroethylene
in high yield in the presence of oxygen at 100° for three hours (Biltz,
1902), but in the reaction condition studiéd in this work, esr spectro~

scopy did not show the presence of any free radical.

4,5,2 Terminal alkenes with alkyl- , aryl-, or halogen substituents,

Radical products detected from the reactions of low concentra=~
tion of N02 and terminal alkenes are represented in Table 4.1. Nitroxide
radicals were observed. We suggest that only the alkyl nitroxides (4=XV),
and (4=XVII) produced from l-decene, and ethyl vinyl ether respectively
are products from disproportionation and decomposition of initial alkyl
nitroxides formed in the same way as the alkyl nitroxide (4-I) from cis=-,
and trans-2-butenes. Nitroxide radicals detected from iso-butene (4=IX),
2-methyl-l-butene (4=XII), and « -methylstyrene (4-XVIII) are stable for
weeks in their reaction mixtures. We attribute this to the fact that
they are nitroxide without hydrogen atom at F -positions. The esr spectrum
of alkyl nitroxide (4-IX) shows hyperfine splitting of four protons at

y , V' positions of about 0.561 G. A similar esr spectrum has been
reported for the alkyl nitroxide product from the reaction of N203 with
iso-butene (J.Pfab, 1977), which we suggest that this alkyl nitroxide is
the same alkyl nitroxide (4-IX) that we observed in our work.

We also find that nitroxide radicals in which there are
hydrogen atoms at P F' positions do not disproportionate and decompose
into hydroxylamines and nitrones, are produced from allyl chloride (4=XIX),
3-butenoic acid (4=XXII), styrene(4-XXIVa and 4=-XXIVb), and p-methoxystyene
(4=%xXVIa and 4-XXVIb). We suggest that the electron withdrawing groups
substituted at P - and P'-positions of nitroxide could stabilise the free

electron by delocalisation, we also suggest that dimerisation of nitroxide

=133~



could occur but the decomposition is not involved.
Reactions of styrene, and p-methoxystyrene with low concentra-

tion of NO,, gave two stereoisomeric nitroxides (4=-XXIVa and 4=XXIVb),

2
and (4=XXVIa and 4=XXVIb) respectivly. B.H.J.Bielski, and J.M.Gebicki, 1969;
and L.Jonkman et al., 1970 and 1971, have discussed the radical structures
but have not related their esr parameters to any proposed structures, The
results of our étudies were similar to those observed in the previous works,
The mechanism for nitration of aliphatic ethers in the gas phase
has been studied and it has been proposed that the fissions of carbon=-
carbon and carbon-oxygen bonds could occur and yield nitroalkanes and nitro=-
ethers which are then oxidised and finally yield aldehydes, ketones,
alcohols, and acids (H.B.Hass et al., 195%4). Acyl nitroxide which we
observed from the addition reaction of ethyl vinyl ether with low concen-
tration of NOz possibly follows this mechanism yields nitroacetaldehyde,
formaldehyde, nitromethane, and other products. Hydrogen abstraction
could occur with nitroacetaldehyde and result in a carbonyl radical which
could be trapped by nitroso compounds present in the reaction medium and
finally yield an acyl nitroxide (4=XVIII). We suggest the following reaction
mechanism for acyl nitroxide (4-XVIII) formation.

NO

4 2 = 0N _' e

CH,y=CH~0=CH,~CH, > 0,NCH,~CH~0-CH,~CH, (4.17)
2 No,

2 ozwcHZ-c_n{-o-CHZ-CHB = OzNCHZ-(]‘,H-O-CHz-CHB (4.18)

ONO

) - HaaDml{TH o
+ O,NCH, x|]H O~CH,~CH,

NO,

UELICHZ-(I:H-O-CHZ-Q{B - OZHCHz-Cl‘.H—O-CHz-GHB + NO (4.19)
ONO 0

-;2N—CH2-C|31-0—CH2—CH3 > O,NCH,CHO + +OCH,CH, (4=20)

0
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* OCH,,=CH, ¥, > CHNO, + HCHO (.21
0

2 W
), NCH,, O, NCH,=Ce + HONO (4.22)

o
=
3
£
(]

OziI-CHZ-C.H—O-CH -CH

o~CHy + NO —> OZN-CHZ-(IZH-O-GHZ-CH3 4.23)
‘ﬁ NO
QZNGHZ-a]m-c»-cﬂz-r:.H3 + _NO,-CH,-C- > .
NO .
29 .,
QEN—C.‘iZ-(l.‘.‘.{-N-C-Cﬂz-Noz (4.24)
G g
(4=XVIII)

In the study of the reactions of HDE with hexachloropropene,
and hexachloro-l,3-butadiene, we could not detect any radical products,
although conjugated alkenes have been reported to be more reactive than
unconjugated alkenes and terminal alkenes in gas phase reactions (A.P.
Altshuller, and I.R.Cohen, 1959). We suggest that chlorine atoms which are
electron withdrawing decrease the nucleophilicity of alkenes, and N02 which
is electrophilic does not react with these alkenes or that the rate of

reaction is very slow (H.Shechter, 1964).

4,5,3 Alkenes with carbonyl-, alkyl carbonyl-, or halogenyl carbonyl-

substituents.

The mechanism of the reaction of NO, with «, j-unsaturated
carbonyl compounds is such that the first NO2 always adds to the IB;carbon
position, the second N02 adds to a@-carbon astom. The radical products which
we observed from reactions of N02 with a-alkyl- o, B-unsaturated carbonyl
compounds are nitroxides., For example we observed a three line esr spectra

of nitroxide radicals from methacrolein, methacryloyl chloride, methyl

methacrylate, and tiglic acid, OCther radical products which we often
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oSserve are iminoxy radicals which are produced from reactions of NO2
with a,p -unsaturated carbonyl compounds in which there is a hydrogen
atom present at an m-pvosition. Esr spectra of iminoxy radicals are quite
complicated due to long range interaction of the unpaired electron with
other nuclei in molecule, and they also show that two isomers, E- and Z-
isomers, of iminoxy radicals are produced from each compound. Therefore
the two sets of three multiplets are typical of esr spectra for iminoxy
radicals detected from these alkenes., For example 3-butene-2=-one, acral-
dehyde, crotonic acid, ethyl crotonate, methyl crotonate, crotonaldehyde,
3-pentene-2-one, 3,3-dimethylacrylic acid, and mesityl oxide produce
iminoxy radicals from the reaction studies (Table 4.1). The yield of E-,
and Z-isomers are not produced in equal amount, since the esr spectra of
iminoxy radicals of ethyl crtonate and methyl crotonate indicate that Z~-

isomers are produced in higher amount than the E-isomers, and also with

0]
CHB-?H -%—C—OC2H5 GHB-?H -ﬁ-g-OCZHS
02N O/N 02N N\O
E-isomer Z-isomer
(4=XLIIIa) (4=XLIIIb)

the esr spectrum of iminoxy radicals of 3-butene-2-one, the E-isomer
(4=XXXIIa) is obtained with much higher spectrum intensity than of Z-isomer

(4=XXXIIb), the latter radical is observed only as a trace product.

0 0
NJZ-CHE—ﬁ-g-GH3 Noz'CHZ—%-g-CHB
4 h:
E-isomer Z=-isomer
(4=XXXIIa) (4=XXXIIDb)
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Iminoxy radicals which are detected from reactions of NOZ with
a ,P*-unsaturated aldehydes, for example acraldehyde, and crotonaldehyde
are always found to produce the Z-isomers in high yields and their esr
spectra show six triplets, as shown in Figures 4.8, and 4.9. E=-isomers
are observed as a trace or are not detected. Steric hindrance and the
ability to form a hydrogen bond between iminoxy group and other nuclei
within a molecule determine the stability of each iminoxy isomer produced.
E-isomers could be initially formed in high yield, but they interconvert
to be the more stable isomer.

Maleic acid, fumaric acid , and their dimethyl esters and hexa=-
chlorcbutenoic acid do not yield any radical product under our reaction
condition, which we ascribed to them containing electron withdrawing which
decrease the reactivities of alkenes.

Although N02 can react with carbonyl functional groups, for
example N02 has been observed to abstract aldehydic hydrogen atom from
aldehyde with subsequent loss of a carbonyl grouvp, in gas phase reactions,
(s.Jaffe,1971), but in our works in which we studied at low concentration
of NOZ and aldehyde in 1,4-dioxan solution, we would suggest that hydrogen
abstraction from aldehydic group could occur but in low amount. The results
obtained from the low concentration of NCZ and acraldehyde, apart from E=-,
and Z-isomers of iminoxy radical (4=-XXXVa) and (4=-XXXVb) which were the
main addition reaction radical products, the acyl nitroxide (4=XXXVIa)
was also produced since it was detected in low concentration. The follow=
ing reactions are the mechanism which we propose for radical products

formation from reaction of NO

X and acraldehyde in this study.

Addition Reaction :
0 0

I Il
CH,=CH-C-# + NO, ———> O,N~CH,~CH=C-H (4.25)
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0 0
I I I
2 ?HZ-CH-C-H + 2 N, —— QHZ-?H—C-H - ?HZ-?H-C-H (4.26)
NO, NO, NO, NO, ONO
I i
s e - - - - + 4.2
?Hz ?H C-H — gﬂz gH C-H NO (4.27)
NO, ONO NO, O

ﬁ? i
CH,=CH=C=H + NO ———> CH,=CH=C=H 426,
T Wi TH ( ¢
HOZ NOZ .I.I\.v'

0 tautomerise ? NO, .
CIIHZ-CIE-I-C-H > ?1{2-?': -C=H > (4.29)
NO, NO NO, N(OH)

ﬁ ]
oZNaCHZ-%-c-H - aZN;CHz-ﬁ-c-H
ch w\o
E~isomer Z-isomer
(4=XXXVa) (4=XXXVb)
Hydrogen Abstraction:
0

[ [

CH =CH-C-H + NO, —> CH_=CH-C* + HONO (4.30)

i i 00
?HZ-?H-C-H + CHZ=GH—éo-————a-?HZ-?H-;-C-CH=CH2 (4.31)
NO, NO NO, CHO

(4-XXXVIa)

We also observed acyl nitroxides in low yields from the reactions

of low concentration of NO, with crotonic acid, also with 3,3-dimethyl-

2
acrylic acid in 1,4-dioxan solution. We would suggest that their formation
could involve the P-ecission of P -nitroalkoxy radicals, The carboxylic
acid groups are not proposed to react with NOz since the carboxylic acids
are usually found.as the end oxidation produéts of Noz and aikenes reactions
in gas phase (A.P.Altshuller et al., 1959; and A.I.Titov, 1963). We suggest

the following reactions to explain the mechanism of acyl nitroxides
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formation from these two alkenes.

I s 1
A p=-scission
~C  =CH=-C~CH > CH.-C* + H=-C-C-OH 4. 32
S T Lot
A o
g8 . 0.9 2
HeC~C=OH 2 > *C=C~0H ——> CO + +C=CH (&4.33)
H~abstraction
o 0 0 @M. 00
A | O o0 it
- - - + (= -y N >
o -+ G- —> 0y <
NO, NO 0,N COOH

acyl nitroxide (4-LIV)

Radicals which we observed from reactions of low concentration
of NO, with methacrolein, and tiglic acid were nitroxides (4-XXXVII), and
(4=LII) respectively and we could not detect any acyl nitroxide from this
reaction. We suggest that the pB-nitroalkoxy radicals from these alkenes
which are tertiary alkoxy radicals do not undergo p =scission in normal
reaction condition as proposed by A.Mackor et al., 1968, and vic-nitro-

nitrates are formed from these radicals.

s No, )

OENhCHZ-? -CHO OZN-CHz-? =CHO (4.35)
? ; UNO2
p=-nitroalkoxy radical vic-nitronitrate derivative

of methacrolein

CH
'3 N, T
CHy=CH =C  =COCH > cHB-?H -G =COcH (4. 36)
NOz 9 NOZ ON02
p =nitroalkoxy radical vic-nitronitrate derivative

of tiglic acid

In the studies of a, j-unsaturated carbonyl compounds,for example
ethyl crotonate, methyl crotonate, 3-pentene-2-one, crotonaldehyde, and
crotonic acid, in NO2 addition reactions, from the radical products observed,
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we could conclude that carbonyl functional group determines the reactivities
of alkenes, We observed that the activities decreased from ketone, ester,
aldehyde to acid which is the same order of the increasing in strength of
electron withdrawing effect. From this reactivity order, we could confirm
that in the NOZ addition reactions, Noz acts as an electrophilic agent.
Although a, p -unsaturated esters are reactive in N02 addition
reactions, we could not obtain any radical product for the vic-diesters
alkenes, for example dimethyl maleate, and dimethyl fumarate, From this
result we suggest that the addition of the first NO, molecule is the rate

2

determining step in which the NO, attaches to the position which is higher

2

in electron density and also lower in substitutions.

4,5.4 Alkenes with aryl-, or aryl carbonyl substituents.

The radicals obtained from reactions of low concentration of
N02 with cis-, or trans?stilbenes were nitroxides. From their three doublets
esr spectra we suggest that the nitroxides observed are the result of
disproportionation and decomposition of the nitroxide moncmers as for
alkyl nitroxide (4=I) formation from cis-, and trans-2-butenes, and we
also suggest that both cis-, and trans-stilbenes give the same nitroxide
(4=1LIX) (H.Shechter,1964). These two stibenes are less reactive when
compare to cis-~, and trans-2-butenes, since the low intensity spectra of
nitroxide (4-LIX) were observed.

In the reactions of low concentration of NOZ' and aryl
carbonyl alkenes, we suggest that the first FOZ adds to aryl substituted

carbon and the second NO, adds to carbonyl substituted carbon, since aryl

2
has less electron withdrawing effect than any carbonyl functional groups.
The reactivities of aryl carbonyl alkenes are less than the reactivities

of alkyl carbonyl alkenes which we could observe radical products with

- quite high esr spectral intensities and in less reaction time. We conclude
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that it is the effect of aryl group which has an electron withdrawing
effect leading to a decrease in electron density at reaction centre in
the rate determining step. We found this effect in the reactions of low
concentration of NO2 with cinnamaldehyde, a -methylcinnamaldehyde, and
benzalacetone in which we observed radical products with low spectral
intensities, and we did not observe any radical product from reactions of
low concentration of NOZ with cinnamic acid, and benzalacetophenone.

Dibenzalacetone produced nitroxide (4-LXVII) from its reaction
with low concentration of NOZ’ we suggest that its vic-nitronitroso deri-
vative does not undergo hydroxyimine tautomerisation bécause of carbonyl
group is stabilised by conjugated system of the molecule, therefore its
vic=nitronitroso derivative produces a nitroxide rather than an iminoxy
radical,

Radicals obtained from cinnamyl alcohol are two stereoisomers
of nitroxide (4-LXIX), and their formations could be by the same mechanism
as the nitroxides formation from styrene, and p-methoxystyrene and NO

2
addition reaction.
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L,6 The Study of the Reactions of High Concentration of NO, with Alkenes

in 1,4=Dioxan Solution at Room Temperature.

The roles of NO, in the reactions of high concentration of NOZ'

2
and alkenes reported in previous works have not been fully understood.
The rate of reactions has been reported to be not in agreement with

second=-order dependence on concentration of NOZ(T.L.Gottrall, and T.E.
Grzham, 1953 , and 1954 ). In these studies we gradually increased the

d

concentration of NO. in the reactions of low concentration of NO2 and

2
alkenes, we observed that the esr spectral intensities of alkyl nitroxides
decreased and esr spectra of acyl nitroxides were obsefved, the yield of
nitroxide depending on the concentfation of NOZ. In the experiments in
which a very high concentration of Naz was involved from the beginning of
the reaction, we observed acyl nitroxide as the, only, or the main radical
product of the reactions studied. From these observations, we suggest that
acyl nitroxides are not derived from the decay of alkyl nitroxides and
that the alkyl nitroxides may not be produced from the reactions of very
high concentration of NO,, and alkenes.

We considered vic-dinitro compounds, and vic-nitronitrites,
which are the primary reaction products of addition reaction of NOZ, and
alkenes, to be involved in the pathway of producing acyl nitroxides.
viec=Nitronitrites which are unstable could undergo decomposition into
p -nitroalkoxy radicals and nitric oxide (A.Mackor et al., 1967a). In the
reaction medium with the excess of Noz, ﬁ =nitroalkoxy radicals further
react with NO, and produce vic-nitronitrate or undergo disproportionation,
and decomposition, or P -scission which could lead to the formation of
several non=radical, and radical products. Nitric oxide also could further
react with any radicals in the reaction medium, and nitroso compounds
would be among the products obtained. In the reactions of high concentra-
tion of NO,, and alkenes in solution at room temperature, we suggest that

2
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/3 -nitroalkoxy radicals, and nitroso compounds are the main components

in producing acyl nitroxides, and the excess amount of N02 and the presence
of NO in the reaction medium have their roles in extensive oxidation to
alkenes.

It has been known that primary ,and secondary alkoxy radicals
undergo disproportionation and result in aldehydes or ketones,and alcohols
(A.L.Nussbaum, and C.H.Robinson, 1962). Secondary alkoxy radicals also
undergo P -0-C scission in which the most stable radicals are split off
to leave aldehydes in low yield (P.Kabasakalian et al., 1962; P.Kabasaka=-
lian, and B.R.Townley, 1962; and D.Durant, and G.R.McMillan, 1966). Tertiary
alkoxy radicals could undergo hydrogen abstraction or radical fragmenta-
tion, and they usually do not give rise to the formation of aldehydes.

The following reactions represent the disproportionation, decomposition,
and radical fragmentation of primary, secondary, and tertiary alkoxy

radicals.

Primary alkoxy radicals:

disproportionation

2 R=CH,=0° ~-{31:}:2-0] ,—> RCH,~CH + RCHO (4.37)

Secondary alkoxy radicals:

R]:\ disproportionation :tl e Rl\ P&
2 > CH=0» > CH-Q | ——> . C=0 + CH=-CH
" 2 27 27
R R 2 R R
(4. 38)
-'il B -scission i
~ > CH=0e ~ R0 + R (4. 39)
R%
p=-scission ¥ chﬂo o Rl-
Tertiary alkoxy radicals:
al-¢3-o- M - al-%:B-OH (4. 40)
R H-abstraction R
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7

31-33-0- Radical frognentation, 2§ 2 . . (4.11)
R

. 2dS . 2

. Rl 4 R

The products which were reported from the reaction of NOZ, and
2-methyl-2-butene in the gas phase, were acetone, and acetic acid (A.P.
Altshuller et al., 1959). From this result we suggest that the tertiary
alkoxy radical was formed and further fragmented into acetone, and nitro-
alkyl radical which the latter radical could be further oxidised by Noz,

and produced acetic acid.

CHNO, 0
5 % CH : CH, + CH (4.42)
ke e S |
uH.a NO2
NO,
~CH * > H =-ONO -CH-0- + NO (4.4
CHy=CH CHy=CH ~ONO —— CH~CH NO  (4.43)
No, No, No,
c:rij-ri‘n{qo. - CHBGHO = :\roz (b.44)
NO
y 9
CHyCHO + NO, > CHy-C-CH + HONO (4.45)

In our study, the reactions were carried out in solution in
which solvent molecules could prevent the extensive oxidation, and we
suggest that the reaction sequence proceeds only as far as step 4.44
and aldehydes resulted.

Witroso compounds have been reported to be oxidised by Noz to
produce nitro compcunds, or their oxime tautomers to react with NCZ to
produce gem-trinitro compounds, pseudo=-nitrols, nitrolic acids, nitrile
oxides, furcoxanes, aldehydes, ketones, and carboxylic acid (A.I.Titov,

1963). The nitroso compounds also could react with NO to give diazo

=)



compounds (A.Mackor et al., 1968). In the gas phase study of 2-methyl-2-
butene, the vic-nitronitrite, and vic-nitronitroso derivatives were not
observed (A,P.Altshuller et al., 1959), and we suggest that they were
completely oxidised by NOZ. In our studies, the radicals which we observed
were mostly acyl nitroxides, so we suggest that vic-nitronitroso compounds
produced from the reactions in solution could undergo not only further
reactions with the excess of NOZ but also be involved in acyl nitroxide
formation.

The results which we obtained in our study from the reactions
in which we gradually increased the concentration of NOZ’ was a decrease
in esr spectral intensities of alkyl nitroxides and we suggest that alkyl
nitroxides could react with the excess of NO, and produce oxoammonium
nitrate, and lead to a decreased concentration of alkyl nitroxides in

the reaction mixtures (J.A.Nelson et al., 1971, S.Chou et al., 1974), as

shown in reaction 4.46.

ONO
I 2

0
|
el + O e R-N- B (4.46)
+
The radical products which we observed from the reactions of
high concentration of NO, and alkenes in 1,4=dioxan solution at room
temperature are represented in Table 4.2, and the detail of radical

nroducts formation are suggested in the following discussion.,

4.6.1 Alkenes with dialkyl-, trialkyl=-, or halogen substituents,

In the reaction of high concentration of NO2 and alkenes in
this group, cis-2-butene, trans-2-butene, cyclohexene, oleic acid, and
methyl oleate produced acyl nitroxides in gcod yield but Z-methyl=-2-butene
produced acyl nitroxide (4=IV) only in low concentration.

Alkoxy radicals generated from the decomposition of vic-nitro-

nitrite derivatives of cis-2-butene, trans-2-butene, cyclchexene, oleic

=145-



& " - - ou susTfyjsoroTyorilar
= - - - ou suaTAYy3e0I0TYI1IP
seutl € - 849 80400°2 (AIITA-4) eprxoxjtu TAo® a3eaTo TAyjou
seutl € - €1°9 GTL00°2 (eIIIA-;) epyxoxjtu TAoe PTO® 01970
souTT € - 0.9 £6900°2 (IA-%) epixoxajtu TAoe susxeyoToLo
seuty € = +08°4 +#0400°2 (AT-%) eptxoxjtu Tho®
‘ (I11~#) epTX0x}TuU sueqnq-z-TAyjeu-z
s3eTqnop ¢ G0*z = (HOY)H £89°4 84002 (I1-#;) eptX0xjtu TAo®
‘ (I~#) eprxoajtu auaINq~-g~SuBRI}
s3eTqnop ¢ 2t'z = (HoY)H 8194 L4l00°2 (11-4) eptxoxjtu TAoe
* (1-4;) epIX0ox3TU auanNq=-g-s190
e1q308edg ( mm:.mmv Xe Amm:.mmvzam onTeA-3 sjonpog TROTPEY SEDEY Ry

"SjuenyTysqns uedorey a0 '~TAjretay -TA[TeTP U}iH SaueNly ' 1

*QUAATOS SB UeXoIp-‘'T ‘ aanjexedus} woox 3B SOUSYTE

U3TM %oN 3o UOTFRIJUSOUOD YSTY JO SUOTIORSI oY} woxJ peutelqo sjonpoxd Teotpexr Jo siojewered Isy

¢'h °81qelL

=146~



ou

(IIIAXX-t) epIXoxj}tu

suadoxdoxoTyorxey

suaxfysTiyyeu~ v

Seutr 9 [g92°f = Amoguz LehL T4200°2 (TIAXX=1;) ®pixoxjtu TLo® suaxfysfxoyjeu~d
soutt 9 |484°€ = (Wd)H 621°8 96900°2 (AXX-t;) epxoxjtu Ao susifys
sjeranop € |641°2 = (HOY)H GGE L 26900°2 (IIIXX-#;) epixoxjtu TAow P1o® oTousyng-¢
sjerquop € |0€5°2 = (HDY)H 9L 20800°2 (IXX-1;) epyxoxjtu TAo®
sjerqnop € |6€2°h = (HDY)H 282°€C1 64900°2 *(XIX=1;) °pTXoI}tu epTIoTyo TATT®
- = - - ou aeyje TAuta TAY3e
seut| € - 5 i 68900°2 AH>x|¢v eptxoajtu TLoe aueoep-T
sautl € o 921°4 8€L00*2 (ITIX-t;) epyxoxjtu TLo®
‘(1IX~#) eptx0IjTu suajnq-T-TAyjeu-g
s3eTquop € |A6€°T = (OHD-)H 921°4 L§200°2 (X=t;) eptxoxjtu TLoe
‘(XI-t) epIX0I3TU aue}nNq-osT
vI1308dg (ssned) Xe (ssned) Ng anTeA-3 sjonpoad Teotped Ssuay TV

‘squenytisquns uedorey Jo ‘-Thre ‘-TLO[T® YJTM SeueyTe® TRUTWIo], *Z

(penutjuod) Z*H 9TqR]

=147~



ex}oedg

(ssne?) X

(ssne3d) N enTeA-3

ou

pustTpeINg-~{ ‘ T~0I0TYOBXaY

sqonpoag TeOTPEd

sousy Ty

-148=

(penutjuoo) 24 91qe]



sautl ¢ = Gon*l (ITIAXXX=t;) ®PTxoxjtu TAo®
‘(IIAXXX-#) °PTXO0I3TU uteToIORY} oW
s39Tqnop ¢ 690°2 = (Hod)H 68€* L 26200%2 (QTAXXX=t) epixoxjtu Tho®
‘(AAXXX~-#) TBWOST-Z
‘(BAXXX—t) TowoST-
sTeOTPRI AxoUuTWT spAyspreIoe
§30TqQnop ¢ #98°0 = (HDY)H 6€£8°9 €4200°2 (ITIXXX=#;) epixoxjtu TLoe
syeTd1a} € 648°€ = (HOY)HZ 29°¢t (e0ex]) (AIXXX~t;) °PIX0IjTU
‘(BIIXXX~#) IewosT-T
TROoTPRX Axoutwt auo=-g-osuaing-~{
syoTdtay} € 682 = nmozvz €64°62 (IXXX~#) IowosI-H
TeoTpex Axoutwt
s39TqnOp ¢ 91°¢ = (HOY)H LE9* 4 ‘(Xxx-#;) eprxoxjtu Thoe
‘(XIXX~t;) opTX0oxjtu proe otThIo®
'eIl00dg Ammﬁdwv Xe (ssne3d) N enyTeA-2 sjonpoad TEOTPEY Sausy TV

*squenytisqns TAuoqreo TAueForey ao ‘-TAuoqaed TATR ‘-TAUOQI®D YJTM SBUSHTY °*{

(penutquoo) 24 O1AE]

~14G-



seutl ¢

#36°9

(IIINIX-#) epTX0oajTu TAo®
‘(ATIATX-#;) TOWOST-Z
‘(BITATY~-t;) TowWOST-F

STROTPRI Axoutut
(3onpoad uteu)
(AIATX~t;) TowOST-Z
‘(BIATY~-4) TouwoST-F
STeotpRIr AXoUuTuUT
(3onpoad cﬂmav
(ATITTYX~4) TBUWOST-Z
‘(BITITX-4;) Ieuwost-&
sTeotper Axoutuwt
(ITTX~4;) epixoxjtu TAoe
‘(BITX~t) ToUWOST-T
Teotpex Axoutuy

(TX-4) ep1X0IjTU

(XIXXX-4) epIxoIjtu

opAyepreUOlOID

93rU010I0 TAyjou

91vU0j01D TAYyjle

PTOB OTU030ID
ojerdxoeyjsu TAY3zsu

epTIOoTyYo TAoTAxIo®RU}LU

'Iq00dg

(ssned) Xe

Ammzmwvzm onTeA~-3

§30NpPoI] TROTPRY

Saua TV

(penutjuod) Z°h STqRL

-150=-



s3eTquop ¢

s387qnop ¢
s39Tqnop ¢

249°2 = (HDY)H

LST°T = (Hof)H
966°2 = (HOY)H

#90°€T

0°4
266G €T

* (1INT-4) epiX0oxjTu
‘(A1-#) xeuwosT~7
TeOTPRI AXOUTUT

(3onpoad uteu)
(AIT-t;) eptxoxjTu TAO®

‘(e0®x3) (IITT-#) IOWOST-Z

sTeotpexr Axoutut
(ITT-4) eprxox}tu

(T1-4) epTx0I3TU TAO®
‘(T-t) epyxoajTU
‘(3oupoxd uteu)
(XTTH~1;) TPWOST-7
‘(BXITX-1) Tewost-d
sTeoTpeX AXOoUuTWT

ou

aptxo TAj1Seou

proe

ot Ao TAYFeuTP~€ °C

PTOo® OTT313

suo=-z~ouajuad-(

fﬂod oTouU8}NqOIOTYORXAY

'I300dg

(ssnes) Xy

(ssned) Ne enTeA-3

§30Upoag TeOTPEY

sauey TV

(penutquod) Z*4 OTqeR]

-151-



- x = - ou oqexeuny TAY3ouwTp

— - = - ou s1eaTeEUW TAYLUTP

= - - - ou PIoE OTIRUNJ

* - - - ou pIo® OoTaTRU

sjeqnop € | 268 = (HOY)H gee s (IITAT-4) eptxoxjtu TAoe (penutjuoo)

s1eTqnop € | €85°T = (HOY)H e L 12400°2 ‘(IN1-t) eptxoxjtu TAo® eptxo TA3Tseu
eI1joedg (ssneld) Xy (ssned) Ny enTeA-3 Sq0Npox TeoTpey seuey Ty

(penutquoo) Z*4 BIqE]L

=152



soutl € - 664 #6900°2 (IITAXT-4;) eptxoxjtu TAo® eu0390eTRZUSTD
- - - - ou suousydolsoeTRZUSq
€8h'T = (HOd)H
s3eTqnop 9 109°8 = (HDY)H G259 02800°2 (AXT-t;) eptxoxjtu 1hoe
s3eTqnop ¢ o't = (HOHH #85°9 02800°2 ‘(AIXT-4;) eptxoxjtu Thoe suojeoeTRZUSq]
- - - - ou PIOB OTWBUUTO
sgerqnop € | 9GH'Hh = (HDY)H €16°8 £9900°2 (IIXT-t) epixoxjtu TAo®
‘(aIX1-t;) T8WOST-Z
‘(e1XI-4) IowOST-H
sTeOoTPRI AXOUTWT apAysprEUBUUTO
. §38TqQnop ¢ 699'2 = (HOY)H 062°8 1#1400°2 (X1-t) epxoajtu Thoe eueqT1}S-2-SuBIy
s3eTqnop ¢ ¢99°2 = (HOY)H 062°8 #h,00°2 (X1-1;) eptxoxjtu TAo® ausq13}s-2-S10
evI}090dg (ssned) X (ssned) N aneA-3 sjonpoaj TEOTPEY Sauey Ty

*sjuenjtisqns fhuoqreo TAre Jo ‘-TAxe yjTM SeusyTV ‘4

(penugquoo) z*f; 8TAR]

-153-



SOUTT € - VXA M 06900°2 (1IXXT~#) eptxoxjtu TLoe

seuTl € - 2L0°€T £9900°2 ‘(IXXT-t) eprxoxjtu [(opAyepreweuutoTAyeu-»
s3eTqnop € | 06T°T = (HOA)H
Jo sjes z | gL9°2 = (HOY)H otty*l £9200°2 (XX1-4;) epixoxjtu TAo® ToyooTe TAweuuto
eIq00dg (ssned) Xe (ssned) Ny enTeA-3 s10NpodJ TEOTPEYH SoUaY TV

(penutjuod) 24 9Tqe]

-1 54



acid and methyl oleate could undergo p =C-C scission and result in

formation of aldehydes and « -nitroalkyl radicals which both of them further
react with excess of NCZ in the reaction mixture, Nitrogen dioxide reacts
with aldehydes by aldehydic hydrogen abstraction to give carbonyl radicals,
and ch could add to o =nitroalkyl radicals to give gem=-dinitroalkanes or
gem=nitronitrites. In the presence of vic-nitronitroso compounds in the
reaction mixture, the carbonyl radicals could be trapped and finally produce
acyl nitroxides. We suggest the mechanism of acyl nitroxide formation in

this study is by the following reactions:

Rl-ClIH - ~F Rl-cI:H -G & + NO (4.3)
NO, ONO No, O
31-?3 _?H-RZ ' Rl-$H . + RCHO (4.47)
N0, O NO,
2 Rl-{lj'.H - + 210, RJ‘C’H(NOZ)Z + RlLI”H-IONO (4.48)
NO, R(e)
5 gem=dinitro- gem=nitronitrites
alkanes
gl 2
B-GHO + NO, ————> R -Cs0'+ HONO (4.49)
1 T |
R -CIJH-ONO > R -(IJH-O- + NO (4.50)
NO, No,
1 1 A 1
R -({JH-O- —— RCHO + NO,—> R =C=0 + HONO (4.51)
NO, !
T93
RT-C=0 + Rl-?H-Cl‘.H-RZ—-b HI—EEH-&H-N-C- (4.52)
0,N NO NO,
il
R%-C=0 + Rl-'?H-(EH-Rz————a- Rl-(IIH-CH-N-C-RZ (4.53)
O,N N0 No,,
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The acyl nitroxides produced from this mechanism in reaction
(4.52), and (4.53) could be the same acyl nitroxides when the symmetri-
cally substituted alkenes are studied in N02 addition reactions. We
suggest that the acyl nitroxides observed from the reactions of cis-2-
butene, trans-2-butene, cyclohexene, oleic acid, and methyl oleate with
high concentration of HOZ are produced by this mechanism.

In the reaction of 2-methyl-2-butene with high concentration
of N02 in solution, we suggest that the f!-nitroalkoxy radical dé}ivative,
which is a tertiary alkoxy radical,undergoes radical fragmentation, as
shown in reactions (4.42), (4.43), and (4.44), and produces acetone and
acetaldehyde. In the presence of excess of Haz, and the vic-nitronitroso

derivative in the reaction mixture, the acyl nitroxide (4=IV) could be

formed by the following reactions.

CH,CHO + HGlgh e CHB—Q=O + HONO (4.54)
3 i 99
CH3-<_:=0 + C.HB-?H -cl: -CH.3--———-—> CHB-?H -n;: -N-C-s..lij (4.55)
: NO, NO NO, CH3
(4=1V)

The values of hyperfine splitting constant of hydrogen atoms,
which were observed from acyl nitroxides (Q-II) from cis=-, and trans-2-
butenes, are about two gauss which are equal to the value of splitting
constant of hydrogen at oc=-carbon of the known acyl nitroxides (see Table
2.4).The hydrogen splitting constants which we observed from these studies
could be the splitting of hydrogen at «-carbon of the postulated acyl
nitroxide (4-II). No other hydrogen splitting was observed from acyl
nitroxides (4-IV), (4-VI), (4-VIIIa), and (4-VIIIb), probably because of
the radicals were produced in low yields and the samples were prepared at

high concentrations.
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4.6,2 Terminal alkenes with alkyl=-, aryl-, or halogen substituents.

We suggest the mechanisms of acyl nitroxide formations of
these alkenes to be the same mechanisms as proposed in section 4.6.1.
The esr parameters of acyl nitroxides could explain their partial structure
and lead to more understanding about the decompositions of P -nitroalkoxy
radicals derivatives from each alkenes, for example iso-butene its acyl
nitroxide (4=X) showed three doublets in which the hydrogen splitting
value is equal to aldehydic hydrogen atom of the known formyl nitroxide
radicals (Table 2.4). From this result we suggest that formyl radical is
produced in the pathway of decomposition of tertiary fs-nitroalkoxy radical
derivative of iso-butene. We propose the mechanism of acyl nitroxide (4-X)

formation is as follows,

I

0
CHj'? =0 radical fragmentation\_cﬂj_("]_cH3 + CH,NO, (4.56)

A
CH, NO,,
2 +CH,NO, + NO, GHZ(NUZJZ - r’.;.Hz-ONO (4.57)
Noz
NO,~CH,,~ONO ——9[1@02—0}{20- + NO] —> HC=0 + HONO + NO  (4.58)
CH_NO NO_CH, O O
2 & 2] 2 | I _
CHB-Lll -NO + HC=0 —> GHB-Cll =N=C=H (4.59)
CHy uHB

acyl nitroxide (4-X)

Acyl nitroxide (4-XIII) detected from reaction of 2-methyl-1-
butene and high concentration of NO2 in 1,4-dioxan, reveals that the
decomposition of its F—mitroalkoxy radical derivative produces ethyl
radical which could be further oxidised by NO2 to give the acetyl radical

as in the following reactions.
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CH 0

e I
CHB—qu-vT =0+ ———> CH,=C~CH,-N0, + CH=CH, » (4.60)
CH,NO,
2 cxij-cmz- 2 Dy et C}HB-CHE—NOZ - CHB-CHZ-ONC (4.61)
Gl -CH,~ONO - SRCORDORS. GH,~CH,=0+ + NO (4.62)
iy -n. _disproportionation
2 CHy~CHy=0 > CH,CHO  + CH,CH,OH (4.63)
CHBCHO i e 01{3-c=0 + HONO < (4.64)
CH 00
CH clzjvo CH,~C=0 CH EHBHE (4.65)
CHB-L.Z-! -NO + CHy=C= —a-L,B-c:HZgI,---cH3 .65
CH,NO, CH, N0,

acyl nitroxide (4-XIII)

l=-Decene, allyl chloride, 3-butenoic acid, styrene, p-methoxy=-
styrene produce secondary Is-nitrcalkoxy radicals derivatives from the
decomposition of their vic-nitronitrites. The carbonyl radical could be
formed by }30-0 scissions in which the most stable radicals are split off
and we suggest that the bond between "nitro" carbons and "alkoxy"carbons
are broken to produce nitromethyl radicals and aldehyde derivatives.

Ethyl vinyl ether did not yield any radical product in the
reaction with high concentration of NOZ' we suggest that ethyl vinyl ether
underwent complete oxidation to give non-radical products since the reac-
tion started violently and produced a yellow sclution.

a= Methylstyrene produced only alkyl nitroxide (4=XVIII) from

the reactions with both low and high concentrations of NO,, we suggest

21
that its vic-nitroalkoxy radical which is a tertiary alkoxy radical, and
quite stable, and could undergo further reaction with NOZ to give vic-nitro-
nitrate, or H-abstraction to produce a vic-nitroalcohol rather than

undergo radical fragmentation.

Hexachloropropene, and hexachloro-l,3-butadiene did not produce
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any detectable radical product from the reactions with high concentratic
of NO, which supports the conclusion of S.Jaffe (1971) that NO, is an

electrophilic agent and reactive only with nucleophilic alkenes,

4.6.3 Alkenes with carbonyl=-, alkyl carbonyl=-, or halogenyl carbonyl

substituents.

litrogen dioxide at high concentration reacts with the alkenes
in this group to give a mixture of radical products; nitroxides, iminoxy
radicals, and acyl nitroxides. The «, g -unsaturated carbonyl compounds
with an o« -hydrogen atom, when addition occurs, produce vic-dinitro, and
vic=nitronitrite derivatives, the same reaction mechanism as in alkenes
in sections 4.6.,1, and 4.6.2 could occur i.e., the vic-nitronitrites
decompose to ﬁ -nitroalkoxy radicals and nitric oxide. The P -nitroalkoxy
radicals from these compounds are secondary alkoky radical type which
could disproportionate and decompose to give ketones, and alcohols or
undergo P -C=C scission to give lower alkyl radicals and aldehydes. Ve
suggest that the p*-C-C scission could occur between "nitro" carbon and
"alkoxy" carbon atéms to produce nitroalkyl radicals and aldehyde deriva=-
tives which further undergo reaction with excess of N02 and that their
radical products would lead to acyl nitroxide formation. We suggest that
acyl nitroxide produced from reactions of high concentration of N02 and
acrylic acid, 3-butene-2-one, acraldehyde, crotonic acid, crotonaldehyde,
3-pentene-2-one, 3,3-dimethylacrylic acid, and mesityl oxide occur by the

following reaction mechanism.

ST s 29
C  —CH=0=i =C=C scission .\C-E e
RZ/LO (') C 8 10, + H-C-C 7 (4.66)

alkoxy radical
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00
I
d-c:-c-a3 + §O, ——> C-C-3° + HONO (4.67)

i - 2 x

1
2" D0, 4 2 HD, i c(wo ), + - R2=C-0NO (4.68)
5 2 oy 2 |

R 2 NO, .

When Rl = R? = H for acrylic acid, 3-butene-2-one, and acral-
dehyde, their gem-nitronitrites could follow reaction (4.58) to produce
formyl radicals; when Rl = H, HZ = CH3 for crotonic acid, crotonaldehyde,
and 3-peh¢ene-2-one, their gem-nitronitrites could feollow reaction (4.43)
to produce acetyl radicals, and when Rl = RZ = CH3 for 3,3-dimethylacry-
lic acid,and mesityl oxide, their gem-nitronitrites could produce acetone,
or gem-nitroalcohols as in reactions (4.69), (4.70), and (4.71), which in

this case does not produce carbonyl radical.

P 5
-G ~=OK0 decomposs Cliy=C "-0+ + O (4.69)
No,, NO,
i 0
i - —- - - B . )
GH3 ¢ 0 CH3 c CH3 + NO, (4.70)
NO,
H CH
3 R=H 3
CHy=C " =0 > CHy=C " =OH (4.71)
i H-abstraction ' -
LIOZ NOZ

In the presence of vic-nitronitroso compounds in the reaction

mixture, we suggest the following acyl nitroxides could be produced.
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T 0 R ?ﬁ

1 [ |
32-(% —?H SRR il 32-_(|: -(’fH NG (4.72)
N0, COR NO, COR
2 2
7 0 7 00
2. I 2.1 el
R -? -C‘IH -N0 + 0= ————> 7} -? =CH =i=C=H (4.73)
NO, o Mo, CoR°
i 9 e
32-‘? -CH =0 + -C-GH3 —_— 32-? -CH -N—C-C.HB (4.74)
NO, COi No, COR°

The acyl nitroxides which we observed from acrylic acid (4-XXX),
3-butene-2-one (4=XXXIII), and acraldehyde (4=XXXVID),have esr parameters
which reveal that R3 is =0H, =CH

3
nitroxides formed via reactions (4.67) and (4.72). The acyl nitroxide

, and =H respectively, which are acyl

(4-XXAVI) produced from acraldehyde in this study, we could not tell
whether the formyl radical was derived from reactions (4.67), and (4.72)
or (4.58), and (4.73), or from both pathways, and we also did not observe
acyl nitroxides produced from acrylic acid, and 3-butene-2-one by the
pathway in reactions (4.58), and (4.73).

We suggest that the acyl nitroxides which we observed from
crotonic acid (4-XLII), crotonaldehyde (4=-XLVIII), and 3-pentene-2-one
(4-11), are formed by the pathways as in reactions (4.67), and (4.72), and
also by reactions (4.43), and (4.74). Acyl nitroxides (4-XLII), and
(4=XLVIII) observed from crotonic acid, and crotonaldehyde respectively,
did not show any H-hyperfine splitting lines, so we suggest that they were
produced in low yleld from the solution of high concentrations of reactants
which would affect esr spectrum measurements, .

Acyl nitroxides observed from 3,3-dimethylacrylic acid (4-LIV),
and mesityl oxide (4-LVI), and (4-LVIII) could be formed via the mechanism
as in reaction (4.67),and (4.72) in which it is shown that for the reaction
of mesityl oxide the two carbonyl radicals formed in the reaction (4.67)
were trapped by the vic-nitronitroso derivative and produced the two acyl
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nitroxides (4-LVI), and (4-LVIII).

The radicals observed from reactions of high concentration of
NOZ with «,p -unsatursted carbonyl compounds with alkyl substituents
at o« =carbon, which are methacrolein, methacryloyl chloride, methyl metha-
crylate, and tiglic acid, were nitroxides. Only methacrolein produced an
acyl nitroxide (4-XXXVIII) in low yield as trace radical product from its
reaction. We suggest that their p -nitroalkoxy radicals derivatives being
of the tertiary alkoxy type, undergo reactions with N02 or H-abstraction
to produce vic-nitronitrates and vic-nitroalcohols respectively. We suggest

that the aldehydic hydrogen atom is involved as in reactions (4.75),(4.76)

and (4.77 )in the formation of the acyl nitroxide from methacrolein

(4=XXXVIII).
?HB I
NOZ-CH2-? -CHO + NO, —— NO,-CH,- + cﬂj-c-c- + HONO (4.75)
0
00 0
1l [
CHB-C-C- R 3 GHB-C- + CO (4.76)
c 0 CH, 0 0
; i, i [ 310 4
HOZ-CHz-? -NO + CHB-C'——-————+,N02-CH2-T -u-c-CH3 (4.77)
CHO CHO
(4=XXXVIII)

The « , p=-unsaturated esters, ethyl crotonate, and methyl cro
tonate, did not produce any acyl nitroxide. From this result we suggest
that their vic-nitronitroso derivatives undergo tautomerisation to be
hydroxyimines, and further react with the excess N02 to produce more
iminoxy radicals and that their )5 =nitroalkoxy radicals could react with
excess of NGZ, undergoing H=-abstraction , disproportionation, and decom-

position, or P—scission.
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4.6.4 Alkenes with aryl-, or aryl carbonyl substituents.

Acyl nitroxides produced from the reactions of high concentra-

tion of NO,, and alkenes in this group could follow the same mechanisms

o
as suggested for the similar alkenes. For example, cis-stilbene and trans-
stilbene could produce acyl nitroxides(4=LX) by the same mechanism as acyl
nitroxides(4-I1) formation from cis-2-butene, and trans-2-butene; cinna-
maldehyde, and o -methylcinnamaldehyde could produce acyl nitroxides
(4-LXII), and (4-LXXII) respectively by the same mechanism by which acyl
nitroxides (4=XLVIII) and (4=-XXXVIII) are formed from crotonaldehyde and
methacrolein. Benzalacetone and dibenzalacetone could follow the mechanism
suggested for 3-pentene-2-one and produce acyl nitroxides (4-LXIV) and
(4=1XV), and (4-LXVIII).

The mechanism which we suggest for acyl nitroxide (4-LXX)
formation from cinnamyl alcochol is in the mechanism in which P -C=C scis=-
sion of p -nitroalkoxy radical derivatives could occur and lead to acyl
nitroxide radical formation. The esr spectrum shows the H=hyperfine split-

ting of protons at e and ¥ =-carbons, The following reactions describe

the acyl nitroxide (4-LXX) formation.

I
657 5$H' + H=C-0H

NOZ 9 NOZ

C_H_~-CH -{{.H—OH e (4.78)

CglisCH: + 2 O, ———> CgH 5CH(NO,), + gt 5H=0NO (4.79)

No, NO,
CH=0l —— =Qe )\
G6H5|H ONO 065{5(':1{ 0. + NO (4.80)
NOZ NOE
C H_CH=0- _——> (C,H_C=0 + HONO L,
61{5':{ 60 (4.81)
NO, :
29
C,H C=0 + C.H.~CH=CH=NO ——> C,H_=-CH=CH=N-C=C_ H L,
65, L h 675 1 | 65 (4.82)
O,N CH O,N OH
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Cinnamic acid and benzalacetophenone did not produce any
radical product which we suggest is due to the electron withdrawing effect
of their substituents decreasing the electron densities at the reaction

centres, and making them less reactive in these addition reactions.

4.7 Reactions of NOZ with Alkenes in 1,4=Dioxan Solution With Addition

of Oxygen or at Elevated Reaction Temperatures.

Acyl nitroxides are always produced in the reactions of low
concentrations of NOZ with alkenes with addition of oxygen or at elevated
reaction temperature., The mechanism of their formation could be similar
to that of acyl nitroxides formations from the reactions of high concen=-

trations of NO, and alkenes in which the carbonyl radicals are formed

2
and trapped by vic-nitronitroso compounds in the reaction medium., We
suggest that carbonyl radicals are produced from compounds in the reaction
medium which are unstable or sensitive to oxygen or heat. For example, |
NQQQ’ vic-nitronitrites, vic-nitronitroso monomer and dimers, nitric oxide,
nitrones, and hydroxylamines.

At elevated reaction temperatures, the greater the dissociation
of N204 into NOZ to carry on the reactions with excess alkenes to produce
more primary products and to continue reactions with primary products
which are already present in the reaction mixture will result in more non-
radical, and radical products. vic-=Nitronitrites, and vic-nitronitroso
dimers will also be more dissociated at elevated temperature and we suggest
that their dissociation products could be involved in acyl nitroxides
formation.

The addition of oxygen into the reaction mixture after the
reactions have been started will affect the reaction product formation,

Oxygen could react with NO to produce more NOz, could oxidise hydroxylamines

into nitroxides, and it also adds to alkyl radicals to produce alkyl
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peroxy radicals and could lead to carbonyl radical formations.

The greater the amount of decomposition of vic-nitronitrites
into P -nitrozlkoxy radicals and NO at elevated reaction temperatures,
the greater the amount of P -nitroalkoxy radicals that could undergo

p-c-c scission and the greater the amount of NO, produced by the increase

2
n N 04 dissociation, all lead to an increase in acyl nitroxide formation
and we suggest the mechanism of acyl nitroxide formation to be the same
as that discussed in the reactions of high concentrations of Nozl%ith
alkenes, in section 4.6, When the reactions are carried out with addition
of oxygen at room temperature, vic-nitronitrites also produce B -nitroalkoxy
radicals from their decomposition and when fs-C—C scission of ﬁ-nitroalkoxy
radicals occurs, the ﬁ -nitroalkyl radicals produced could react with oxygen
to give }B-nitroalkylperoxy radicals. The mechanism of P-nitroalkylperaxy
radicals in termination could follow the mechanism of alkylperoxy radical
termination which has been proposed by G.A.Russell, 1957, in which alcohols
and éldehydes or ketones are produced from primary or secondary peroxy
radicals respectively with evolution of singlet molecular oxygen in which
there are no confirmed chemical reactions with organic molecules (J.N,

Pitts, Jr., 1971). The mechanism of primary and secondary peroxy radicals

termination are described as following.

2
3 31_2_0_0. _termination , % %g_?l
i i ' Ra/“\’_\‘ £2
B
oz(lz;) b2 s HO-"JIEZ-H (4.83)
R

The termination step for tertiary alkylperoxy radicals does not
involve transannular peroxide formation, their self-reactions produce
tertiary alkoxy radicals and triplet ground state molecular oxygen (J.A.

Howard, and K.U.Ingold, 1968).
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2 tert-CLl'H Q- ——-)-tert.-CLLH OOOOCLI'H -tert —— 2 ter‘t—CLl_H 6.5 (4.8

: 9
- 02( zg)

9 9 9

We could conclude that in the reactions of low concentration
of HOZ and alkenes with addition of oxygen, aldehydes and alkoxyl radicals
could be involved in acyl nitroxides formation.

litroso compounds which are unstable to oxygen and high tempera-
tures are known to exist in monomeric and dimeric forms and they ‘are

found to be in equilibrium in solution (A.Mackor et al., 1967a).

(R_»‘J=O)2 e 2 RN=0 (4.85)

colourless blue

Solution of tertiary nitroso dimers are blue owing to considerable
dissociation. Solution of primary and secondary nitroscalkanes contain
only traces of the monomer at room temperature and are therefore colourless.
When primary and secondary nitroso monomers are present in low
concentration, the oxime structure usually predominates. The mechanism
of oxime formation may vary with the solvent which affects the isomerisation

i R

HZ\;GH-N=O —————— RZ\/C==N-OH (4.86)

step (B.G.Gowenlock, and W.Luttke, 1958). The addition of oxygen or
working at elevated reaction temperatures which results in an increase
of N02 concentration, means that the oximes could react with the excess
of NO, to give gem-dinitrocompounds (L.F.Fieser, and W,von E.Doering,lo46;
and A.I.Titov, 1963).

The thermal decomposition of nitroso compounds leads to
nitroxide formation. These nitroxides could be produced by homolytic
cleavage followed by trapping of the radical formed (E.G.Janzen, 1971).

-166=



REBPROC-N=0 .1

W—O—
L
7
..—.O..—
1
G =
~
ol
™

From this nitroxide formation, we suggest that the yield of
some nitroxide radicals could be increased by raising the reaction tempe-
rature.

Mitric oxide which is one of the products from the decompositic:
of nitronitrites, when it is present in the reaction mixture could add to
NO2 to produce N203 which retards the rate of reaction of N02 (A;I.Titov,
1951), Nitric oxide also reacts with nitroso compounds to give diazonitrates
which decompose into alkyl radicals, nitrogen, and nitrates (J.F.Brown,

Jr., 1957). This mechanism is shown in the following reactions in which

nitrocompound, nitrate, aldehyde, and NDZ are generated,
R=N=0 + 2 NO —> R-ﬁ—O—Nio —-——Q{R-N=N-0NO J (4.88)

2
N=0 l

R=ONQ S=——=—rifis = =& 1 «NOL o N

& 3 2
NO
R'CHO «<—— R=-ONO + RNOZ 2N02

Aldehyde (R'CHO) is produced, and this mechanism could be
involved in acyl nitroxide formation in our reaction studied.
Nitric oxide is oxidised to NOZ in the presence of oxygen.
The mechahism of conversion of NO had been proposed by A.I.Titov, 1941,
and 1951, who suggest that active N02 and NO3 were generated as shown in
reactions (4.89), and (4.90).
NO

————> ON-0-0-NO —> 2 No,’ (4.89)
NO + 0=0 —/———— ON=0=0+ -

N * »
———36;- ON-0-0-NO,—— NO,” + *NO, (4.90)
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Another mechanism has been suggested by J.Heicklen, and N, Cc!

1968, as shown in reaction(4.9l).without oxygen, the conversion of NO

20 b it 2 W0 (4.91)

to NO, may occur through disproportionation (G.F. Bloomfield, and G,A.
Jeffrey, 1944; and J.D.Park et al., 1961).

We conclude from the studies of reactions both at elevated
reaction temperature and with addition of oxygen that N02 is increased in
its concentration., In the reaction medium, we propese that nitrones are
present, as discussed in section 4,5, and we suggest that they could
produce acyl nitroxides by reaction with N02 (L.V.Okhlobystina et al.,
1975, and this work in Chapter five).

The effects of oxygen, and temperature upon reaction products
from the reactions of low concentration of N02 and alkenes as already
described, lead to an increase in N02 concentration and carbonyl compound
formation and these are the main components in acyl nitroxides forma=-
tion suggested in these studies.

The reactions of high concentration of NO, and alkenes produce

2
acyl nitroxides as main radical products (section 4.6). When these reactions
were studied at elevated reaction temperature or with addition of oxygen,
alkyl nitroxides were observed in decreased amount or not at all. Iminoxv
radicals were detected but most of them were not stable so we suggest that
they underwent self-reactions as in the mechanisms proposed by G.B.Watts,
and K.U.Ingold, 1972; and J.L.Brokenshire et al., 1972. The rate of

iminoxy radicals disappearance as shown by esr spectroscopy from reactions
of high concentration of NOZ and alkenes is faster than the rate observed
from reactions of low concentration of NOZ and alkenes ; this could be

due to a greater chance for the iminoxy radicals to undergo dimerisation

in the more concentrated solution.
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The mechanisms which we suggest for product formation especia’

the acyl nitroxides formation from the reactions of NO, at both low, and

high concentrations with alkenes at temperature between 259- 1000, or

with addition of oxygen gas are described as following.

The compounds which we propose to be present in the reaction

mixtures of the reactions of low concentrations of NOZ and alkenes are

Nzoh’ NC, nitroso monomers and dimers, alkyl nitroxides, vic-dinitroalkanes,

vic=nitronitrites, vic=nitroalcohols, vic=nitronitrate, nitrones; and

hydroxylamines, In the reactions studied at elevated reaction temperature,

we suggest most of these compounds undergo further reactions as follows:

N204
R
Hl-\? -?4-NO
JOz R >
2
2 H
L
R -T -? =00
o,
RZ 34
1 | |
R =-C =C =0NO
No. B
2 a
RZ H
| {
R=¢ ¢ -0
N02 33
?2 $4
31-c| -G -o-
. e
NOZ R
S
NOZ RB

thermal

> 2 NO, (4.92)
dissociation
£ oy
thermal . 2 A0 =0 -NO (%.93)
dissociation lﬁ 4y
Nuz R
2
thernal g A
decomposition’ R -aI: -1l: -0+ + NO (4.94)
3
NO, R
# g
thermal it :
decomposition R -? -? =Ds.Ae N0 S(1.55)
No, R
2
e
K i
Eesciasion” . e 4 a0 (4.96)
A |
NO,,
oy B 0
=SClsSslion
2 2 > R=Ce + G- BT (4.97)
A |
No,
Wlom il 0k o
ortionation
o gl S W (4.98)
| R K
NOZ 1 1 |
do R G =0 Ol
| |3
NO, R
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i B
Rl-C "(|: ~0. H—a.bstract:.on} al-c -C =CH (4.5¢

I Lo
NO, R NO, ¥

We suggest that nitroalkyl radicals are generated from
P-scissions of secondary and tertiary nitrocalkoxy radicals in these
studies (rag.ctions(4.96).and(4.9?)).most of them are primary nitroalkyl
radicals (Rl or ¥ = H), and secondary nitroalkyl radicals (:Il = alkyl,
# = H), and few tertiary nitroalkyl radicals (-, B = alkyls) which could
lead to carbonyl compounds the same way as described in section 4,6, When
NOZ

occur,

Primary nitroalkyl radical:

L] N { - - I
2 Gt + 2 N0, ———— @, (N0,), + O,N-CH,-0NO (4.100)
MO,
0 N~CH,-0N0 ~ S8COEEOSS. yaHo 4+ NO + HONO (4.101)
Secondary nitroalkyl radical:
2 Hl-ai:H- + 2 NO,—— Hl-GH(I.‘OZ)Z + al-cl:n-omo (4.102)
NO, NO,
Rl—(f.H-ONO SECORCs e W agHO 4 NO . + NO, (4.103)
NO,
Tertiary nitroalkyl radical:
R? i B
. 18 Hl | Ve
2 R-C!:- e 200, -(]: -NO, + R-? -0NO (4.104)
f N
NO,, No, No,
i
Rl—-? -ono  decompose  pl o p2 No, + NO (4.105)
0,

Aldehydes formed in the reactions (4.96),(4.101), and (4.103)

_l?o_

is present in reaction medium, we suggest the following reactions could



further react with NOZ by aldehydic hydrogen atom abstraction and produc

carbonyl radicals (S.Jaffe, 1969).

FCHO + B, s R-C=0 + HONO (4.106)
HGHO + NO, — H-C=0 + HONO (4.107)
R'CHO + B0, s R-C=0 + HONO (4.108)
2 HONO H,0 + NO + NO, (4.109)

Carbonyl radicals produced from reactions (4.106), (4.107), and
(4.108)could be trapped by nitroso compounds in the reaction mixtures,

and finally produce acyl nitroxides which are detected as radical products.

B T

;-ll-clz -<J: -NO + 33-0-0 il ql c -u. =Ne=Cm (4.110)
5o, ff+ N02 ?
B R £ ® 00

3 | | Hl I s S

R=C -? -NO + H-C=0 -(1: -(Il ~N=C=H (4.111)
NO, M No, RL*
3 L

Rl-<|: -cq-;-:o RO e, zl-clz -(lz -*{-c- (4.112)
- ; 4
No, ﬁ NO, R

Other reactions could occur in reaction mixtures and lead to

variety of products as follows:

Nitronitroso compounds:

Isomerisation of nitronitroso compounds:
We suggest that isomerisation of nitronitroso compounds could

occur in the reactions of low concentration studied.

ey i
R ¢ =0 =0 ———> F-C -c(37)=1-0H (4.113)
*¢02 H No,,

s b g IS



RZ R? RB
=1 N02 3 i |
R'-g -C(2)=H-0 ———2—> R -¢ - -NO (4.114)

NOZ N02 NOZ

Thermal decomposition:

T P
Rl-? _? = thermal Rl~? _$ o s 8D (4.115)
N, R“ decomposition NO, 34
L g Ty
2 Rl-([l -¢ - RS Hl-f -G -0, + al-clz -C -ono
No, Rt No, A NO, R
(4.116)
. 2
el ASiw
|
HI-JI: A S Rl -G =0 —> Rl-(iZ - -N—# -3 -R* (4.117)
! 12y b Iy
NO, H No, & No, ° R’ No,
Decomposition in the presence of NO:
5 e
Rl-(lz -?4-310 + 2 80— Rl-? -?4- B N03 + N, (4.118)
NO, R NO, &
NOy + MO e ST N0, (4.119)
£ 7 £ 7
|
Rl-? '? .+ No3 ﬂl-fll -C -0NO, (4.120)
4 14
NO, R NO, R
o Bk A
2 Rl-{ll e w2 NOZ—a-Hl-(IJ -C -N0, + R-=f =C =ONO
|
NO, i NO,, it NO, g
(4.121)

vic=Nitronitrites produced from reactions (4.116), and (4.121) are the
same compound and could be precursors of acyl nitroxides by the same

mechanism as for vic-nitronitrites in reactions (4.94), and (4.95).
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Alkyl nitroxides:

Reaction with N02=

’{2R3 P R

Pl Sl
- NO+ + NO,——> |R=C =C -+ N=ONO (4.122)
trqL 2 e b 2

WO R NOz R >

nitrosonium nitrate derivatives
Thermal dissociation of alkyl nitroxide dimers:
P R 3332

i
T R R F'C st p AL
I Ly b

NO. (4.123)

z-0,
m‘E’-fJ——:{J

NO, R R’ NO
2% s 2 |, R 1g
Hydroxylamines:
II12 ?3 F|t2 'E;{B NO
RoC =0 % HeB! % NOym— | B =l = o NOS. e (5,220}
T 2 1Ty -
JOZ R 2 b 2 R 2
az 9 e
Rl-r“ =G - 1=O0N0
m 2
IOZ R |,
Jitrones:
# R or R R 00R &
e e e
B0 =0 il -0 =20 Pl B GeE- G <
NO,, H NO, NO, H NO,
+ NO + RO (4.125)

Acyl nitroxides produced from reactions (4.110), (4.111),
(4.112), and (4.125) are not the same nitroxides, therefore we suggest
that esr spectrs may show the presence of one or more than one acyl
" nitroxides spectra from one reaction mixture, or that the esr spectra may
be superimposed. e could detect only a simple three lines esr spectrum,
aH-?—8 G. Alkyl nitroxides could be presence in the reaction mixture but
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in different concentration as observed from ordinary reaction condition

For the experiments in which oxygen is added to the reaction
mixtures of the reactions of low concentrations of NOZ and alkenes, we
suggest the following mechanisms which could give the mixture of products

including the acyl nitroxides.

2 ) A iy N0 (4.126)

¥

vic=Nitronitrite also decompose as in the same mechanism as
vic=nitronitrites decomposition in thermal reaction (reactions (4.94)-
(4.99)) to produce aldehydes (R°-CHO), and nitroslkyl radicals. In the
presence of oxygen and 302 in reaction medium, primary nitroalkyl (R;= R2
= H), secondary nitroalkyl (3 = alkyl, R° = H), and tertiary nitroalkyl
(ﬁl, 2 = alkyls) radicals produced from F,C-C scissions of p -nitroalkoxy
radicals as shown in reactions (4.96), and (4.97) could react with oxygen
at a faster rate than they react with NO, (S.Jaffee, 1969) and result in
primary nitroalkyl peroxy, secondary nitroalkyl peroxy, and tertiary
nitroalkyl peroxy radicals respectively in higher yields than gem-dinitro-
alkanes, and gem=nitronitrite derivatives, The reactions of nitroalkyl

radicals with oxygen are described as following:

Hz?' # gt s H2c|:-o-o- (4.127)
NO, NO,

HlHLE- + 0 — ﬂlch-o-o- (4.128)
NO, o,
72 R

f |
= + 0, al-clz-o-o- (4.129)
NOZ N02

Termination steps of peroxy radicals could occur to give

aldehydes, alcohols or ketone (G.A.Russell, 1957; and K.U.Ingold, 1969).
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OH

o | e :
2 1{2? =0=0s —> H—C-;-.Oz- + H,C-NO, + 02( zg) (#.130)
1o,
l
2 R]‘H? =0=0¢ —> Rl-c-No2 - HlHLI‘.-OH - 02(1;:;) (4.131)
1o, NO,
i 3
2 31-? -0=0s —— 2 al-(lz -0« 4+ 02(32;) (4.132)
5O, NO, ’
?z
31-? SO it a0l T 4 o, - (4.133)
wo,
R 1?2
I Res}
Rl =00 e > Hr=C =0H (4.134)
&02 H-abstraction $°2

Nitroaldehyde and nitroketones produced from reactions (4.130),
and (4,131) are unstable, they decompose to formyl,and carbonyl radicals

respectively and NO, as shown in reactions (4.135), and (4.136).

0
i

H=C-110, ————>  HC=0 + N0, (4.135)
0 .

: ), 1

R=C-NO,| —————> R-0=0 + NO, (4.136)

lie suggest that nitroalkyl radicals also could react with N02
by the same reaction mechanism as described in reactions (4.100)-(4.105),
and reactions (4.107)-(4.109) which produce formyl radical (H—?=O), and
carbonyl radical (Rl-(.lr-o) .

We suggest that in the reactions of low concentration of N02
and alkenes with addition of oxygen, the decomposition of vic-nitronitrites
could occur in low quantities which would result in a small amount of
carbonyl radicals being present in the reaction mixture. The acyl nitroxides

could be formed by reactions of these carbonyl radicals and vic-nitronitroso
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compounds as in reactions (4.110),(4.111), and (4.112). From the mechani:
suggested, we conclude that the acyl nitroxides produced from the reactions
with addition of oxygen should be the same acyl nitroxides produced from
the reactions at elevated temperatures.

The decomposition and dissociations of nitrites, nitroso dimers,
and N204 are accelerated by increasing temperature of the reaction solution
which would result in an increase in carbonyl compound formatiocn. In the
reactions with addition of oxygen, the decomposition, and dissociation of
nitrites and N204 could occur at the rate of decomposition and dissociation
at room temperature which result in low concentrations of P-qﬁtroalkoxy
radical and NOz. The amount of N02 could be increased by the reaction of

NO, and 0,. vic=Nitronitroso compounds tend to be in dimeric form at room

ot
temperature, but on the additicn of oxygen vic-nitronitroso compounds

would produce more nitroxides. The product formation from these reactions
show that acyl nitroxides are produced in lower concentration than observed
from the reactions studied at elevated reaction temperatures.

Nitrocalkyl radicals could undergo reaction with NO which is
produced and present 1in the reaction mixture to produce gem-nitronitroso
derivatives. But in the reaction mixture of low concentration of NO2 and
alkenes in addition of oxygen or at elevated reaction temperature, the N'CJ:2
is reproduced and present in solution medium in higher concentration thar
NO, the possibilities that NOZ'and /or oxygen react with nitroalkyl
radicals are more than that N0 does. If gem=-nitronitroso compounds were
produced from reaction of NO and nitroalkyl radicals, they would be in
trace amount, and we do not propose that these gem=-nitronitroso dérivatives
are involved in the mechanisms of acyl nitroxides formation.

Other reactions that may occur in reaction mixtures in the
studies of low concentration of NO, and alkenes with addition of oxygen

2

could be by the same mechanisms as in the studies at elevated reaction
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temperatures, for example, the isomerisation of secondary nitroso compou
as in reactions (4.113), and (4.114), the decompositions of vic-nitro-
nitroso compounds in the presence of MO as in the reactions (4.118)-
(4-121) which could increase the concentration of carbonyl compounds in
the reaction mixture, the radical reaction of alkyl nitroxides with N0,
which results in a decrease in alkyl nitroxides concentrations (reaction
4.122), the oxidation of hydroxylamines by NO, and oxygen to reproduce
nitroxides, and nitrones are oxidised by NOZ to produce acyl nitroxides

as in reaction (4.125).

Radical products observed from these experiments are summarised
in Table 4,3. Most alkenes produce acyl nitroxides from the reactions with
addition of oxygen or at elevated reaction temperature, for which their
formationé are suggested by previously described mechanisms. The esr
spectra of these acyl nitroxides are three lines or three doublets with
aN~a7-8 G which could reveal only the nature of hydrogen atom at ,3-posi-
tions. Their spectra could not explain the complete structure of acyl
nitroxides which we suggest to be formed as in the reactions (4.110),
(4.111), and (4.112). One or more than one acyl nitroxides may be produced
from the reaction of each alkenes . For example, cis=-2-butene, trans-2-
butene, and 2-methyl-2-butene could produce oply one acyl nitroxides which
are formed as in the reactions (4.110), and (4.112) for which we suggest
the carbonyl moieties are acetyl groups, iso-~butene and 2-methyl-l-butene
produce two acyl nitroxides and we suggest that they are formyl nitroxides
and acetyl nitroxides.

The formyl nitroxides (4=X), and (4=XIV) detected from reactions
of NO

Z
of oxygen we suggest are formed as in the reactions (4,110) and (4.111).

with iso-butene, and 2-methyl-l-butene respectively with addition

The formation of acetyl nitroxides(4=XI),and (4-XIII) detected from the
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Table 4.3

Effects of oxygen, and reaction temperature upon radical
oroducts from the study of the reactions of both low and high
concentrations of NO, with alkenes, in 1,4=dioxan solution.

2

Alkenes Concentra= Reaction Radical Products
tion of N02 Condition
cis=-2-butene low 0,, AT nitroxide (4-I).
(intensities
decreased) ,
‘acyl nitroxide(4=-II)
(main radical
product )
low 100° acyl nitroxide(4-II)
high 0,, AT acyl nitroxide(4-II)
high 100° acyl nitroxide(4-II)
trans-2-butene low 0,, BT nitroxide (4-I)
(intensities
decreased)
acyl nitroxide(4-II)
(main product)
low 100° acyl nitroxide(4-II)
high 0,, RT acyl nitroxide(4=-II)
high 100° acyl nitroxide (4-IT)
2-methyl-2=-butene low 0,, RT nitroxide (4=-III)
(intensities
decreased)
low 100° nitroxide (4-IIT)
(intensities
increased)
high 0,, AT nitroxide (4=IIT)
(main product),
acyl nitroxide(4-IV)
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Table 4.3 (continued)

Alkenes

Concentra-
tion of NO

Reaction

5 Condition

Radical Products

2-methyl-2-butene
(continued)

iso=butene

2-methyl-l-butene

high 100°

low 02, RT

1ow 100°

high 02, aT
high 100

low 02, RT

Low 100

high 0,, RT

2’

high 100

nitroxide(4-III)
(main product),
acyl nitroxide(4-IV)

acyl nitroxide(4-X),

acyl nitroxide(4-X),
acyl nitroxide(4-XI)
(main product)

acyl nitroxide(4-X)
acyl nitroxide (4-XI)

nitroxide(4-XII),
acyl nitroxide
(4=XIII)(main),
acyl nitroxide
(4-x1V) (trace)

nitroxide (4-XII),

(main product, inten
sities increased),

acyl nitroxide
(4=XII1)

nitroxide (4-XII)
(main product),
acyl nitroxide
(4-X1I1),

acyl nitroxide
(4=X1V) (trace)

nitroxide (4-X1I),
acyl nitroxide
(4-XTII) (main
radical product)
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Table 4.3 (continued)

Alkenes Concentra- Reaction Radical Products

tion of NO2 Condition

Allyl chloride low 0,, AT nitroxide (4=XIX)
(breadened lines)

. nitroxide (4=XX)

(main radical),
acyl nitroxide
(4=XX1)

RT nitroxide (4-xX)
(broadened lines),

acyl nitroxide

(4=XXI) (broadened
lines)

low 100

high 05,

high 100 acyl nitroxide
(broad 3 lines)

3-butenoic acid low 0,, BT nitroxide (4=-XXII)

(intensities
increased),

acyl nitroxide
(4=XXIII)

low 100 acyl nitroxide

(4=XXIII)

high 0., AT acyl nitroxide

2!

(4=XXIII) (with
further hyperfine
lines)

high 100 acyl nitroxide

(4=XXIII)

styrene low 0,, AT nitroxides(4-XXIVa)
and (4=XXIVb)

(intensities
decreased)
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Table 4.3 (continued)

Alkenes

Concentra=-

tion of NO

2

Reaction
Condition

Radical Products

styrene (continued)

p=methoxystyrene

a=-methylstyrene

low

high

low

low

high

high

low

low

high

high

100°

2!

100°

2!

100

2!

100

2'

100

2!

100

nitroxides (4=XXIVa),

and (L=XXIVb)

(intensities
increased)

acyl nitroxide

(b=XXV)

acyl nitroxide
(4=XXV) (intensities
increased)
nitroxides (4=XXVIa),
and (4-XXVIb)(inten-
sities decreased)
nitroxides (4=-XXVIa),
(4=XXVIb) (inten-
sities increased)
acyl nitroxide
(4=XXVII)

acyl nitroxide
(4=XXVII)(intensities
decreased)

nitroxide (4=XXVIII)

(intensities
increased)

nitroxide (4=XXVIII)

(intensities
increased)

nitroxide (4-XXVIII)

(intensities
increased)

nitroxide (4=-XXVIII)

(intensities
increased)
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Table 4.3 (continued)

Alkenes

Concentration Reaction

of NO Condition

2

Radical Products

3=butene-2=cne

acraldehyde

methacrolein

low 0

g BT

low 100

high 02, RT

high 100°

low 02,

low 100

high 02,

high 100

low 0 RT

2!

low 100

iminoxy radicals

B-isomer (4=-XXXIIa)
(intensities
increased and showed
(showed better
resolution)

Z-isomer (4=XXXIIb)
(trace)

no

iminoxy radicals
E-isomer(4-XXXIIa),
and Z-isomer
(4=XXXIIb)(intensi-
ties decreased),
nitroxide (4=XXXIV),
acyl nitroxide
(4=XXXIII)(main)

no
no
no
no
no

nitroxide (4=-XXXVII)

(intensities
increased),

acyl nitroxide
(4=XXXVIII)(trace)

nitroxide (4=-XXXVII)
(trace),

acyl nitroxide
(4=XXXVIII)(trace)
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Table 4.3 (continued)

Alkenes

Concentration
of N02

Reaction
Condition

Aadical Products

methacrolein
(continued)

methacryloyl
chloride

methyl methacrylate

high

high

low

low

high

high

low

low

high

high

Qs BT

2!

100

2!

100

2!

100

2'

100

2!

100

nitroxide (4-XXXVII),
and acyl nitroxide
(4=XXXVIII)(intensi-
ties increased) :
nitroxide(#-XﬁkVII),
and acyl nitroxide
(4=XXXVIII)(intensi-
ties decreased)
nitroxide (4=XXXIX)
(broadened lines)

nitroxide (4=XXXIX)
(intensities
decreased)
nitroxide (4=-XXXIX)
(broadened lines)

nitroxide (4=XXXIX)
(intensities
decreased)
nitroxide (4-XL)
(broadened lines)

nitroxide (4-XL)

(intensities
increased)

nitroxide (4-XL)
(broadened lines)

nitroxide (4=-XL)

(intensities
increased)
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Table 4.3 (continued)

Alkenes

Concentration
of NOz

Reaction
Condition

Radical Products

crotonic acid

ethyl crotonate

low

low

high

high

low

low

high

Qz,.RP

100

2!

100

2’

100

iminoxy radical
E-isomer(4-XLIa),
acyl nitroxide
(4=XLII)

iminoxy radical

E-isomer(4-XLIa)
(intensities
increased),

acyl nitroxide
(4=XLII)

iminoxy radical
E-isomer (4-XLIa),
acyl nitroxide
(4-X1II)

iminoxy radical
E-isomer(4=XLIa)

(intensities
increased),

acyl nitroxide
(B=-X1LII)

iminoxy radicals
E-isomer (4=XLIIIa),
Z-isomer (4=XLIIIDb)

(showed better
resolution)

iminoxy radicals
E~-isomer(4-XLIIIa),
Z-isomer (4=-XLIIIb)

(intensities
decreased)

iminoxy radicals
E-isomer(4-XLIIIa),
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Table 4.3 (continued)

Alkenes

Concentra=-

tion of N02

Reacticn
Condition

Radical Products

ethyl crotonate
(continued)

methyl crotonate

crotonaldehyde

high

low

low

high

high

low

100

0,, BT

100°

RT

2'

100

and Z-isomer
(4=XLIIIb)(showed
better resolution)

iminoxy radicals
E-isomer(4=-XLIIIa),

and Z=-isomer
(4-XLIIIb)(intensi- .
ties decreased),

acyl nitroxide
(4=X1IV)(trace)

iminoxy radicals
E-isomer(4=XLVIa),

and Z-isomer(4-XLVIDb)
(showed better
resolution)

iminoxy radicals
E~-isomer(4=XLVIa),

and Z-isomer(4=XLVIDb)
(intensities
decreased)

iminoxy radicals
E~-isomer(4=XLVIa),

and Z-isomer(4-XLVIDb)
(showed better
resolution)

iminoxy radicals
E-isomer(4=-XLVIa),
and Z-isomer(4-XLVIb)

(intensities
decreased),
acyl nitroxide(4-XLIV)
(trace)
iminoxy radicals
E-isomer(4=-XLVIIa),
Z-isomer (4=-XLVIIb)
(intensities
increased)
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Table 4.3 (continued)

Alkenes

Concentra=- Reaction

tion of N02

Condition

Radical Products

crotonaldehyde
(continued)

3=-pentene-2=-one

1ow 100°

high Dao s BT

high 100
low 0

low 100

high 0,, AT

iminoxy radicals
E-isomer(4=XLVIIa),
and Z-isomer
(4=XLVIIb) (intensi-
ties decreased)

-

no

no
iminoxy radicals
E-isomer(4-XLIXa ),

and Z-isomer
(4=XLIXb ) (showed
better resolution),

nitroxide (4-L),

and acyl nitroxide
(4=LI)(in equal
intensities)
iminoxy radicals
E-isomer(4=-XLIXa),
Z=-isomer (4=XLIXD)

(main)(both decreased
in intensities)

nitroxide (4-L)
(trace),

acyl nitroxide
(4=LI)(main)
iminoxy radicals
E-isomer(4=XLIXa),

and Z-isomer
(4=XLIXb) (showed
better resolution),

nitroxide (4-L)
(trace),

acyl nitroxide
(4=LI)(trace)
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Table 4,3 (continued)

Alkenes

Concentra=-
tion of NO2

Reaction
Condition

Radical Products

3=pentene=-2=-one
(continued)

tiglic acid

3,3=dimethylacrylic
acid

mesityl oxide

high 100°

low 02, RT

low 100

high 02,

high
low 0

100
U

low 100

high 02,

high 100

low 02,

low 100

iminoxy radicals
B-isomer(4=XLIXa ),

and Z-isomer(4=XLIXb)
(intensities
increased),

acyl nitroxidé
(4=LI)(trace)

nitroxide (4-LII)
(intensities
decreased)

nitroxide (4=LII)
(intensities
increased)

nitroxide (4-LII)

(weak spectrum)
no

acyl nitroxide

(4=LIV)

acyl nitroxide

(4-LIV)(intensities

increased)

iminoxy radical

Z=isomer(4=LIII)

(trace),

acyl nitroxide

(4-11IV)

acyl nitroxide

(4=-LIV)

acyl nitroxide
(4-LVI)(main product),

iminoxy radical
Z-isomer(4=-LV)

acyl nitroxide
(4=LVI)(main),
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Table 4.3 (continued)

Alkenes Concentra= Reaction
tion of NO, | Condition | Fadical Products
mesityl oxide iminoxy radical
(continued) Z=isomer (4=LV)
(intensities
decreased ),
nitroxide (4=LVII)
(trace),
acyl nitroxide
(4=LVIII)(trace)
low 100° acyl nitroxide
(followed (4=LVIII)(main),
reaction) acyl nitroxide
(4=LVI) (minor)
low 100° acyl nitroxide
(for pro- | (trace)
longed
period)
cis-stilbene low 0,, RT nitroxide (4-LIX)
(broad spectrum)
low 100° acyl nitroxide(4-LX)
cinnamaldehyde low 02, RT iminoxy radicals
E-isomer(4-LXIa),
Z-isomer(4-1XIb)
(intensities
increased)
low 100° acyl nitroxide
(4=LXII)
benzalacetone low 02, RT no
low 100° iminoxy radical
E-isomer(4-~LXITI)
high 02, RT iminoxy radical

E-isomer(4-IXIII)
(main product),

acyl nitroxide
(4=LXIV),

acyl nitroxide
(4=1XV)
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Table 4.3 (continued)

Alkenes

Concentra=-

tion of N02

Reaction
Condition

Radical Products

benzalacetone
(continued)

benzalacetophenone

dibenzalacetone

cinnamyl alcchol

a =methylcinnamal-
dehyde

high

high

low

low

low

low

high

high

low

low

100°

100

e’ o

100

2!

100

100

2’

100°

acyl nitroxide
(4=LXIV),

acyl nitroxide
(4=1XV)

acyl nitroxide
(4=1XVI ) (weak)

acyl nitroxide
(4=LXVIII)

no
nitroxides (4-LXIXa),

and (4=LXIXD)
(broadened lines)

nitroxides (4-LXIXa),

and (4=LXIXDb)
(intensities
increased)

acyl nitroxide
(4=LXX ) (showed
better resolution,
and intensities
increased)

acyl nitroxide
(4=1LXX ) (intensities
increased),

nitroxides (4-LXIXa),
and (4=LXIXb)(trace)

nitroxide (4-LXXI)
(broadened lines),

acyl nitroxide
(4=-LXXII) (broadened
lines)

nitroxide (4=-LXXI
(broadened lines),
acyl nitroxide
(4=LXXII)
(broadened lines)
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Table 4.3 (continued)

Concentra- Reaction y

Alisnes tion of NO, | Condition HRAAEAL. Froducts
@ -methylcinnamal=- high 0y, AT nitroxide (4=LXXI),

dshyde acyl nitroxide
(broadened lines)
high 100° nitroxide (4-LXXI),

acyl nitroxide

(4=-LXXII)

(broadened lines)
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same reactions but at boiling water-bath temperature reveals that acetyl
radicals are formed probably during radical fragmentation of tertiary

P -nitroalkoxy radical derivatives as following reactions:

Iso=-butene:
?Hj radical fragmentation
~C =0- - CH.=C=0 + <CH.NO, (&4.137)
CH2N02
+ +CHy :
2=Methyl=-l=-butene:
CH - s
[ 3 radical fragmentation
CH3CIH2-(II-O- i > CHy=C=0 + .CH,NO, (4.138)
CH2N02
+ aCHchj
2 GHBCHZ* + 2 XNo, - GHBCH NO, cﬂjmi oNo  (4.139)
decomposition )
GHBGHZONO % > CH3CH20 + NO (4.140)
CH,CH, 0° > CHge + HCHO (k.141)

We observed formyl nitroxides only from the reactions of
iso-butene with H02 at both low and high concentrations with addition of
oxygen, and from 2-methyl-l-butene with NOZ at high concentration with
addition of oxygen. We did not obtain other formyl nitroxides from the
reactions of terminal alkenes for which ﬁ =nitroalkoxy radicél derivatives
are secondary alkoxy radical type, and tertiary alkoxy radical type with
aryls or carbonyl substituents, for example allyl chloride, 3-butenoic acid,
styrene, p-methoxystyrene, o« -methylstyrene, methyl methacrylate. We suggest
that the !ﬁ C=-C scission of nitroalkoxy radicals occurs less in the reactions
studied with the addition of oxygen and it could occur in the reactions at
elevated reaction temperature in which nitromethyl radicals could be
produced,but we suggest that nitromethyl radicals may be further oxidised
completely to give formic acid (A.P.Altshuller, and i.R.Cohen, 1959).
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Aryl substituted terminal alkenes which we studied include
styrene, p-methoxystyrene, and «C-methylstyrene, we found that these
compounds do not produce acyl nitroxides at low concentration of NOZ
reactions with the addition of oxygen or at elevated reaction temperature.
In the presence of oxygen, their nitroxide spectra are rather broad which
is the broadening effect of oxygen on esr spectra. At elevated reaction
temperature, the intensities of their nitroxide spectrs increase , and
are decreased when the reaction mixtures cool down to room tempefﬁtune.
These findings were also observed by L.Jonkman et al., 1971,who suggested
that the concentration of nitroxides increased due to the greater dissocia=-
tion of nitroso dimers at elevated reaction temperature. But in our
studies, we find that raising and lowering of reaction temperatures directly
affects the spectral intensities which reflect the increase and decrease
in radical concentrations, and we suggest that the nitroxide radicals exist
in equilibrium with their dimers in solution as profosed by K.Adamic et al.,
1971; and K.U.Ingold, 1975 . We agree that at elevated reaction temperature,
the nitroso dimers dissociate into monomers and lead to more nitroxide
formation as suggested by L.Jonkman et al., 1971 but in the studies at low
concentration and with varying the reaction temperature we would suggest
that the increase, and decrease in nitroxide concentration is due to the
equilibrium of nitroxide monomers and their dimers as suggested by
K.Adamic et al., 1971, and we would not suggest the equilibrium between
between nitroso dimers and nitroxide formation could occur in this reaction
condition,

The reactions of high concentration of NOZ with styrene and
p-methoxystyrene produce acyl nitroxides (4-XXV) and (4-XXVII), with
addition of oxygen or at elevated reaction temperature we also observed
these acyl nitroxides and their esr spectral intensities increase when
the reaction temperature is increased, we suggest that the increase in
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reaction temperature would result in an increase in concentrations of
oxidation products, and the complete oxidation reactions could occur.

The reactions of high concentration of YOZ with o« -methylstyrene
produces only nitroxide (4=XXVIII). when the reaction mixture was studied
with addition of oxygen or at elevated reaction temperature, we observed
only the increase in spectral intensities of nitroxide(4=-XXVIII). Ve
suggest that its P -nitroslkoxy radical derivative is stable to radical
fragmentation.

In the reactions of NO, with «, g -unsaturated carbonyl compounds

2
in which a hydrogen atom is available at o =position, we always observed
iminoxy radicals whose esr spectra showed better resolved hyperfine lines
from the reactions with addition of oxygen than those from reactions under
"ordinary reaction condition", and most of them were observed to decrease
in intensity or disappear when the reaction temperature was increased. For
example, 2-butene-2-one, ethyl crotonate, methyl crotonate, crotonaldehyde,
and 3-pentene-2-one. e suggest that oxygen could be involved in hydroxy-
imine oxidation to produce more iminoxy radicals, and the elevated tempe-
rature could accelerate the dacay of iminoxy radicals. Acyl nitroxides
were also produced which were usually observed from the reaction of low
concentration of Noz at elevated reaction temperature or with a high
concentration of N02 with, or without elevating the reaction temperature
The mechanism of acyl nitroxide formation could be the same mechanism as
previously described which in P C-C scission occurs, Ethyl crotonate,

and methyl crotonate produced acyl nitroxide in trace amount at high

concentration of iU, and elevated reaction temperature, and we suggest

2
that their ﬁ-nitroa.lkoxy radicals were stable to /5 C=C scission at this
temperature.

The results obtained from reactions of NOZ with o(,ﬁ -unsaturated

carbonyl compounds with methyl group at o« =-position were nitroxides, for
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example methacryloyl chloride, methyl methacrylate, and tiglic acid.
Their nitroxides esr spectra-were always observed in increased in inten-
sities at elevated reaction temperature, and azcyl nitroxides were never
produced. These results could be explained as suggested for « -methyl-
styrene.

The reactions of HOZ with aryl, or aryl carbonyl alkenes with
addition of oxygen or at elevated reaction temperature also produced
acyl nitroxides which we suggest are the same acyl nitroxides as we
observed from the reactions of high concentration of N02 with these alkenes
(section 4.6.4). The results obtained from reaction of benzalacetophenone
with high concentration of NOZ
a very low yield of acyl nitroxide (4-LXVI), the only radical product

at elevated reaction temperature in which

observed from this alkene, and with cinnamic acid which did not produce
any detectable radical product from any reaction condition, confirm that
the addition reaction of NOz to alkenes is an electrophilic addition

reaction.

4.8 The Reactions of NO in the Presence of a Trace of NO. with Alkenes

in 1,4-Dioxan Solution.

The reactions of NO and N02 are similar and have the general
characteristic of free radical reactions. For example, the reaction of
alkenes with very pure NO has an induction period, and therefore some
investigations could not achieve reaction of ethylenic compounds with
absolutely pure O, However, the reaction can be initiated with a trace
of NO, (J.F.Brown, Jr., 1957).

Many investigators have studied the reactions of NO with alkenes

in the presence of a trace of HU,, they observed nitroxide radicals for

2!
which they proposed structures as those observed from the reactions of

;.’02 with 2lkenes (M.Zbert, and J,Law, 1965; J.A.McRae, and M.C.R.Symons,
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1966; L.Jonkman et al., 1971; and J. Pfab, 1977). In our studies, we
obtained nitroxide radicals from reactions of alkenes with high concentra:
tion of NC in the presence of a trace of Noz, and in order to get more
understanding about the mechanism of acyl nitroxide formation, we carried
out reactions in which oxygen was added or carried out the reactions at
boiling water-bath temperature. The results are shown in Table 4.4,

We found that only alkyl nitroxides and iminoxy radicals were
produced in high yield from the reactions of high concentration 5% NO
with alkenes in the presence of a trace of HDZ. With addition of oxygen, ve
always observed broadened lines in the esr spectra of the same radicals
from the freshly prepared solutions, or when the reactions were carried
out at boiling water-bath temperature for few minutes, the esr spectra
showed a slight increase in the spectral intensities of the same radicals
which we observed from the reaction at room temperature, From these results,
we conclude that HOZ initiates the reaction to give P—nitroalkyl radical
which further reacts with O to produce vic-nitronitroso derivative and

subsequently results in nitroxide radical. We did not observe any acyl

R e

B T ) . 2 Nt
733’& G\RL,r +5H05. & U ) e TR ? ¢ R (4.142)
; NO, NO
iy e
2 RZ-—IIZ _(i: -RL* > RZ-L|1 -Lr" -i= c;, -(IZ -32 + NO (4.143)
L2 - L b
No, NO . NO, R R° NO,

nitroxide in freshly prepared solutions from these experiments. Wle suggest
that there is no nitrite derivative present in the reaction solution which
has been suggested to be precursor of carbonyl compound (A.Mackor et al.,
1967a).These results support our suggestion that acyl nitroxides are
preduced from reaction of low concentration of NGZ with alkenes in the

reactions with addition of oxygen or studied at water-bath temperature,
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Table 4.4

The radical products obtained from reactions of high concentration

of WO in the presence of a trace of NO, with alkenes, 1,4=dioxan as solvent.

2
Alkenes Reaction Radical Products
Conditions
cis=-2-butene, and trans- ’T nitroxide (4-I)
2-butene RT, O, nitroxide (4-I).
100° nitroxide (4~I)
2-methyl=-2-butene RT nitroxide (4-III)
T, O, nitroxide (4-III)
100° nitroxide (4~III)
iso-butene RT nitroxide (4-IX)
2T, 0, nitroxide (4=-IX)
100° nitroxide (4-IX)
2-methyl-l-butene RT nitroxide (4-XII)
’T, O, nitroxide (4-XII)
100° nitroxide (4=-XII)
3=-butenoic acid RT nitroxide (4=XXII)
RT, O, nitroxide (4=XXII)
100° nitroxide (4=XXII)
styrene RT nitroxides (4=XXIVa),
and (4-XXIVb)
RT, O, nitroxides (4=XXIVa),
and (4-XXIVb)
100° nitroxides (4-XXIVa),
and (4=XXIVDb)
a -methylstyrene RT nitroxide (4-XXVIII)
8T, 0, nitroxide (4-XXVIII)
100° nitroxide (4=-XXVIII)
acrylic acid RT nitroxide (4-XXIX)
RT, 22 no
100 no
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Table 4.4 (continued)

Alkenes Reaction Radical Products

Conditions

3=-butene=-2-one RT iminoxy radicals -
(4=-XXITa), and
(4=-XXXTID),

nitroxide (4=-XXXTV)
(main) v

’T, O, iminoxy radicals
(4=-XXXIIa), and
(4=XXXIID),

nitroxide (4=-XXXIV)
(main)

100 iminoxy radicals
(4=XXXIIa), and
(4=XXXIIDb),
nitroxide (4=XXXIV)
(main)

methyl methacrylate RT nitroxide (4-XL)
&T, 0, nitroxide (4-XL)
100° nitroxide (4-XL)
ethyl crotonate RT iminoxy radicals
(4-XLIIIa), and
(4=XLIIIb),
nitroxide (4=-XLV)
s O2 iminoxy radicals
(4=-XLIIIa), and
(4=XLIITD),
nitroxide (4=xLV)
iminoxy radicals
(4=XLIIIa), and
(4=XLIIID),
nitroxide (4-XLV)

100
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or from the reactions of high concentration of N02 with alkenes because
of vic-nitronitrite derivatives are produced and they decompose to
F—nitroalkoxy radicals which undergo P C=C scission to give carbonyl
compounds as we described in sections 4.6, and 4.7.

The addition of oxygen to solutions of high concentration of
NO with alkenes in the presence of a trace of NOZ which were studied in
freshly prepared solution did not increase the yield of alkyl nitroxides
because of the slow rate of reaction of oxygen and NO to give NOz'(E.R.
Stephens, 1969). The slight increase in the yield of alkyl nitroxides from
the solutions which were studied at boiling water-bath temperature could
e the result of dissociation of nitroso dimers and thermal decomposition
of nitroso compounds to give nitroxide radicals (A.Mackor et al., 1966;
Th.A.J.W.Wajer et al., 1967; and A.Mackor et al., 1968). Ve obtained
nitroxides (4=XXXIV), and (4=-XLV) from the reactions of NO with 3-butene-
2-one, and.ethyl crotonate in the presence of a trace of NOZ in higher
yields than their iminoxy radicals (4-XXXIIa), and (4=XXXIIb); (4-XTLIIIa),
and (4=XLIIIb) for which we suggest that there were high concentrations
of vic=nitronitrosoc derivatives present in the reaction solutions which
would dimerise and decompose to give nitroxide radicals ( reactions (4.9),
and (4.10)) rather than tautomerise to give hydroxyimines and subsequently

result in iminoxy radicals (A.I.Titov, 1963).

4.9 The Study of Radicsl Products from the Reaction of Low Concentration

of NO, and iso-Butene in 1,4-Dioxan, Under Various Reaction Conditions,
The results which we observed from reactions of low concentra=-
tion of NOZ with iso~butene under different reaction conditions, for

example, exposed to air, room daylight or ultraviolet light, are shown in

Table 4.5. The results reveal that alkyl nitroxide (4-IX) which is one of

-198-



the radical products is stable for months in the rgaction solution in th
absence of oxygen, and that acyl nitroxide (4-X) could be formed at a slow
reaction rate in the same reaction condition at room temperature, and it
is also stable for months. The mechanism of acyl nitroxide formation in
this reaction in which the solution was not exposed to air, and room
daylight could be as the same mechanism as we suggest for the reaction of
high concentration of NO, with iso-butene (section 4.6). We have suggested
that vic-nitronitrites, which are produced from.the reaction of ﬁbz with
alkenes, and could lead to carbonyl compound formation, and finally result
in acyl nitroxides. In this experiment in which the reaction solution was
not exposed to air, we suggest that vic-nitronitrite decomposes to

P -nitroalkoxy radical and this latter compound undergoes fragmentation

at a2 slow rate to give acetone and methyl radical. The acyl nitroxide
(4=%) is formed by the reaction of NO, with methyl radical (as in section
4.6 in which we observed its formation at a slow rate). In the experiment
in which the reaction solution was unexposed to air but ultraviolet light
and produced zlkyl nitroxide (4-IX) in increased yield, we suggest that
the decomposition of vic-nitronitrite derivative is accelerated by ultra-
violet light to produce F -nitroalkoxy radical which is then trapped by
vic-nitronitroso derivative which is present in reaction solution to give
alkoxy alkyl nitroxide which further decomposes to give alkyl nitroxide
(4-1x) (A.Mackor et al., 1966; Th.A.J.W.Wajer et al., 1967; and A.Mackor
et al., 1968). .

CH CH3
CH i 3-CH NO EpeasnG G QN0 + 1O (4.144)
el B v G '
TE10) 0
vic-nitronitrite derivative F -nitroalkoxy
derivative radical
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Table 4.5

The study of radical products from the reaction of low concen=-

tration of NO, and iso-butene in 1,4-dioxan, under various conditions.

2
Reaction Conditions Reaction Time Radical Products
RT, in freshly prepared few minutes alkyl nitroxide (4-IX)
solution
RT, 0,, in freshly few minutes alkyl nitroxide (4-IX),
prepared solution acyl nitroxide (4=X)
(main)
RT, exposed to air, and 24 hours alkyl nitroxide (4=IX),
room daylight acyl nitroxide (4-X)
(main
AT, unexposed to air, 7 days alkyl nitroxide (4-IX)
and room daylight (main)
acyl nitroxide (4-=X)
5 weeks alkyl nitroxide (4-IX),

and acyl nitroxide
(4=X) in equal propor-
tion.,

2 months ‘alkyl nitroxide (4-IX)
(intensities decreased)
acyl nitroxide (4-X)
(main)

RT, unexposed to air, but 7 days alkyl nitroxide (4-IX),
exposed to room daylight (main)
acyl nitroxide (4-X)

5 weeks alkyl nitroxide (4-IX),
and acyl nitroxide
(4=%) in equal propor-
tion.

2 months alkyl nitroxide (4-IX)
(intensities decreased)

acyl nitroxide (4-X)
(main
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Table 4.5 (continued)

Reaction Conditions

Reaction Time

Radical Products

RT, unexposed to air,
but exposed to ultra-
violet light

4 days

alkyl nitroxide (4-IX)
(intensities increased )
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CH, Oy CH, O
G 2 2 53&$ I%m (4.14
CHB-T—M- - CHB-C -0 ——— GHB- - 1—? ~Ci, J145)
CH, NG, CH,NO, CH,NO, CH,NO,
vic-nitronitroso alkoxy alkyl nitroxide
derivative
CH3 0 CH CH
r - | 3 3
Cdj'? 0= Ne- ? "GHB decompose N CH3-?. + GH3_T *q NO (4.146)
GH, N0,  CH,NO, CH,NO, ONO
CH | o H.G 0
13 3 et
GH3-$' + cH3-§ ~110 -——————e>cH3-? -1 ? ~CHy (&.147)
CH2N02 GHZNOZ NOZCH2 CHZH >

alkyl nitroxide (4-IX)

The ultraviolet light exposure of this reaction seolution also
results in decomposition of nitroso compound and leads to nitroxide
formation., It is produced by homolytic cleavage followed by trapping of

the radical formed (E.G.Janzen ,1971).

CH ¢
| 3 ho | H3
GHB—? -N0 ———> NO + cna-g-cﬂznoz (4.148)
CH, N0,
T i Gy R
¢ -? -0 + CHB-g- CH,NO, ——> CHB-C -N= C = :H3 (4.149)
CH, 110, NO,CH,  CH,NO,

alkyl nitroxide (4-IX)

Acyl nitroxide (4=X%) was not produced from this reaction
condition,

From the result obtained, we could conclude that acyl nitroxide
(4=X) could be formed at a slow reaction rate in the reaction of low con-

centration of N02 with iso-butene in the absence of oxygen as in the
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same mechanism as acyl nitroxide (4-X) formation from the reaction of
high concentration of NOZ with iso-butene. Room daylight, and ultraviolet
light are not involved in acyl nitroxide (4-X) formation but oxygen

accelerates the rate of formation of this radical.
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CHAPTER FIVE

The Detection of Initial Radical Formation

Results and Discussion
Results

We carried out the reactions of NO2 with alkenes with two
different techniques in order to try to produce evidence for p =nitro=
alkyl radicals which have been suggested to be initial radical interme-
diates. The techniques were: '

1. Spin trapping method by using nitroscbenzene, and phenyl
N-tert-butyl nitrone as spin traps.

2. Mixed=flow method.

The alkenes which we studied in these experiments were the
alkenes which could react with NO2 to give high yields of only one type
of radical product, for example they produced only alkyl nitroxide
radicals or iminoxy radicals from the reactions of low concentration of
N02 with alkenes under ordinary reaction condition (see Chapter Four),
and we also considered that these alkenes were able to produce p-nitro-
alkyl radicals which could possibly be detected by the above techniqueé.
These alkenes were cis-2-butene, 2-methyl-2-butene, iso-butene, ethyl
crotonate,methyl methacrylate and a-methylstyrene., The results from

each experiment are described below,

5.1 Spin Trapping Method

5,1,1 Nitrosobenzene

We observed nitroxide radicals from reactions of low concen=-
tration of NO2 with alkenes and a small amount of nitrosobenzene, for
example cis-2-butene, 2-methyl-2-butene, iso-butene, o -methylstyrene,
and ethyl crotonate resulted in nitroxides of which their esr parameters

are shown in Table 5.1. Solutions of alkenes in 1,4-dioxan in the presence

=200 e



of a small amount of nitrosobenzene also gave esr spectra of nitroxide

radicals. Freshly, prepared nitrosobenzene itself in 1,4-dioxan gave no
esr spectrum but after one hour this solution gave rise to a nitroxide

radical. Nitrosobenzene in the presence of NO2 resulted in 3 lines esr

spectrum of a nitroxide radical. The esr parameters of these radical

products are summarised in Table 5.1.

5.1.2 Phenyl N-tert-butyl nitrone (PBN)

The reactions of low concentration of N02 with 2-methyl-2-
butene, iso-butene, and methyl methacrylate in the presence of a small
amount of phenyl N=-tert-butyl nitrone gave nitroxide radicals together
with 3 lines esr spectrum of acyl nitroxide (5-III). The solution of a
small amount of phenyl N-tert-butyl nitrone in the presence of low concen=
tration of N02 gave 3 lines esr spectrum of acyl nitroxide (5-III),
ay = 8.078 gauss. The solutions of alkenes in the presence of phenyl N=
tert-butyl nitrone did not give rise to any radical product. The results

from this experiment are summarised as shown in Table 5.2.
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Table P

Radical products obtained from reactions of low concentration of

Noé with alkenes in the presence of phenyl N-tert-butyl nitrone

(PBN) in 1,4=-dioxan solution.

Alkenes Reaction Condition Radical Products
- PBN in 1,4 dioxan no radical product
- BN, NO, acyl nitroxide(j—IiI)
g = 2.,00755
ay= 8.078 G.
2-methyl-2-butene PBN, NO, nitroxide (4=-III)
acyl nitroxide(5-III)
iso=butene PBN, NO, nitroxide (4-IX)
acyl nitroxide(5-III)
methyl methacrylate BN, NO, nitroxide (4=-XL)

acyl nitroxide(5-III)
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5.2 Mixed=-Flow Method

The solution of low concentration of NO, in 1,4-dioxan and

2
dilute solution of alkene flowed from separate containers by gravita-
tional force at the rate of 0.60, and 0.30 ml/sec respectively through a
mixing chamber, the mixed solution then entered the cavity, and the esr
spectra were recorded during continuous flow and stop-flow. The alkenes
which were studied by this method were cis-2-butene, 2-methyl-Z-butene,
iso=butene, and o -methylstyrene. The esr measurements from each'experi-
ment revealed that no radicals were produced at the flow rate of 0.60
ml/sec, and at the flow rate of 0.30 ml/sec or upon stopping the flow

we obtained the esr spectra of nitroxide radicals (4-I), (4=-III), (4-IX),
and(4=XXVIII) from their corresponding alkenes and we observed the gradual

increase in esr spectral intensities of nitroxides upon stopping the flow

of the two reactants.
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Discussion

Our purpose was to elicit evidence for the presence of
B =nitroalkyl radicals which were thought to be initial radical interme-
diates of the reactions of N02 with alkenes by a method of varying the
substituents of the alkenes, for example varying the substituents from
electron donating to electron withdrawing should lead to a decrease in
the rate of formation of the S -nitroalkyl radicals and to a decrease of
esr signal intensity as the substituents more electron withdrawing. We
have suggested that there are NO, and NO present in the reaction solution
which could react with j =nitroalkyl radicals as soon as they are produced
to give non-radical compounds. In our study to detect J-nitroalkyl radi-
cal in solution at room temperature, we carried out the experiments by
using the techniques for detecting transient free radicals which were
spin trapping and mixed-flow techniques. Another technique which we ignored
was frozen method since many previous investigators, for example P.W.
Atkins et al,, 1962 observed an esr spectrum which showed the radical
nature of NO2 when an experiment was carried out by uv-irradiation of Néou
in ice, and B.H.J.Bielski et al.,1967, reported the esr spectra of nitro-
xides and iminoxy radicals when NOZ dissolved in acetone, cyclohexene,
cycloventanone, 1,5-cyclooctadiene, and styrene at low temperature range

between -130° to =-20°,

5.3 Spin Trapping Method

Spin trapping method involves the trapping of a reactive free
radical by an addition reaction to produce a more stable radical, detected
by esr, whose hyperfine coupling parameters permit identification of the
initial radical trapped.

Nitrosobenzene and phenyl N-tert-butyl nitrone were employed

as spin traps in our experiments, They added to pj -nitroalkyl radicals
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to produce nitroxide as in equations (5.1), and (5.2).

34
@-N—O - c (:1 14 —_— @—N—-C C—R (5.1)
0,
(5.1)

b R $
CH=N-C-CH,  + —-—R — @CH-N—C—CHB (5.2)
+ | e 4 q}l 2 y

c R NO, Fo-R
ozbz-cl:-af’
34
(5.11)

The esr spectrum of nitroxide (5-I) could reveal the nature of
trapped J=-nitroalkyl radical but nitroxide (5-II) could only provide
the nature of reaction studied but the structure of the trapped radical
is difficult to obtain. The results which we observed from reactions of
NO, with alkenes in the presence of spin traps are discussed in detail as

2
below.

5.3.1 Nitrosobenzene

We observed a 3 lines esr spectrum from the solution of low
concentration of N02 and nitrosobenzene for which the esr parameter,
ay = 11.213 gauss, revealed that it wasg nitroxide radical. We also observed

3 multiplets esr spectra, a, = 1ll-12 gauss, from the solutions of alkenes

N
and nitrosobenzene which showed the presence of nitroxide radicals and we
have suggested that they are formed by the mechanism proposed by A.B.
Sullivan, 1966 (see reaction 4.8 ). We conclude that the possibilities
that nitroxides produced from the reactions of N02 with alkenes in the
presence of a small amount of nitrosobenzene could be the two mechanisms

Just mentioned, together with nitroxides produced from p-nitroalkyl
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radicals trapped by nitrosobenzene.

The results which we obtained from our experiments revealed
that the nitroxides produced from p-nitroalkyl radicals trapped by
nitrosobenzene were the only radical products observed from reactions
of Noz with alkenes and a small amount of nitrosobenzene. Esr spectra
detected from these reaction products were different from those detected
from reactions of alkenes with nitrosobenzene (Table 5.1), and hyperfine
coupling constants of protons of alkyl moiety at pB=-position of nitroxides
revealed the nature of the trapped alkyl radicals, and we assumed the
values of pB-hydrogen hyperfine coupling constant were in similar to
their corresponding primary, secondary, or tertiary alkylaryl nitroxides
as shown in Table 5.3. These results (Table 5.1) confirm that J-nitroalkyl
radicals are initial radical intermediates of the addition reactions of

NOZ with alkenes,
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5.3.2 FPhenyl N-tert-butyl nitrone (PBN)

We found that phenyl N=tert-butyl nitrone reacted with NOZ
to give acyl nitroxide (5-III) of which the esr spectrum showed 3 lines
ay = 8.078 G (Table 5.2) as has been reported by L.V.Okhlobystina et al.,

1975.

(5-111)

In the reactions of low concentration of NOZ with alkenes in
the presence of phenyl N-tert=butyl nitrone, we always found that acyl
nitroxide (5-III) was produced together with radical products from reac-
tions of low concentration of NOZ with alkenes., We never observed nitroxides
(5-I1) whose esr spectra showed 3 doublets , ay = 14 G, (g ) = 2=3 G,
from these reactions of which we propose that the nitroxides (5-II) are
the result of p -nitroalkyl radicals trapped by phenyl N-tert-butyl
nitrone as in equation (5.2). For example, the reaction of low concentra-
tion of NOZ with iso~butene in the presence of phenyl N-tert-butyl nitrone
produced alkyl nitroxide (4=IX) and acyl nitroxide (5-III). The reaction
of low concentration of N02 with 2-methyl-2-butene in the presence of
phenyl N-tert-butyl nitrone produced alkyl nitroxide (4-III) and acyl
nitroxide (5-III) without the presence of nitroxide (5-II). A similar
result was obtained from the reaction of low concentration of NO, with
methyl methacrylate in the presence of phenyl N=tert-butyl nitrone
(Table 5.2).

From these results, we suggest that both alkenes and phenyl

N-tert-butyl nitrone react with N02 by their own mechanisms to give nitro-

xides. Phenyl N-tert-butyl nitrone did not behave as spin trap for j-nitro-
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alkyl radicals because this nitrone could trap only less bulky radicals

or resonance stabilised radicals (E.G.Janzen, and B.J.Blackburn, 1969).

5,4 Mixed=Flow Method

The method of generating short-lived free radicals in solution
within the cavity of esr spectrometer by fast flow-mixing technique was
applied in order to observe pJ=-nitroalkyl radicals in our study. We
expected to obtain esr spectra with g=-values of about 2.0026 from conti-
nuous flow experiments in which solutions of low concentration of NOZ were
mixed with cis=2-butene, 2=-methyl=-2-butene, iso-butene, and «-methyl=-
styrene,

In our experiment, under flow conditions of approximately
0.60 ml/sec of each reactant, the reaction mixtures did not give rise to
any free radical signal. Upon stopping the flow of the reactants, the esr
spectra showed a gradual increase in spectral intensities of nitroxide
radicals with a, of about 14 G which we usually observed from reactions
carried out by employing ordinary technique. When the reactants were
allowed to flow at a rate of approximately 0,30 ml/sec, the reaction mix=
tures were detected to give rise to the same nitroxide radicals as we
obtained from stopping the flow of reactants.

From the result obtained, we suggest that the S -nitroalkyl
radicals are slowly generated in a rate determining step in which the
first molecule of NO2 adds to the alkene. The rate of the addition of the
second molecule of NO2 to the initial radical intermediate is faster than
the addition reaction of the first NO2 molecule, When the experiments were
carried out at flow rates which were faster than the rate determining
step of NO2 addition reaction, the reactions of N02 with alkenes in esr
cavity had not started, and when the flow rate was equal or slower than

the rate determining step resulted in p =-nitroalkyl radicals which further
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reacted with the second NO, molecule rapidly and continued further
reactions to produce nitroxides. Upon stopping the flow of the reactants

the observed gradual increase in spectral intensities of nitroxides revealed
that p-nitroalkyl radicals were slowly produced and further reacted with

the second molecule of NO,. We suggest that J -nitroalkyl radicals were

2
present in the reaction mixtures in esr cavity but in too low concentratioc:s
to be detected because these radicals,when they were produced, did not

accumulate in the reaction mixtures,

Conclusion

The conclusion of employing spin trapping and mixed-flow tech-
niques to study the initial radical formations from the addition reactions
of NO, with various alkenes is that we observed the p=-nitroalkyl radicals
formations by trapping p=-nitroalkyl radicals with nitrosobenzene. Using
phenyl N-tert-butyl nitrone as spin trap, or using mixed=-flow technique
fail to confirm the presence of p =-nitroalkyl radicals from the reaction

studied.
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