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Summary, 

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 a, -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. Other 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 

products. 

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

Finally, the existence af $-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 (No, ) 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 properties 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 1955b; 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 (No) is an odd-electron molecule with 

seventeen valency electrons and shows high tendency to dimerise and form 

dinitrogen tetroxide, NiO At room temperature, nitrogen dioxide is in 

=e



equilibrium with its dimer, as shown in equation 1.1. 

2 NO, === 0,0, (a.2) 

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 

21.15° , 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 

(NO), 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, N,0. . 

Nitric oxide (NO) is also a paramagnetic molecule, and has 

eleven valency electrons. Nitric oxide melts at -163.6° and boils at 

-151.7°. 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, N,0,, 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 

oe



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 

imate 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, 

19593 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, R-, two distinct modes of association are possible, according 

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

Re + No, ———> BNO, (2:52), 

R* + NO, ———> RONO (433) 

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 asin equation (1.4), 
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the net effect thus being oxidation of the alkyl radical. Association of 

RB + 10,——> [R-O-N-0] ———> Roe + 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. 3 

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 

(A.Shechter, and F.Conrad, 1953). 

Addition reactions of nitrogen dioxide to alkenes have been 

studied in the gaseous phase and in the liquid 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 products, such 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 solvent 

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. 
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‘i / \ cece: /G=c, = + NO, ———* )c-c-No, Q.5) 2 

| ha tl 
)o=C=NO, + NO, ——>(-G- and ~G-0- (1.6) 

0,N No, ONO No, peal ed 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=-0=N-0 or C-NO, 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.Knunyants, and 

A.V.Fokin, 1956 and 1957). This subject has been reviewed by F.W.Stacey, 

and J.P.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, -unsaturated 

carbonyl compounds (W.M.Fox et al., 1967), B -Nitroalkyl radicals have 

been proposed to be initial radical intermediates which lead to several 
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non=radical and radical products, The esr spectra of f=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, 1945; 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 1.3.1; equations 1.2 and 1.4, 

Overall the reactions are complex. Their course is dependent 
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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, 1954). 

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. 

NO, Lyre Seeman apnea (1.8) 

where X may be an atom (H,N,O,Na), a radical (C om 9 Cy Fonel ; CH, CO, 

cal), an odd-electron molecule (NO, NO,,0,,NO3) 

So), NOCL). When X is an alkyl radical the process is exothermic. The 

or a normal molecule (CO, 

species R0* 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, 1954). 

NO, + 0,———>NO + 0, (1.10) 
2 z 

When nitrogen dioxide acts as a reducing agent it gains another 
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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, N30. (H.S. Johnston, 

and D.M.Yost, 1949). 

No, + 05 —— No, + 0, (1.11) 

No, + No, ——> N,0, (12) 

The decomposition of nitrogen dioxide is an example of oxygen 

transfer reaction and occurs as in reaction 1.13. 

2 NO, be ae ee (2733) 

1.3.5 Photochemistry of Nitrogen Dioxide 

Nitrogen dioxide shows absorption in the visible region and as 

far as J = 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 nm to 

4360 nm is as following: 

absorption NO No; (1.14) 

re-radiation NO,” ———> NO, + hy (1.15) 

quenching No, + No, ————> 2N0, (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, 

As the wavelength is further diminished and energy of excita- 

+ hv —— > NO + o(7P) 17) 
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tion increased, dissociation predominates, the intensity of fluorescence 

is zero by 3650 nm, absorption is continuous. This leads to the second 

step: 

No, + oP) ———> 10 + 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, 

No, + hv, ———>NO + o(*p) (1.19) 

1.4 The Previous 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 f-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 fB-nitroalkyl radical, the initial 

radical intermediate in nitrogen dioxide-alkene reactions. 

1. Scope of This Present Stu 

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 

=1 0s



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 $ -nitroalkyl radicals. 

These investigations along with those from the previous works may explain 

some reaction pathways of the reaction studies. The results and discus= 

sions are then presented in Chapter Four and Chapter Five. 

Anes



CHAPTER TWO 

Theory of Electron Spin Resonance Spectroscopy



CHAPTER _140 
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 discovered 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, 

ce. 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.£.Ingram, 1958; M.Bersohn, and J.C.Baizd, 1966; 

P.W.Atkins and M.C.R.Symons, 1967; P.B.Ayscough, 1967; B.H.J.Bielski, and 

-12-



and J.M.Gebicki, 1967; A.Carrington, and A.D.McLachlan, 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 Bérnstein, 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 = 3, its component along the z-axis being characterised 

by the quantum number M. = +4. The Becton thus has two spin states 

differing in M,. 

The spin of the electron gives rise to a magnetic moment Mops 

whose z=component MS can assume only two values corresponding to the 

spin quantum number MS =t4, MS and Me are related by equation: 

-(H)eghg for w= 
tale ok Mo -Sp-Pp = (211) 

~(-4)g, Bp «for MS = 4 

where Bg is the Bohr magneton, a constant having the value of 9.2733 x 

1077 erg/gauss; &y is a dimensionless number whose value for free elec- 

trons is 2.0023. The & 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 ue 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.= +4 and Mo -+ are degenerate. When a magnetic field H 

is applied along the z-axis, it interacts with magnetic moment He of 

the electron, and the spin states are no longer degenerate (Zeeman effect). 

The energy of interaction B is given by the formula 

a B=-4,.H = +(Mggbq) H (2.2) 

and the energy difference between two spin states is 

B- B= Sait (2.3) 
where EB, and B, are energy levels of the spin states M.= + and M= #4 

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 

a and By ), im 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 

ae = epbgl (2.14) 

where h is Planck's constant (6.624 x 1072? erg.sec); v thus.depends on 
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H, and the proportionality constant between then, amounts to 2.802 Pe 

Miz.gauss, when Gq 240023. 

r = v = sp (2.5) 
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 = gBH 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 T, which is determined by the amount of spin energy 

shared with other electrons or nuclei, and a spin-lattice relaxation 

time qT, which is determined by the rate of sharing spin energy with 

thermal vibrations of the lattice. Ty 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 tT are related to rt by 
a 

eee ee ta lowe (2.6) 
is Ty Tt 

where t is defined by 

T = tg(wve- Oo) ane (2.7) 

in which g(w- o,) is the line-shape function, 
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The 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 Tt 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. 

2.2. —Value 

ze 

The g-value or spectroscopic splitting factor or Lande factor 

defined by the equation 

hv = gBH 

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 (g,), 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 ot The deviation of the observed 

g from & 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 &, nore than those of carbon radicals. Since 

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

direction (z) of the field (4). By virtue of 

He = Hey (2.8) 

My depends on the spin quantum number M. Ld can assume (2I + 1) values, 

namely -I, (-I+1), (-I+2)....sceee0++, +1. Among the four most common 

nuclei in organic compounds, i Gs, = +4) and l4y (t= 1, “= £1) 

12, and 16, are not. The Sy values are dimensionless are magnetic, whereas 

and characteristic of the type of the nucleus. The nuclear magneton B 

(5.0493 x 10724 
N 

erg/gauss) is smaller than the Bohr magneton ba by a 

factor of 1836, which is the ratio between the mass of the proton and that 

of the electron. The values of uy are therefore correspondingly smaller 

than Me : 

to the positive charge of the nucleus. 

and provided that &y> 0, they have the same sign as M, owing 

In a strong magnetic field H the interaction between the 

unpaired electron and a magnetic nucleus results in a small perturbation 

5E to the Zeeman levels a and Ey of the electron spin, this perturbation 
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being made up of two terms: 

6B = (SE) niso t (38) 555 (2.9) 

The anisotropic term (3B) ants 9 represents the classical dipole-dipole 

interaction, which depends on the relative positions of the magnetic 

moments of the unpaired electron and the nucleus, Hp and Hye In the case 

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 Av but not to 5B, since the time 

average ( 58), niso is now zero. The hyperfine structure of radicals in 

solution is therefore due exclusively to the isotropic or direction- 

independent Fermi contact term ( 5) In a strong magnetic field in 

the Z-direction, this term can be expressed as 

Cs Sat uae )*(0) (2.10) 

where p'(0) is the electron spin density at the mcleus. Using equations 

(2.1) and (2.8) for My and aa one obtains 

(SE)sgq = + ge SpPxSyby (MyM) Pe" (0) (e-12) 

Equation (2.11) shows that, for positive By and p'(o), the level EB, and 

EB, of the unpaired electron are stabilised when MS and M, 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 4 or 1 (for exam= 

ple a or wy, respectively). The levels B) and ES of the electron spin 

states with M.= - 4 and Me 4+ each split into two or three sub-levels 

corresponding to the two quantum numbers M= = 4+ and + + of the proton 

or to the three quantum numbers = “1, 0, and +1 of the wy nucleus. 

ite
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The selection rules 

Mo =*2, 4 = 0 (2.12) 

state that only those transitions are allowed which occur between spin 

states with the same quantum number My. 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 4 N as can be seen in Figure 2.2. The separation 

between the adjacent lines gives the hyperfine coupling constants (hfcs) 

of the nuclei in question (ay 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 (l+x+ ae meee )y where the number of 

symbols within the parentheses is equal to (21 +1). 

2.2.4.2 Hyperfine Splittings 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 

a, Bs Vs $ , and so on. Thus in the n-butyl radical we denote the nuclei 

as in the structure formula 

00% nbyP aby? nded CH, “OHS OH, OH, 

Isotropic hyperfine splittings of protons arise through a net spin 

population of the hydrogen ls orbitals. If this spin population were 1, 

the resulting parameter would be 507 G; therefore 

-20=



ay 507 -P yp ; (2.33) 

Proton coupling constants seldom exceed values of 50 G; that is, Py is 

mostly lower than 10 %. The mechanisms leading to spin populations in 

ls 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 a and 6 eevee 

Often, one distinguishes between z— and c-type radicals. 

In x radicals the unpaired electron occupies essentially carbon 2p,( na) 

orbitals, the axes of which are perpendicular to the axes of the carbon- 

substituent bonds. In o -type radicals the electron occupies a sp or sp* 

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 1 

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 1s 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 bonding orbitals. 

This generates a net spin population in the hydrogen ls orbitals of 

opposite sign to that in the carbon 2p, orbital and simultaneously a net 

spin population in the carbon sp~ hybrid of like sign to that in the 

carbon 2p, 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 1s orbital is 

proportional to the spin population of the carbon 2p, orbital. Therefore, 

for a protons in planar radicals with conjugated 7 systems one may write 

Bore



By * 507% = Qh (2.14) 

where Py is the spin population of the carbon 2p, orbital and Q is a pro= 

portionality constant. From the methyl a 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 

x vadicals 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 § protons with the odd electron 

are nearly isotropic. The isotropic splitting parameter of § 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 4 -hydro- 

gens are not located in the nodal plane of the a -carbon 2p, orbital. 

This explains why the value of ay b depends on the angle 9 between the 

2p, axis at C, and the plane containing C,, Cy , and Hy . For radicals 

in solution, the analysis of the s-coupling is not straightforward since 

there is often hindered internal rotation about the C, -C, bond and also 

leads to angular dependence. 

ea (8, + B,cos’@ ) Py (2.15) 

The quantity 9is the azimuthal angle between the axis of the p orbital 
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and the CH bond; By is sometimes considered to be the spin-polarisation 

term, and By 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 

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

of 3, 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 Hyperfine Splitting by other nuclei. 

Hyperfine splitting by other nuclei, for example 13g, wy, 

by, or 1%, if they are part of a planar a-radical skeleton, their 

isotropic hyperfine coupling constants obey a Karplus-Fraenkel relation 

(2.16) (M.Karplus, and G.K.Fraenkel, 1961). For trigonal 7c radical, 

one obtains 

aie wwe (Se rent Quy) ey +n Sica at (2.26) 

where oo is the spin population of the 2p, orbital of the considered 

carbon, and the px 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 a protons. The 

positive terms ey denote the spin polarisation of the C-X o bond by elec- 

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

the corresponding contributions from interactions at atoms X. The term 

3° represents a spin polarisation of the carbon ls shell. The parameters 

: and ° have been determined empirically and for planar 7 radicals the Ss 

values S° = -12.76, 9° =+19.5¢, @° =14.5c¢ and Q? = -13.94 
CH cc ore 
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(trigonal hybridisation of C') are commonly accepted. The relation(2.16) 

is semiempirical, and the constants ae may change from system to system. 

Similar relationships hold for other heteroatoms. 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 Daca 

relation (2.16) breaks down. Coupling constants of nitrogen nuclei sub- 

stituted at {-carbon atoms have been treated by assuming the validity of 

an expression like (2.15) and values of Bw oO, Bye? 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 approach, 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 

el 
k, 

  

K 2R- (2.17) 

  

Reon =e Rte (2.18) 
Bees ee ese 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 resonance 

line) and under most circumstances the recording of good quality spectra 

requires concentrations above 5 x 1077 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 kk, (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 #-nitroalkyl radicals 

which we detect by employing spin trapping and mixed-flow techniques. The 

details of these two techniques 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; 1.Yamazaki et al., 

1959; E.Saito, and B.H.J.Bielski, 1961; B.H.J.Bielski, 1962; and W.T.Dixon, 

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

2.3.2  Nitroxide Radicals 

Nitroxide radicals are compounds containing the Neo group, 

which has one unpaired electron. The structure of this fragment can be 

conceived as a superposition of two resonance structures: 

he ae N-e 

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; B.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 

(y= 1). The nitrogen hyperfine splitting constant (ay) 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 ay 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: 

| 
~ao oS ae etc, 

pot aes 
Hydrogen attached directly to nitrogen ( a-position) gives 

) 

R
z
-
O
-
 

large hyperfine splitting. Hyperfine splitting from hydrogens in the 

$ =position have a strong well understood angular dependence. The mecha- 

nism of £-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 

  

  

          
  

  

nitroxide value 
wes cal structure ay (gauss) g-value 

alkyl alkoxy RN(0* )OR 24600002920 2.0054. 42.0060 

dialkyl R,NOe 14.0...15.5 2.0059. .2.0065 

aryl alkoxy aryl-N(0*)R 13200001525 2.0046..2.005%+ 

| monoalkyl RNHO* 12.360013.3 2.0060. .2.0065 

alkyl aryl RN(0+)=aryl 10.540012.5 2.0056. .2.0064 

diaryl (aryl) No- 9204061065 2.0055. «2.0063 

monoaryl aryl-NHO- Bateson Gen 2.0060 

alkyl acyl RN(0O* )COR Oe 5eeeebed 2.0065..2.0075 

aryl acyl aryl-N(0* )co- Te0sereds0 2.0060. .2.0070 
aryl 

H 5 H ae 
iy, ie eH 

wen Ch Ne ee 
- ape i + Nu 

The magnitude 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 aye 26 cos“9 which is derived from the relation 

(2.15) when B= 0, BoPy= 26 is used to calculate the dihedral angle for 

the 6 shydrogen 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 laxy| 

are approximately 0.4 gauss or less (F.W.King, 1976). Table 2.3 represents 

ay and ay of some nitroxides which include methyl-, methylene-, and 

methine=substituted nitroxides. 

Acyl nitroxides have the rather low any 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-GeN=Fh R-CeN-Fh 

00 00 

(2-Ia) (2-Tb) 

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 80-90 % in a N-O0 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 G (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 z-orbital on the nitrogen and oxygen atom. 

Stable nitroxide radicals are polar, deeply coloured solids 

or liquids; an exception is bis- [tri-fluoronethy! | “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 

pe a Rt Ro e 

Roc 2 Roo NNo/ 25 
al’ 2 Pe NiO oe \36 

a-carbon atoms 

(2-IIa) (2=IIb) 

attached to the a-carbon atoms, for example di-tert-butyl nitroxide 

(2-IIL) 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 molecule. For example, diphenyl 

nitroxide in solution decomposes over the course of several days to 

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

(950. BOL oo 
(ci ),0~ cii,0 

(2-111) _ (2-1) 

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 dispropom 

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) mist be regarded as uncertain (G.D.Mendenhall, and K.U.Ingold, 

1973). 

‘ \ ce ee 
2 N—oe wah) N—o—o—n 2.19 
Ps fees wu oN 

(2-v): 

\ \ 4#—0=-0——N A 
eee ee a Je Ses 

Be eS Nee at 
ae 

(2-v) ee Se 

i” 

: c (2.20) Pane N—o - | fo=y 2.20 
aH . Ne 

= 
(2-v1) (2-vzz) 

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- 

  

i 

NO+ . ————>  EtN-CH- Bt) = ee EES a CH 

oO 0 ONEt, 

(2.21) 

——————> 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 sp- orbital on nitrogen and which 

lies in the nodal plane of the molecular C-N 7 bond, as represented by 

the contribution of the canonical structures (2-VIIIa) and (2-VIIIb). 

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! 
‘g 7 

i 7 a a. ee 

(2-vEtta) (2-viITy) 

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 B- 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. 

; ? 
Re C-R! RCH, C-=R' Re RY 

c ¢c 

i i 
10% Poe 

E-isomer Z-isomer 

(2=IXa) (2-IXb) 

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.tlaters, 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 HC, 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 1s 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). 
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H 
N 2.7 ¢ 

oO 

(2K) 

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. 

7 eos 8) 
CH, °C x40 ¢ Se etole 

0.56G N N 
Noe +o 

(2=x2) (2-xII) 

0.71 G 

(2-XIII) (2-x1v) 

The N-hfsc and H-hfse 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. 
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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. 

321.11 Alkenes with di-alkyl, tri-alkyl or halogen substituents. 

The following materials were purchased: 

Compound 
cis=2=butene 

trans<2-butene 

2-methyl-2-butene 

cyclohexene 

Oleic acid (9-octadecenoic acid) 

methyl oleate (9-octadecenoic acid, 

methyl ester) 

1,2=dichloroethylene 

tetrachloroethylene 

Supplier 

BDH Chemicals Lid. 

Fisons 

3.1.1.2 Terminal alkenes with alkyl, aryl or halogen substituents. 

The following alkenes were purchased: 

Compound 

iso=butene 

2-methyl-1-butene 

1-decene 

ethyl vinyl ether 

allyl chloride (3-chloropropene) 

he 

Supplier 

BDH Chemicals Lid. 

Koch-Light lab. Ltd. 

" 

BDH Chemicals Ltd.



Compound Supplier 

3-butenoic acid Koch=Light lab. Ltd. 

styrene (phenylethylene) BIP Chemicals Ltd. 

pemethoxystyrene Koch=Light lab. Ltd. 

(4=methoxyphenylethylene ) 

a -nethylstyrene BDH Chemicals Ltd. 

(1-methy1-1-phenylethylene ) 

hexachloropropene Koch=Light lab. Ltd. 

hexachloro=1, 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-methylpropenoic acid,methyl ester) 

crotonic acid Hopkin & Williams Ltd. 

(2=butenoic acid) 

ethyl crotonate Fisons 

(2=butenoic acid, ethyl ester) 

methyl crotonate Fisons 

(2=butenoic acid, methyl ester) 

crotonaldehyde Hopkin & Williams Ltd. 

(2-butenal) 
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Compound 

hexachloro=2=-butenoic acid 

3-pentene-2-one 

tiglic acid 

(2-methyl-2-butenoic acid) 

3,3-dimethylacrylic acia 
(3-methyl-2-butenoic acid) 

mesityl oxide 

(4=methy1-3-pentene-2-one) 

maleic acid 

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

Supplier 

Koch=Light lab, Ltd. 

Aldrich Chemical Co.Ltd. 

Koch-Light lab.Ltd. 

Hopkin and Williams Ltd. 

Fisons 

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-1,2-dicarboxylic acid, dimethyl 

ester) 

dimethyl fumarate (trans-ethylene-1,2-dicarboxylic acid, dimethyl 

ester). 

The alkenes purchased were: 

Compound 

cis-stilbene 

(cis-1,2-diphenylethylene) 

trans-stilbene 

(trans-1,2-diphenylethylene) 

cinnamaldehyde 

(trans-3-phenylpropenal ) 

cinnamic acid 

(tzans-3-phenylpropenoic acid) 

benzalacetone 

(4=pheny1-3-butene-2-one ) 

46- 

3.1.1.4 Alkenes with aryl or aryl carbonyl substituents. 

Supplier 

Koch=Light lab.Ltd. 

BDH Chemicals Ltd. 

Hopkin and Williams Ltd.



Compound Supplier 

cinnamyl alcohol BDH Chemicals Ltd. 

(3-phenyl1-2-propene~1-ol) 

a=methylcinnamaldehyde Aldrich Chemical Co.Ltd. 

(2=-methy1-3-phenyl propenal ) 

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-1,4-pentadiene-3-one or 

dibenzilideneacetone) 

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

Nitrogen dioxide and nitric oxide were purchased from BDH 

Chemicals Ltd, They were purified before 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 0°. 

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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342 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 No". 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 NO,. 

"Solution of low concentration of No," was prepared by diluting 

the "solution of high concentration of No," 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 No, were 

bubbled with oxygen to oxidise lower oxides of nitrogen, for example 

NO to No, 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 KOH solution 

and two cold traps, one containing solid carbon dioxide and a second com 

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 concentrae 

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 NO, with 

alkenes. 

222 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 Sample 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 No, solution were added to 0.5 

ml of solution of alkene at room temperature. A small quantity of this 

mixture 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 spectrometer 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 

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 oxygen gas. 

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 
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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 NO, 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 yellow 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 NO, and the solution of the alkene (section 

3.2.3) were mixed together and subsequently a small amount of this solution 

-50-



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 No, 

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) 

3.2.4.6 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 No, at the same time adding a few drops of nitro= 

eCiecrane solution to the alkene solution and thoroughly mixing the lot. 

Solution of nitrosobenzene was prepared by dissolving a few crystals of 

nitrosobenzene 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 

resulting solutions were transferred and kept in sealed capillary tubes 
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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 No, 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. 

meee



.3 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. 

23.2 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.



Quartz flat compartment 

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-PE 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 

erystal 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. 

3.323.2 Cavity 

TE O11 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 —_>—__. 

———~3—-- Electric field 

  

Figure 3.3 Cylindrical TE 011 resonant cavity and the 

electric and magnetic fields of the standing 

wave. 

Zero 

Resultant modulation 
of output signal 

  

j First derivative output 
—— 

t 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 using 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 de output from the microwave detector were amplified, it would be 

difficult to detect the small change in the de 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 alternately adds to and abstracts from the 

large field, Hy: 

As the resultant Hq, tH modulation swings up and down, the de 

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 splitting constants 

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

netic species is defined by the equation 

ho = e6H (3.2) 
where h and g 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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gH = _hv = constant (3.2) 

B 

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

  

& 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 & = 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 
™“      

   

any 
a The fourth line of Mn‘* 

oe 86.9 gauss 

The third line of 
spectrum 

Figure 3.5 

mnt spectrum     
g, = 1.961 

  

From the diagram g= ay) (3.3) 

H)- AH 

where g is the g-value of the unknown sample 

a is the g-value of the fourth line of Mn** spectrum (1.981 at 

9300 MHz) 

Hy, is the value of the field at the fourth line of wnt spectrum 
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and AH is the field deviation of the unknown peak and the fourth line 

of Matt 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 4 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 NO, 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 radicals,ay, = 29- 

32 G were formed. In reactions in which there was a high concentration of 

NO, 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 No, 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- 
2 

xy radicals produced in high yields compared to the radical products 

observed from the Seeptions of NO, 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 NO, with alkenes. We studied 

the reactions of both low and high concentrations of No, 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, cyclohexene, oleic acid, methyl oleate, 

dichloroethylene, and tetrachloroethylene. 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 NO,, 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), 24(cH) = 1.756 G (1:1), and ay = 13.268 G (1:1:1), 34 (cH) = 

1.749 G (1:1) from cis-2-butene, and trans-2-butene respectively 

(Pigure 4.1). We suggest structure (4-1) for these alkyl nitroxides. When 

similar reactions were carried out but elevated reaction temperature or 

with the addition of oxygen then resulted yellow solutions, and only acyl 

nitroxide (4-II), 3 doublets esr spectra ay = 7.618 G (1:1:1), au(on) = 

2.12 G (1:1), and a= 7.683 G (1:1:1), 2u(cH) = 2,048 G (1:1) were detected 

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

8 0, Zoe ease 
a 

| 
-N- CH -CH -ci, 

(4-1) 

No, cH, 6 
2 73? F 

CH,-CH -CH -N- C= CH, 

(4-11) 

=



At high concentration of NO, and cis-2-butene or trans-2-butene, 

the yellow solutions which resulted, contained alkyl nitroxide (4-I) and 

acyl nitroxide (4II) (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 under 

‘ordinary' reaction condition and its spectral intensities were increased 

at elevated reaction temperatures. 

4.1.2 2-Methyl-2-butene 

The blue solution of low concentration of NO,, and 2=methyl- 

2-butene in 1,4-dioxan gave 3 lines esr spectrum of alkyl nitroxide 

(4-III), ay = 14.147 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). 

ees 
CH=CH = -N- Cc -( om he tntaces 

NO, CH, os No, 

(4=IIT)
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60 
Fat 

CH,-CH = “N= C- GH, 

NO, CH, 

(4-Iv) 

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

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 No, and cyclohexene resulted in acyl 

nitroxide (4-VI) in low yield, the weak 3 lines esr spectrum showed 

ay = 6.705 G (1:1:1). 

ON [e 

Orr i etO) 
—N 

NO,0,N 

(=V) 
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te 
(ene 

NO, 

(4-vI) 

4.1.4 Oleic acid, and Methyl oleate 

  

Alkyl nitroxide (4-VIIa), or (4-VIIb) was obtained from the 

reactions of 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, 2u(cH) = 2.06 G for nitroxide (4-VIIa), and ay = 14.759 G, 

@u(cH) = 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) a 6.78 G were detected. 

goor gooa 

No, (GH) (Bip) 9 ae 
CH, (CH) 9-CH -cH o-N- € -CH ~(CH,)o 

O=N. . ~CH(NO,)=(CH )oCH, 

(ts) 
COOR 

“o
=—
 

2 

(4-VIla) R=H 

(4-VIIb) a= cH, 

gooa 

; Weal Paz 0 i j 

CH, (CH) o-CH “CH =-N- Ce (CH, ) oi 

X = COOR, or CH. 
3 

(4-VIIIa) 8 a cos
 

(4-VIIIb) 2 a FS 

-70-



At high concentration of NO,, and oleic acid or methyl oleate 

in 1,4-dioxan solution, only acyl nitroxide (4-VIIIa) or (4-VIIIb) was 

obtained. 

4.1.5 Dichloroethylene, and Tetrachloroethylene 

Reactions of dichloroethylene, and tetrachloroethylene with NO, 

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, ami 

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 NO3, and iso-butene 

in 1,4—dioxan yielded alkyl nitroxide whose esr spectrum showed 3 quintets 

with ay = 14.695 G (1:1:1), WH (PCHy) = 0.561 G (1:4:6:4:1) which is 

suggested to be the alkyl nitroxide (4-IX), Its esr spectra is shown in 

Figure 4.4, Reaction of high concentration of Ne,, 

in a yellow solution whose esr spectrum showed broad 3 lines of the alkyl 

and iso=butene resulted 

nitroxide (4-IX), and 3 doublets of acyl nitroxide (4-x), ay = 7.126 G 

(1:1:1) , and 2u(~cHo) = 1.397 G (1:1) , and is shown in Figure 4.5. 

Reaction of low concentration of No,, 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). 

-7l-



was detected. 

(4-xI) 

The solution of low concentration of NO, 

studied at elevated reaction temperature, and produced acyl nitroxide 

(4=xI), 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) 

The study of the reaction of an excess of NO with iso-butene 

in the presence of a trace of NO, in 1,4—dioxan, at room temperature or 

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

only alkyl nitroxide (4-IX) was detected. 

=72— 

and iso-butene was
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The solution of low concentration of NO,, 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 (4x) 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 observed. 

4.2.2  2-methyl-1~butene 

Alkyl nitroxide (4-xXII), acyl nitroxide (4-XIII), and acyl 

nitroxide (4-XIV) were observed from reactions of NO,, and 2-methyl-1-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), bs 

acyl nitroxide (4=X), and acyl nitroxide (4-XI) were produced . 
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ae 

m3 9 FS 
CHG -N= C -=CH,-CH. 

I aa 2 

eens 
No, No, 

CH 
3 3 

(4-xII) 

mie 
rr ees 

v2 
NO, 

(4=XIII) 

oil, 9 9 
oS -N- C-H 

fig 
Ne 0, 

(4-xIv) 

A solution of low concentration of No, , 

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

and 2-methyl-1-butene 

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

nitroxide (4-xIT), and acyl nitroxide (4-KIII). 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 a, = 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 ayo 7.405 G. (1:1:1), and 

2u(cH) = 1.677 G (1:1). 

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. 
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4.2.3 1-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 1-decene, only 

acyl nitroxide (4-xVI), for which esr spectrum showed 3 lines , ay = YoLoo 

G (1:1:1), was detected. Both alkyl nitroxide (4=xv), 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. 

am 
cH, O GH 
12 | 4 2 

CH=(CH, )o-CH SiC (CH, )o-CH, 

O=N. GH(CH, ) 7 CHL, 

re 
NO, 2 

(4=xv) 

eo 
cH, O 0 
121 4 

CH, (CH, )o-CH -N- C- (CH, )oCH, 

(4-XVI) 

4.2.4 Bthyl vinyl ether 

Since ethyl vinyl ether reacted with No, in solution violently, 

only very low concentration of No, was used for study with this alkene. 

The yellow solution of very low concentration of NO, 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), ay = 7.132 G (2:1:1). 

These two radicals were not detectable after an hour,



CH. pe 
CoH 0G N-0- 

CpH<-O-CH ]N-O 

nee 
NO, 2 2 

(4=XVIL) 

6 i 
CyHlg-O-GH -Ne C~ CH, -NO} 

e 
No, 

(4-XVIII) 

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 a, = 13,282 G (1:1:1), a = 4,239 G 2H (8CH) 

(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-xIXx), 

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), 

ay(oH) = 3.274 G (1:1) and acyl nitroxide (4-XXI), 3 doublets esr spectrum 

ay = 7.642 G (1:1:1), 23(cH) = 2.530 G (1:1) was also obtained. 

Hoe mi ACs 
CH, O CH 
Le reese 

C1-CH,-CH -N- CH -CH,-cl 

(4=IX) 
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2 2 

(4=xx) 

HO, 
Oo 

Fae aa | 
C1-CH,-CH -N- G-CH,-Cl 

(4=XXI) 

When 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 NO, 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. 

4.2.6 3-Butenoic acid 

The bluish green solution of low concentration of No,, and 

3-butenoic acid yielded alkyl nitroxide (4-XXII), the esr spectrum of 

which showed 3 triplets a, = 13.766 G (1:1:1), 3ou(gcH) = 4,225 G (1:2:1). 

On the addition of oxygen, the spectral intensities of alkyl nitroxide 

(4-XXII) were increased and acyl nitroxide (4-XXIII) was detected, 

ay = 7-355 G (1:1:1), 2u(cH) = 2.179 G (1:1). At elevated reaction tempe- 

rature, only acyl nitroxide (4-XXIII) was produced. 
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OD ace 
9 CH CH 9 

Hl 1 2 ° 2 I 
HO=C=CH,-CH -N= CH ~CH,-C-OH 

(4=XxII) 

ae, 
0 CH, 0 9 9 
Hl 12] i 1 

HO-C-CH,-CH -N- C-CH,-C-OH 

(4-XxIII) 

4t high concentration of NO, and 3-butenoic acid reaction, the 

radical product was acyl nitroxide (4-XxXIII) showing 3 doublets in the 

esr spectrum. On addition of oxygen, the same radical was observed with 

each line of 3 doublets further split 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 No, in 1,4-dioxan with 

styrene resulted in a green solution which contained two stereoisomers 

of alkyl nitroxide , (4-xxXIVa) and (4-XxXIVb), their esr spectra showed two 

sets of 3 triplets superimposed with the same g-values and N-hyverfine. 

splitting constants which were 2.00685, and 14.755 G respectively. The 

H-hyperfine splitting of the one stereoisomer was 11.715 G (2H, 1:2:1), 

and the other stereoisomer gave Aor (sou) = 6.377 G (1:2:1). These radicals 

could be observed for 2-3 hours at room temperature and they could be 
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detected in high intensity spectrum when this solution was carried out at 

boiling water-bath temperature. We found that the svectrum 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 spectrum showed the broadened lines 

of two sets of 3 triplets with decreased in spectral intensities of alkyl 

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

0 
i 

Cone -N- en ~CeH. 

Be, 
NO3 No, 

(4aXxXIV) 

The yellow solution of -high concentration of NO,, and styrene 

in 1,4-dioxan solution gave acyl nitroxide (4-xXV), its esr spectrum 

showed 3 doublets, a, = 8.129 G (1:1:1), au(ox) = 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. 

0, 
ot ls 

CoH. -OH =N="G ~CeH. 

(4=xxv) 

The reaction of NO with styrene in 1,4-dioxan in the presence 

of a trace of NO, produced only two stereoisomers of alkyl nitroxide 

(4-xXXIVa) 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. 
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4.2.8 p-Methoxystyrene 

p-Methoxystyrene 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=XXVIb), ay * 14.917 G 

(1:1:1), 20H (gcH) = 12.113 G (1:2:1), and 224(cH) 7 6.671 G (1:2:1) 

were detected from low concentration of NO, 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 G (1:1:1), 23 (cH) = 3.268 G 

(1:1) was obtained from reaction of high concentration of NO, , and p-methoxy= 

styrene in 1,4—dioxan solution. 

Meena ce 
¢) 0 
fe I fee 

prOH,0-C,H-CH -N- CH ~C,H .-OCH-p 

(4=XXVI) 

Wee 
fe 9 

PCH, 0-CgH CH -N-C- CgH.-OCH,-p 

(4=XXVII) 

The reaction mixture of low concentration of NO,, 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 

always resulted in yellow solution, with the addition of oxygen or raising 

the reaction temperature led to decrease in spectral intensities. 
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4.2.9 _a-Methylstyrene 

The bluish green coloured solution were obtained from both 

low and high concentrations of No, with w-methylstyrene in 1,4-dioxan. 

The esr spectrum showed 3 lines of alkyl nitroxide (He XXVIII), ayy = 14,.91¢ 

(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. 

Aeon We 
pero 

¢ Cc =-N= -C,H est reo 5 
CH CH, 

(4=XXVIII) 

The reaction of NO with a@-=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 No,, and hexachloropropene or hexachloro-1 ,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 

experiments with these two alkenes with NO and a trace of NO3. 

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 G (1:1:1), 

Aou(cH) = 3.647 G (1:2:1), and could be detected for 30 minutes, With 

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

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 1(110,) = 2.897 G (1:1:1), and no further hyperfine splitting due to 

hydrogen atom was detected. 

NO ee 
0 CH, O CH, oO 
treet 12 ¥ 

HO-C-CH -N=- CH -C-0H 

(4=XXIX) 

ee 
CHE 0! -@ 
ele 

HO=C= CH -N= C-0OH 

(4-KXX) 
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E-isomer 

(4=xxxI) 

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 No, and 1,4-dioxan as solvent, the radical product was alkyl 

nitroxide (4=XXIX). 

43 3-Butene-2-one 

The green solution of low concentration of NO,, and 3-butene- 

2eone resulted in two isomers of iminoxy radical (4=XXXIIa) and (4-XXXIIb) 

which were B=, and Z- isomers respectively. The esr parameters for iminaxy 

radical (4-xxXIIa) were ay = 31.124 G (1:1:1), *u(cH) =2.203 G (1:1), 

= 1.01G (1:1), anda = 0.459 G. (1:1:1), and for iminoxy 
4 (cH) N(NO,) 

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 (4-XXXIIb) 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. 

9 
I 

ees 

N 
“oo 

H-isomer 

(4=XXXIIa) 

~B7=



0 
\l 

NOS rae 

Nv. 
gs 

Z-isomer 

(4=XXXIIb) 

The solution of high concentration of NO,, 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), 

2u(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), 2oH(BcH) = 3.849 G (1:2:1). 

ee 
Moros ee R= Gi, or CH, NO 

COcH, 

(4-XXXIIZ) 

cHy0F } fod 
NO, ~CH,~CH-N=CH-CH, =NO, 

cies 

(4=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 svectrum 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-xxxIVv), 
2 

and the iminoxy radicals (4-XxXXIIa) and (4-XXXIIb) were found as minor 
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radical products. 

4.3.3 Acraldehyde 

The reaction of low concentration of No, 

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

and acraldehyde 

esr spectrum showed two isomers of iminoxy radical were produced as 

main radical products: B-isomer(4-XXxVa), ay = 30.917 G (1:1:1), *x(No,) 

= 22H (cH) = 1.182 G (1:3:4:3:1), and Z-isomer (4=XXXVb), ay = 29.558 G 

(1:1:1), 2y(-cHo) = 14,188 G (1:1), 22H (ait,) = 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), au(oH) = 2.069 G (1:1) as minor radical product 

(Figure 4.8). 

I 
Mo oa 

De N 
*O 

E-isomer 

(4=XXXVa) 

I 
Pestes 

NG 

Ne 05 CH, 

Z-isomer 

(4=XXXVb) 

G0 
Sea ee 

CHO 

Bw a -CH=CH, for (4-XXxXVIa) 

-H for (4-XXXVIb) 

(4=XXXVI) 

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 No, and acraldehyde. These radicals were stable 

in this reaction mixture for few hours. 

When the reaction of No, 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. 

The bluish green coloured solution of low concentration of No, 

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. 

Retains 
ioe ere -N- f 

CHO CHO 

~CH,-NO, 

(4=XXXVII) 

00 
| {4 

No,-CH,-¢ -N-C=-R R= Gi, or CH, 

CHO 

NO, or H 

(4-XXXVIIZ) 

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-XxXXVII), and acyl 

nitroxide (4-XXXVIII). An increase in spectral intensities of both radicals 

was observed from the reaction mixture with addition of oxygen and a 

mole



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= 

eryloyl chloride produced an alkyl nitroxide (4+XXXIX), its esr spectrum 

showed 3 lines, ay = 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. 

cog 6 goct 
NGsSono ay et ~CH,-NO, 

CH, CH, 

(4=XXXIX) 

4.3.6 Methyl methacrylate 

The blue solution always obtained from reaction mixtures of 

both low, and high concentrations of NO, and methyl methacrylate, resulted 

in alkyl nitroxide (XL), and its esr spectrum showed 3 lines ay = 13.932 G 

(1:1:1). 

| 9 "5 
NO,-CH)-@ -N- C -CH)-NO, 

CH,006 Conc. 

(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. 
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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 Py 

yield. 

4.3.7 Crotonic acid 

The low concentration of NO,, 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 spectra showed 3 triplets 

of E-isomer of iminoxy radical ay = 29.557 G (1:1:1), Ax(xo,) = 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. 

t 
“CH -C-C-0H 
Subd 
ON AN 

CH. 

e 

EB -isomer 

(4-xLIa) 

0 9 
i 

CH,-CH -OH- N= C- R R= OH, or GH,, or CH-GH, 
NO, COOH NO, 

(4-XLIT) 

When the reaction was studied at elevated reaction temperature, 

the good esr spectra were observed which E-isomer of iminoxy radical 

(4-xXiIa), and acyl nitroxide (4-xLII) were produced. In the reaction with 

the addition of oxygen, the same results were observed. 

When the reaction was studied at high concentration of NO,, we 
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got the same results as in the reaction at low concentration of NO,, and 

erotonic acid study. 

4.3.8 Ethyl crotonate 

Esr spectra detected from reaction of low concentration of No,, 

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 mitiplets, a, = 33.8 G (1:1:1) 2u(oH) = 4,45 G, “5H (cH) = 

21.50 G, a = 0.389 G. The Z-isomer iminoxy radical (4=-XLIIIb) was 
N(x10,) 

the main radical product and its esr spectrum showed a, = 29.755 G (listen), 

and other hyperfine lines superimposed by its H-isomer. In the reaction in 

which oxygen was added, the esr spectrum showed good resolution of hyperfine 

lines of both isomers of iminoxy radical. "ith 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 
ll 

me “- C= OCH CH. ois 
%) 
ON N 
Fea 

E-isomer 

(4-XLIIIa) 

? 
eae a C= OCoHe 

No, N ~ 

Z-isomer 

(4-XLIIIb) 

“oh



The reaction of high concentration of NO,, and ethyl crotonat: 

in 1,4-dioxan produced high concentrations of both H-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 liries 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-KLIV) was detected in very low concentration, ay~7 G (1:1:1). 

im 
Ca ats Ge R = 0C,H. oneac 

in 25 
NO, C0008. NO, 

Ig 

or cH, 

(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 2u(cH) = 3.380 G (11). 

o#H,00¢ 9 Good. 

=(N — - - - CHy (NO, )cH CH= N. g CH(NO,)-CH, 

O-N CH-CH (NO, )-CH, 

C000, Hs, > 

(4-xLV) 

4.3.9 Methyl crotonate 

Radical products observed from reactions of No, with methyl 

crotonate were similar to those obtained from reaction of No, with ethyl 

crotonate. The E-, and Z-isomers of iminoxy radical, (4-XLVIa) and (4-XLVIb), 

showed in the esr spectrum of two sets of three multiplets partly suver- 
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imposed: for E-isomer ay = 32.118 G (1:1:1), 844 (qr) =4,.4G, “5H (cH) = 

1.50 G, and @x(No,) = 0.389 G , and for Z-isomer ay = 29.755 G, and other 

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

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

I 
CH,~ (NO, )CH-G-C-OCH., 

N 
0” 

E-isomer 

(4-XLVIa) 

Hl 
CH~(NO, )CH-G-C-OCH, 

N. 
a. 0 

Z-isomer 

(4-XLVIb) 

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-xXLIV) from the reaction of 

high concentration of No, and methyl crotonate in trace amount only when 

the reaction was carried out at elevated reaction temperature. The Z-isomer 

of the iminoxy radical (4-LVIb) was the main radical product from this 

reaction condition and the E-=isomer (4-XLVIa) was observed as minor radical 

product. 

A



4.3.10 _Crotonaldehyde 

The green solution of low concentration of No, and crotonalde- 

hyde in 1,4-dioxan, turned yellow in few minutes, and contained two isomers 

of iminoxy radical: B=isomer (4-xLVIIa) ay = 30.922 G (1:1:1), AN(0,) = 

6.798 G (1:1:1), 2u(cH) 7 0.822 G (1:1), and Z-isomer (4-xLVIIb), ay = 

26.546 G(1:1:1), 2 (-cH0) = 19.41 G (1:1), and 2Ny(110)7 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 H-isomer (4-XLVIIa) slowly disappeared. 

cH,-( NO,) ing i 
N 

0” 

E-isomer 

(4-XLVIIa) 

I 
CH-( NO) i-g -C-Hi 

N 

%o 
Z-isomer 

(4eXLVIID) 

With a high concentration of No, and crotonaldehyde, the solu- 

tion changed from green to yellow, and we 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-isomer of iminoxy radical (4-XLVIIb) 

=97-



  
  

  

  

  

  

  

  

    
  

  

  

  

  

  

  

    
  

  

          
  

  

  

  

      
    

              
  

  

  

  
                

  

    
    

  
    

    
    

  

  

  

  

      
    

  

  

  

  
    
          

        
    

  

    

              
  

      
                  

            
  

  

          
  

  
  

      
  

      

  

      

                      

  

  

  

  

  

    
  

        

  

  
  

  

    

  

  

  

  
    
  

  

  

  

  

    

  

    
  

  

  

  

    
    
  
      
  

    
  

  

          
              

            
  

                            
      
            
  

      
    
                      

                  
            

  

                
                        
  

Figure 4.9 Electron spin resonance spectrum of radicals formed 
by reaction of low concentration of NO, with 

e crotonaldehyde, at room temperature. 
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Figure 4.10 Blectron spin resonance spectrum of radicals formed 

by reaction of high concentration of NO, with 
crotonaldehyde, at room temperature. 2



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. 

my 
CH= (NO, )CH-CH-N-C-R R= H, or GH, 

(4=XLVIIZ) 

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 No, 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 NO, 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 B-isomer (4-XLIXa) was present in the reaction mixture as 

minor radical product and it was detected as 3 multiplets ay = 33.696 G 

(1:1:1), 2u(oH) = 1.276 G (1:1), Ay(310,) = 0.638 G (1:1:1), and the Z- 

isomer (4-XLIXb) which was the main radical product and its 3 miltiplets 

esr spectrum showed ay = 30.001 G (1:1:1), 5H (cH) = 1.914 G (1:1:1), 

a, = 0,638 G (1:1:1). In the reaction at elevated temperature, the 
N(NO,) 

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 a, = 13.597 G (1:1:1), 24 (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 = 7G 

(s2s1), ag ¢oq = 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 spectrum 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 isomers of iminoxy radical 

(4~XLIXa) and (4-XLIXb), and the nitroxide (4-L) and acyl nitroxide (4-LT) 

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 
Il 

CH.,-(NO, )CH-C- C- eee os 
N 

on 

E-isomer 

(4-XLIXxa) 

i 
CH5-(NOQ )CH=C- Co CH, 

N 
~o 

Z-isomer 

(4=XLIXb) 

ciyoe 6 gon 
CH~(NO, )CH-CH-N-G ~CH(NO,)-CH, 

O-N-++ CH=CH (2 O- ge NGS )-CH, 

COCH., 2 

(4-1) 
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CHAO 9 9 
Ciy=(0, )CH-CH-N-C 

(4-1) 

The reaction of high concentration of NO, and 2=pentene-2-one 

in 1,4-dioxan produced a yellow solution in which two isomers of iminoxy 

radical (4-xXLIXa) 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-L1) 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-L1) was only the trace radical product observed. On 

addition 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 products. 

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

in the reaction mixture at room temperature for 24 hours. 

4.3.1 iglic acid 

The initial green solution of a low concentration of NO, 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 temperature, 

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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Hood 8 Cook 

CH,~(NO, )CH-C -N= c CH(NO, )=CH, 

a3 cee) 
(4-LII) 

The same result was observed when reaction was studied with a 

high concentration of NO, 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. 

443.14 3,3-Dimethylacrylic acid 

The pale green solution of a low concentration of No, 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 a, = 29.885 G (1:1:1). Another radical product was acyl nitroxide 

(4-LIV) whose esr spectrum increased in intensity with reaction time, the 

spectrum showed 3 doublets ay = 7.094 G (1:1:1) 2u(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. 

¢ 0 

CH. Toe boon 
ou Lt 

NO, N. 2 

(4-LIII) 
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at 
CH =(NO, )¢ ~CHAN-C-O 

CH, COOH 

(4-LIV) 

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 mltiplets esr spectrum showed 2, = 30.036 G (1:1:1), “5H(cH,) 

= 1.750 G (1:3:3:1) and 4(30,) = 0,680 G (1:1:1). 

ipo ? 
CH,~(NO, )C- fe C- GH, 

IS 

Z-isomer 

(4-LV) 

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 G (1s131), 2u(oH) = 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-LVIT), in 

13.064 G (1:1:1) x(cx) = 2.642 G (1:1), and another acyl nitroxide 

(4-LVIII) ay * 7.338 G(1:1:1) 2u (oH) 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 temperature, the solution mixture gave only acyl 

nitroxide for which only a very weak three lines esr spectrum ay 7G 

was detected. 

) 
jason 

CH,- (NO, )E- CH N- C= C= CH, 

CH, COC. 

(4-LVI) 

oe 
(CH) (NO, )C~ CH= N= C- G(NO,) (CH) 

ie 
Coc, B 

(4-LVIL) 

CH,0C 0 0 
OM lect 

(CH) (NO, )C-CH- N- C- iL, 

(4-LVIIZ) 

In the reaction mixture of low concentration of No, 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 presence 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 No, 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 No, 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 

cis-stilbene, trans-stilbene, cinnamaldehyde, cinnamic acid, benzalacetone, 

benzalacetophenone, dibenzalacetone, cinnamyl alcohol, and a =-methylcinna~ 

maldehyde. Radical products obtained were nitroxides, iminoxy radicals, 

and acyl nitroxides. 

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

The green solution of the reaction of low concentration of No, 

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 G (1:1:1), 24 (cH) = 2.817 G (1:1) for nitroxide 

from cis-stilbene, and ay = 14.107 G (1:1:1), a5 (cH) = 3.245 G (1:1) for 

nitroxide from trans-stilbene. These radicals were stable for a few days, 

Caits 0 ot 
OgHg= (NO, )CH-CH ated ~CH(NO,) Ogi, 

O-N 1 GH~CH (NO, )=CgHt. 

és 2 

(4=LIXx) 
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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) (oH) = 2.665 G (1:1) as a radical product. 

CH. O O 
i651 ii 

Cglig=(NO,)CH-CH N= C- CH, 

(4=LXx) 

The yellow solution of high concentration of NO, 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 NO, 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), 

ay 

a. 

30.749 G(1t1:1), a5 (oy) = 2.005 G (1:1) , and Z-isomer (4-LXIb), 

‘ 29.412 G (1:1:1), 2u(~cH0) = 19.311 G (1:1), *(N0,) = 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 (121:1), 2u(cH) = 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 

product and its esr svectrum increased in intensity with increased in the 

reaction time, The E- and Z-isomeric iminoxy radicals (4-LXIa) and (4-LXIb) 

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 
Ogle (NO, )olincaC-H 

N 
on 

E-isomer 

(4-LxIa) 

9 
CH= (NO, )cH-C-O-H Cosa ue rts 

Ny. 
No 

Z-isomer 

(4-LxIb) 

oHe 00 
iota 

Gg. (NO, )CH-CH-N-C-R R= H, or GH. 

(4-LXII) 

At elevated reaction temperature, we also observed acyl 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=LXIb) of iminoxy radical, and acyl nitroxide (4-LXII) were detected. 

ellie



4.4.3 Cinnamic acid 

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

cinnamic acid in 1,4-dioxan solution at room 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 No, 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 

(4=LXIII) ay = 31.977 G (1:1:1) 24 (cH) = 1.717 G-G32). 

9 
i ; CH. (NNO )CH-G-C~CHL, 

Fi N a 
° 

E-isomer 

(4=LXIIT) 

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 

product, 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) 24 (cH) = 1.483 G (1:1), and acyl nitroxide (4-LXV),.three sets 

of 2 doublets esr spectrum ay = 6.525 G (1:1:1) 24 (gcH) = 8.601 G (1:1) 

34 (yCH) = 1.483 G (2:1). 

cigr 9.20 
C gl. (NO, )CH-CH-N=C-C-CH, 

(4=LXIV) 

gee: 
Se ae 

(4-LxV)} 

When the reaction of high concentration of NO, 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-LXIV) and (4-LXV) still remained. 

4.4.5 Benzalacetophenone 
No radical product was observed from reaction of No, and 

benzalacetophenone in 1,4-dioxan solution when both low and high concen- 

trations of NO, were studied at room temperature. When the reaction of 

high concentration of No, was studied at elevated temperature, the acyl 

nitroxide (4-LXVI) was produced in low yield. The esr spectrum showed 

= 8.468 G (1:1:1). 3 lines any 

ogigon 0 9 
Ogig-(NO, )CH-CH-N-C-C,H, 

(4-LXVI) 
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4.4.6 Dibenzalacetone 

The solution of low concentration of No, and dibenzalacetone 

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

shoved three triplets a, = 12.958 G (1:1:1) 22H (po) = 4,122 G (1:2:1). 

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. 

(Cit «tector 9 co(cecHcgtt.) 
Og 7 (NO, ) CH-CH=N-CH-CH (NO, )-¢ 6s 

(4-LXVII) 

(Cg cick) on 99 
Cg gn NO, )CH-CH-N-C-C,H 5 

(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 alcohol 

The reaction of low concentration of No, , and cinnamyl alcohol 

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

and (4-LXIXb). Their esr parameters were a 14.656 G (1:1:1), 20H (scH) 

= 4.737 G(1:2:1), and a, = 1.776 G (1:2:1). 2H (BCH) 
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0 
| 

Ogk cH -N- cH “Og 

(No, )eH CH(NO, ) 

OH 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 alechol © 

in 1,4-dioxan produced an acyl nitroxide (4-LXX) in low yield; when the 

reaction was carried out at elevated temperature, we observed the presence 

of acyl nitroxide (4-LXX) as the main radical product and nitroxide (4-LXxIXx) 

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 a, = 7.440 G (1:1:1) 

2u(boH) = 2.678 G (1:1) 2u(pox) = 1.190 G (1:1). 

0 0 
Ce been f 

Ogiig> CH ~CH- N- COR R = OH or CgH. 

No, 

(4-Lxx) 

44,8 a -Methylcinnamaldehyde 

The pale green solution of low concentration of No, and 

a=-methylcinnamaldehyde produced nitroxide (4-LXXI) and acyl nitroxide 
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(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 = 7.427 

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. 

ous 9 gHO 

<CH -C -N-C -CH -C,H 
it Went 65 ; 
NO, CH, GH; NO, 

(4=LXXI) 

Cone 

he 
Conon -G -N- C-R R = 4H, or gts 

No, cH 

(4-LXXIT) 

We also observed the same results from the reactions of high 

concentration of NO bs and a -methylcinnamaldehyde. 
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Discussion 

General 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 No, and alkenes addition reactions in producing 

stable free radical products it has been proposed that the first NO, always 

attaches to the carbon atom containing the larger number of hydrogen atoms, 

this results in a A-nitroalkyl radical which we term the initial free 

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

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

nitronitrite in equal proportion (H.Shechter, 1964). In terminal alkenes, 

the addition of the first NO, 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 No, is used in reaction 

studies, we suggest that vic-nitronitrite takes an important role in free 

radical product 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, 

ae, Tat 
aC a NO Riese es (4.1) 

0,8 

Bonitroalkyl radical 

(initial radical intermediate ) 

doch eM bt 
BSCS ONG, ee eee) eee (4.2) 

. me { 
ON OLN NO, OLN ONO 

vic-dinitro vic-nitronitrite 

compound 
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l decomposition | set 

a oo eee menocee, + So (4.3) 
OLN ONO O,N Qo Nitric oxide 

B-nitroalkoxy 

radical 

Nitric oxide which is produced from decomposition of vic-nitro=- 

nitrite as in reaction 4.3 could add to Brnitroalkyl radical resulting 

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

| 
Gc + NO —————> =u50> (4.4) 

: 1 
OnN " 0,N NO 

B -nitroalkyl vic-nitronitroso 

radical compound 

When vic-nitronitroso compound is present in reaction mixture 

which contains either B ~nitroalkyl radical or f-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 nitrosoalkane 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. 

I bal 
Oe ae -o-¢ N=O+ (4.5) 

© t 

Opi NO On" ON |, 

alkyl nitroxide 

ial LI 0 | $d bak | 

-C-C- + -C-Ce ~————s 9 --C-C-N-0-C-C- 4.6 
i) CC <a it jaa C5) 

ON NO O58 0 OpN No, 

alkoxy alkyl nitroxide 
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O 
i ined bee I It 

~OaGaN=0-G-6= _decompose ~-C- aS ~t-c- (4.7) 

O5N No, OLN 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.R2.Forrester et al., 1968). 

e 2? R 
NE ees 

c=c 
a7 2] we Sonat Pdacl 1 

Ld is, lee S cH-R 
“C=CN, H CH -C-C=N. 
Leda Y iia 0 OH ON ON 

ee 
[ol Boo ad eee mn 

see OS cast oe 
Wh So 

OnN : 

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 
fot 

2 ReN=0 ————>_ R-IEN-R (4.9) 

23 ; 
R-NeN-R ——> elNeR + NO (4.10) 

Nitroso compound are stable only when they contain no 

a shydrogen, primary and secondary nitroso compounds undergo nitroso- 

oxime tautomerisation in which the equilibrium lies far over to the right 

as in reaction 4,11. 

SIS



(R),CH-N-O ———— (R),0=N-O8 (4.11) 

Oxime tautomer is able to be oxidised by oxidising agents, 

such as NO, 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). 

  

Nitroso-oxime tautomerisation could lead to iminoxy radical 

formation by oxidation of oxime tautomer . The iminoxy radicals are 

always observed from the reactions of No, with alkyl carbonyl substituted 

alkenes, or a, f-unsaturated carbonyl compounds in which there is hydrogen 

atom available at a-=position (J.A.McRae, and M.C.2.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 No, or air to iminaxy 

radicals (C.L.Chapman, and D.C.Heckert, 1966). 

0 a E F 0 
| ] 4 i I I Ro ~nci-C- tautomerisation RhaG-CnCoR? 

OoN No OnN Noy 

2 
Re 20 NO, roe 

ere RPG-C-C-R? (4.12) 

or air li 
OLN Mo 

iminoxy radical 
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@ , §-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 NO, and alkenes studied 

in 1,4-dioxan solution, the main radical products are alkyl nitroxides and 

iminoxy radicals as summarised in 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 $ -nitroalkoxy 

radicals are produced, they undergo further reaction with No, and yield 

vic-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 g-nitroalkyl radicals 

and vic-nitronitrites , or they are formed reversibly (reactious 4.6, and 

4.7). 

ted bet 
Sa NO ae (4-13) 

O,N 0 OLN ono, 

vic-nitroalkoxy vic-nitronitrate 

radical 

When an excess of alkenes and low concentration of No, 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 ay = 14.695 G (1:1:1), and aun (VCH Va 0.561 G 
7 c 

(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 B H-hyperfine splitting 

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

cH CH. Hc 0 
3 3 3 CH, I 2 Ak ao 

CH-G-NO + (O-CH, ————> CH, -C-N-CH,-¢ (4,14) 
I cH’ 2 | 2 cH, 
CHNO, 3 CHNO, 

4.5.1 Alkenes with dialkyl-, 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, ay © 13 G and one hydrogen atom coupling 

constant ay ~ 1.7G as shown in Figure 4.1. We suggest that these two 

alkenes produce the same alkyl nitroxide (4-1), since the previous work 

observed that No, 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-(1-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 (4-1) is the product of alkyl nitroxide (4-Ia) 

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

sample preparation time. 

NO, NO, 

    

(ee [ee 
ee aoa 

2 |CH -CH: Bi-0° —_— CH, CH Bio _—__ 
2 

(4-Ia) 
ADs ic Noo 

ae ey es : 
Ha-CH jo N-OH + So part ser (4.15) 

(4-Ib) (4-Ie) 
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eae te 
Se ae 
Se + Gh, 3 eo 

(4-Ie) (4-Ia) 

tee 
CH4-CH  CH-GHL, (4.16) 

CH Goa oe 

Om I¥- CH=CH, 

es 
NO, 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 

(4-1) 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 NO,. 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 concentration of No,, 

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

and 2-methyl-2-butene was the 

no fp ~hydrogen atom therefore it could not decay as the mechanism described 

in reaction 2.21. 

Dichloroethylene, and tetrachloroethylene do not yield any 
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stable radical product, although there was a report of a reaction of 

tetrachloroethylene with No, 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 No, 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 (4-1) from cis~, 

and trans-2-butenes. Nitroxide radicals detected from iso-butene (4-IX), 

2-methyl-l-butene (4-XII), and a-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 p -positions. The esr spectrun 

of alkyl nitroxide (4-IX) shows hyperfine splitting of four protons at 

y , P* positions of about 0.561 G. A similar esr spectrum has been 

reported for the alkyl nitroxide product from the reaction of N30, 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, ia positions do not disproportionate and decompose 

into hydroxylamines and nitrones, are produced from allyl chloride (4-xIX), 

3-butenoic acid (4=XxXII), styrene (4-xXIVa and 4-XXIVb), and p-methoxystyene 

(4-XXVIa and 4-XXVIb). We suggest that the electron withdrawing groups 

substituted at pr and p'-positions of nitroxide could stabilise the free 

electron by delocalisation, we also suggest that dimerisation of nitroxide 
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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 Beriies 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., 1954). Acyl nitroxide which we 

observed from the addition reaction of ethyl vinyl ether with low concen 

tration of No, 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, 

    

=i 2 Oo, -c | CH =CH-O-CH,-CH, OgNCH, ~CH=0-CH, CH (4.17) 

2 NO, 
-cH- 4 ERE ees NCH, =CH= m 2 O,NCH,-CH-O-CH .~CH, O, NCH, i O-CH., ~CH, (4.18) 

ONO 

+ O,NCH,-CH-O-GH, -CHL, 

NO, 

0. NOH. <CH-O-CH.= NCH.-cH- eS O,NGH, Ct O-CH,-CH, ———>_ 0, NCH, CH O-CH,~CH, + NO (4.19) 

Ono 0 

Che toa anaes O,NCH CHO + * OCH, CH, (4-20) 

0 
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2 . i -c ig ele gues QCH,-CH, WO, CH,NO, + HCHO (4.21) 

0 No, 
NCH, CHO ———_ 0, NcH,-c- + HONO (4.22) 

O,N-CH,=CH-O-CH,-CH, + NO ———> O,N-CH,—CH-O-GH, -G, 4.23) 

9 No 

=-CH= -CE ~ ACT ecteceleierseenrmenilicinsy 0, NCH, cH O-CH,-CH, + .NO,-CH,-C 3 

No : 

9% . 
Q,N-CH~CH-N-C-CH, -NO, (4.24) 

0G, H. 

(4-XVIIL) 

In the study of the reactions of NO, with hexachloropropene, 

and hexachloro-1,3-outadiene, 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,2.Cohen, 1959). We suggest that chlorine atoms which are 

electron withdrawing decrease the nucleophilicity of alkenes, and No, 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 a, S-unsaturated 

carbonyl compounds is such that the first No, always adds to the B-carbon 

position, the second No, adds to a-carbon atom. The radical products which 

we observed from reactions of NO, with a-alkyl- a, 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. Other radical products which we often 
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observe are iminoxy radicals which are produced from reactions of NO, 

with asp “unsaturated carbonyl compounds in which there is a hydrogen 

atom present at an m-position. 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 caer 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 

See Symes Serre ~¢-t-00,%, 

Onn , yy O5N i 

E-isomer Z=isomer 

(4-XLIIIa) (4=XLIIIb) 

the esr spectrum of iminoxy radicals of 3-butene-Z2-one, the H-isomer 

(4=xxXIIa) is obtained with much higher spectrum intensity than of Z-isomer 

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

0 QO 

N dpe Gadc, NOy-Ciiy-faact, 

s ~ 
E-isomer Z-isomer 

(4-xxxIIa) (4-XXXIIb ) 
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Iminoxy radicals which are detected from reactions of NO, with 

ap -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- 

chlorobutenoic 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 NO, can react with carbonyl functional groups, for 

example No, has been observed to abstract aldehydic hydrogen atom from 

aldehyde with subsequent loss of a carbonyl group, in gas phase reactions, 

(S.Jaffe,1971), but in our works in which we studied at low concentration 

of NO3 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 No, 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, >» and acraldehyde in this study. 

Addition Reaction : 
9 
I 

CH= CH-O=i it NO, ——_— O,N=CH., 
1 

-CH=C=i (4.25) 
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9 0 
I i} l 

2 GHp-CH-C-H + 2 NO,———> GH -Gi-C-H + GHip=CH-C-H (4.26) 
NO, NO, NO, NO, ONO 

Il 1 
CHo-GH-C-H = > Fip-GH-C-H_ + No (4.27) 

NO, ONO No, 9 

: I i 
CH,-CH-C-H + NO ———> CH,-CH-C-H 4.28 
12e a ¥ ( zn 
No, No, No 

| tautomerise 1 NO, r 
GHy-CH-C-# | > Co (4.29) 

No, No NO, N(OH) 

d Ny C. H O,NeCH-G-C-H = mCi C =I 

‘, 

E-isomer Z-isomer 

(4-XxXVa) (4-XXXVb ) 

Hydrogen Abstraction: 
0 
ll ll 

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

i t ° 9 
GHy-CHAC-H + ci,mcti-d. > ily GH-N-C-Cii= cit (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- 

acrylic acid in 1,4-dioxan solution. We would suggest that their formation 

could involve the prscission of p -nitroalkoxy radicals, The carboxylic 

acid groups are not proposed to react with NO, since the carboxylic acids 

are usually found as the end oxidation products of NO, and alkenes reactions 
2 

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. 

ie I B-scission {3 I -C -CH-ceoq OEE’ «ocHa-c+ +) -HC-C-0H 4, 32 Cily-C -9HI-C-OH 570 (4.32) 
NO, 0 NO, 

1 1 NO, qi Il 
H-C-C-0H 00a > C0 + + Ua (4293) 

Heabstraction 

¢ 0 9 Gi, 09 

ail | epee Pee. ese ee ee ee 
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 B-nitroalkoxy radicals from these alkenes 

which are tertiary alkoxy radicals do not undergo f -scission in normal 

reaction condition as proposed by A.Mackor et al., 1968, and vic-nitro- 

nitrates are formed from these radicals. 

fe NO, ie 
NeCH,-c = oe Ne -—c -( O,NeCH, ¢ CHO O,N-CH, G ~cHO (4.35) 

9 ono, 

Brnitroalkoxy radical vic-nitronitrate derivative 

of methacrolein 

' HO, 5 
CHy-cH -G -cocH = ——=——> Cy -cH -¢ =COCH (4. 36) 

No, 9 NO, ONO, 

B-nitroalkoxy radical vic-nitronitrate derivative 

of tiglic acid 

In the studies of a, -unsaturated carbonyl compounds, for example 

ethyl crotonate, methyl crotonate, 3-pentene-2-one, crotonaldehyde, and 

cerotonic acid, in NO, 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 No, addition reactions, NO, acts as an electrophilic agent. 

Although a, £ -unsaturated esters are reactive in No, 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 

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

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 

No, 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 monomers 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-LIX) (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 NO,, and aryl 

carbonyl alkenes, we suggest that the first NO, adds to aryl substituted 

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

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 NO, 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 NO, with cinnamic acid, and benzalacetophenone. 

Dibenzalacetone produced nitroxide (4~LXVII) from its reaction 

with low concentration of NO,, we suggest that its vic-nitronitroso deri- 

vative does not undergo hydroxyimine tautomerisation because 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, 
ca 

addition reaction, 
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4,6 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 NO,, 
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 NO,(T.L.Cottrell, and T.E. 

Graham, 1953 , and 1954). In these studies we gradually increased the 

concentration of No, in the reactions of low concentration of No, and 

alkenes, we observed that the esr spectral intensities of alkyl nitroxides 

decreased and esr spectra of acyl nitroxides were observed, the yield of 

nitroxide depending on the concentration of NO,. In the experiments in 

which a very high concentration of NO, 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 NO,, and 

alkenes, to be involved in the pathway of producing acyl nitroxides. 

vic-Nitronitrites which are unstable could undergo decomposition into 

p snitroalkoxy radicals and nitric oxide (A.Mackor et al., 1967a). In the 

reaction medium with the excess of NO, , P -nitroalkoxy radicals further 

react with No, and produce vic-nitronitrate or undergo disproportionation, 

and decomposition, or Pp -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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p -nitroalkoxy radicals, and nitroso compounds are the main components 

in producing acyl nitroxides, and the excess amount of No, 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 -C-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 E.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 

rafiicals. 

Primary alkoxy radicals: 

    

disproportionation 
2 ReCH,-0° [RcH,-0 ] 2———> RCH,-OH_ + RGHO (4. 37) 

Secondary alkoxy radicals: 

RL disproportionation re S Re a 
2 5 ae eke Om. = | CH=CH 

RY R a n° 2 5 

(4. 38) 

A Peg 
®\cH-0. P-scission nicHo - x. (4. 39) 

RY 

P-scission R-cHO By Re 

Tertiary alkoxy radicals: 

a ¢ RH all r Badyeor htc (4.40) 
R H-abstraction R 
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2 ; 9 abo Radical f mation 2k 2, 5), (4.42) 

FR 0 
footer oe 

Poe #2 

    

The products which were reported from the reaction of NO,, and 

2-methyl-2-butene in the gas phase, were acetone, and acetic acid (AP. 

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 NO,, 

and produced acetic acid. 

  

CHNO, 
Oo Cn GaCH, + CHy-CH (4.42) -C Oe eee area ae =CHe 

er Se na 
CH, No, 

No, 
-CH: Cece ei = - . dN ‘ CH a CH, -Gt ONO —> CHL aa + NO (4.43) 

NO, NO, NO, 

Ci, Cii~0- meee CH CHO NO) (4.44) 

NO, 

i 
CH,CHO + NO, CH,-C-OH + 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. 

Nitroso compounds have been reported to be oxidised by NO, to 

produce nitro compounds, or their oxime tautomers to react with NO, to 

produce gem-trinitro compounds, pseudo-nitrols, nitrolic acids, nitrile 

oxides, furoxanes, aldehydes, ketones, and carboxylic acid (A.I.Titov, 

1963). The nitroso compounds also could react with NO to give diazo 
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compounds (A.Mackor et al., 1968). In the gas phase study of 2-methyl-2- 

bputene, the vic-nitronitrite, and vic-nitronitroso derivatives were not 

observed (A.?.Altshuller et al., 1959), and we suggest that they were 

completely oxidised by NO, . 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 No, 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 NO,, 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, 
he 2. 

6 
| wn + NO, ———> Rt (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 

products formation are suggested in the following discussion. 

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

In the reaction of high concentration of No, and alkenes in 

this group, cis-2-butene, trans-Z-butene, cyclohexene, oleic acid, and 

methyl oleate produced acyl nitroxides in good yield but 2-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, cyclohexene, oleic 
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acid and methyl oleate could undergo f -C-C scission and result in 

formation of aldehydes and «-=nitroalkyl radicals which both of them further 

react with excess of NO, in the reaction mixture, Nitrogen dioxide reacts 
2 

with aldehydes by aldehydic hydrogen abstraction to give carbonyl radicals, 

and Nog 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: 

      

R= -a =” woe “a Bae NO (4.3) 
No, ONO No, 0 

aH ~<a : R= + + R CHO (4.47) 
NO, 0 NO, 

2 R= + + 2 NO, a'cH(NO,). & RY GHONO (4.48) 
NO, Ri) 

gem-dinitro- gem=nitronitrites 

alkanes 

2 2 
R’-cHO + NO, —————> #-C=0 + HONO (4.49) 

1 1 RI ~GH-ONO ————> Fao. + 0 (4.50) 
NO, NO, 

1 1 nee 1 A'-GHi-d> ———» H'CHO + NO,» 3'-G=0 + HONO (4.51) 
No, : 

fee 
Ri-c=0 + X'-GH-cH-® ———> A cidand (4.52) 

ON HO NO, 

a 
R-c=0 + Hh=CH-GHea” ——> HhoGHCH=NaC-R (4.53) 

Ogi NO 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 NO5 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 NO; are produced by this mechanism. 

In the reaction of 2-methyl-2-butene with high concentration 

of No, in solution, we suggest that the P-nitroalkoxy radical derivative, 

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 NO55 and the vic-nitronitroso 

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

formed by the following reactions. 

GH,CHO + 0, —————> CH,-G=0 + HONO (4.54) 

GH, Gs 98 
Cy-G-0 + CHy-GH ~G “=CH,———> CH=CH -G “-N~C-cHL, (4.55) 

‘ NO, NO NO, CH, 

(4-IV) 

The values of hyperfine splitting constant of hydrogen atoms, 

which were observed from acyl nitroxides (4-II) from cis-, and trans-2- 

butenes, are about two gauss which are equal to the value of splitting 

constant of hydrogen at a-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 x-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 P-nitroalkoxy radical 

derivative of iso-butene. We propose the mechanism of acyl nitroxide (4-X) 

formation is as follows. 

1 , 9 aiij-4 Ly radical fragmentation cH,-C-cH, + GH,NO, (l+.56) 
Qe 

CH, NO, 

2 +CHANO, + NO, —————> GH, (NO, )5 + CH,-ONO (4.57) 

No, 

NO,-CH,-ONO —[1o,-ci,0. + x0 — > HC=0 + HONO+ NO) (4.58) 

GHLNO, NO, GH, 9 0 

CH,-¢ -NO + HC=0 ——~> CH,=< -N-C-H (4.59) 

CH, cH, 

acyl nitroxide (4-x) 

Acyl nitroxide (4-XIII) detected from reaction of 2-methyl-1- 

butene and high concentration of NO, in 1,4-dioxan, reveals that the 

decomposition of its Prnitroalkoxy radical derivative produces ethyl 

radical which could be further oxidised by No, to give the acetyl radical 

as in the following reactions. 
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CH. QO 
3 ll 

CH,~CH-¢ -0- ———> CH-C-CH, =O, + CH, ~CH, + (4,60) 

CHDNO, 

2 GHy-CH,+ + 2 NO,————> H,-CH)-NO, + Gii,-CH,-ONO (4.61) 

CHi,-CH,-ONO eceeonnoEe™ CH,-CH,-O+ + NO (4.62) 

are, disproportionation 
2 CHy-CH,-0 SERED AS oe EL CH,CHO + CH.CH, OH (4.63) 

CH, CHO TEAC g = CH,-C=0 + HONO * (4.64) 

5 3 i 
CH,-CH-¢ -NO + CH,-C=0 — CH,-CH,~< wN-C=CH, (4.65) 

CH,NO, CH,NO, 

acyl nitroxide (4-XIII) 

1-Decene, allyl chloride, 3-butenoic acid, styrene, p-methoxy- 

styrene produce secondary p ~nitroalkoxy radicals derivatives from the 

decomposition of their vic-nitronitrites. The carbonyl radical could be 

formed by po-c 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 NO,, we suggest that ethyl vinyl ether 

underwent complete oxidation to give non-radical products since the reac- 

tion started violently and produced a yellow solution. 

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

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

that its vic-nitroalkoxy radical which is a tertiary alkoxy radical, and 

quite stable, and could undergo further reaction with NO, to give vic-nitro- 

nitrate, or H-abstraction to produce a vic-nitroalcohol rather than 

undergo radical fragmentation. 

Hexachloropropene, and hexachloro=1,3-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. 

Nitrogen 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 x, 4 -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 B -nitroalkoxy radicals and nitric oxide. The p ~nitroalkoxy 

radicals from these compounds are secondary alkoxy radical type which 

could disproportionate and decompose to give ketones, and alcohols or 

undergo B -C-C scission to give lower alkyl radicals and aldehydes. ile 

suggest that the p -C-C scission could occur between "nitro" carbon and 

"alkoxy" carbon eas to produce nitroalkyl radicals and aldehyde deriva- 

tives which further undergo reaction with excess of NO, and that their 

radical products would lead to acyl nitroxide formation. We suggest that 

acyl nitroxide produced from reactions of high concentration of NO, 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. 

09 
falta -C-C scission I i} ~Gi- to Bx0-C scission, = +H-C-C-2 (4,66) 

alkoxy radical 
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ti it 
H-C-C-R? + NO ea C-C=R? + HONO (4.67) 

le 
i 

+CeR? 

2 A = i 
2 ceNo, +2 N0, ————> ~c(No,), + R°=C-oNno (4.68) 

ov Z 2 2 22 T 
R R NO, HM 

When Rt = ie =H for acrylic acid, 3-butene-2-one, and acral- 

dehyde, their gem-nitronitrites could follow reaction (4.58) to produce 

formyl radicals; when Re =H, R = Gh, for crotonic acid, crotonaldehyde, 

and 3-pentene-2-one, their gem-nitronitrites could follow reaction 4.43) 

to produce acetyl radicals, and when Re = Re = CH 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. 

Fe i 
gc SONG econ LOne eS GHy-G “=O + NO (4.69) 

NO, NO, 

cH. 
ey 1 a mn 

al ale pa eG te Giy-¢ -0 CHy-C-CH, + NO, (4.70) 
NO, 

TS es 3 
Gig =o. = ___> ai,-c -aH (4.72) 

I H-abstraction | NO, NO, 

In the presence of vic-nitronitroso compounds in the reaction 

mixture, we suggest the following acyl nitroxides could be produced. 
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Fe 9 fe a0 
| i | idl 

aoc ~tH As Oe #-e -cH -N-c-2? (4.72) 

No, cox No, cox 2 2 

a 9 Re 09 
21 il 2 | 1d 

R at “ei -NO + ‘C-+d ———»s 2 -¢ -CH -N-C-H (4.73) 

NO, cox? NO, cor? 

r i Say 
wag -& =NO + ch #0 “HH aN-C-CH, (4.74) 

XO, CO} NO, coR? 

The acyl nitroxides which we observed from acrylic acid (4-xxX), 

3-butene-2-one (4-XXXIII), and acraldehyde (4-XXXVIb),have esr parameters 

which reveal that R? is -OH, -CH,, and -H respectively, which are acyl 
3 

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

(4-XXXVI) 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 

erotonic acid (4-XLII), crotonaldehyde (4-XLVIII), and 3-pentene-2-one 

(4-L1), 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 yield 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 

No, with x, -unsaturated 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 No, 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). 

#5 if 
NO,-CH,-G —CHOM ONO) ——_> NOs -CH* | CH4-C-C+ + Hono (4.75) 

0 

7 q 
CH,-C-<- a CHO acd (4.76) 

9 cH, 00 
3 1 eS iil 

NO,-cH,-¢ NO + Gij-C*>———s, NO,-CH,-@ wN-C-CH, (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 NO, to produce more 

iminoxy radicals and that their p -nitroalkoxy radicals could react with 

excess of N05, undergoing H-abstraction , disproportionation, and decom- 

position, or p ~scission, 

-162-



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 a1 

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-II) formation from cis-2-butene, and trans-2-butene; cinna- 

maldehyde, and m-methylcinnamaldehyde could produce acyl nitroxides 

(4-LXII), and (4=LXXIL) 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=LXV), and (4=LXVIII). 

The mechanism which we suggest for acyl nitroxide (4-LXX) 

formation from cinnamyl alcohol is in the mechanism in which Pp -C=-C scis- 

sion of p enitroalkoxy radical derivatives could occur and lead to acyl 

nitroxide radical formation. The esr spectrum shows the H-hyperfine split- 

ting of protons at i and y-carbons. The following reactions describe 

the acyl nitroxide (4-LXX) formation. 

I 
sc + HeG-OH (4.78) 

NO, 0 NO. 

sccye ain —————> CH 

ie 

Cgc tie NO CgH <CH(NO,) > + Ogi <CH-ONO (4.79) 

NO, NO, 

C,H-CH=0NO ——————_> Oe Le, gist NO Ogi GH No (4.80) 

NO, NO, 

CH-0- = —————> ,H,C=0 + IN 4, Cg Fi gC HONO (4.81) 

NO. 2 . 

94 
H + O/H =CH-CH-NO C,H -CH=CH=N-C- : Ggit.d-0 ig TH oH > SH a CH-CH-N-C-C 8, (4.82) 

O,N OH 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 NO, with Alkenes in 1,4-Dioxan Solution With Addition 

of Oxygen or at Blevated Reaction Temperatures. 

Acyl nitroxides are always produced in the reactions of low 

concentrations of Ny 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 
Hp 

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, 

NO, vic-nitronitrites, vic-nitronitroso monomer and dimers, nitric oxide, 

nitrones, and hydroxylamines. 

At elevated reaction temperatures, the greater the dissociation 

of No, into NO, 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 NO, 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 -nitroalkoxy radicals and NO at elevated reaction temperatures, 

the greater the amount of p -nitroalkoxy radicals that could undergo 

fi -C-C scission and the greater the amount of NOg produced by the increase 

in NO 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 No, with 

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 pe scission of p -nitroalkoxy 

radicals occurs, the Pp -nitroalkyl radicals produced could react with oxygen 

to give pee ery radicals. The mechanism of prnitroalkylperay 

radicals in termination could follow the mechanism of alkylperoxy radical 

termination which has been proposed by G.A.Russell, 1957, in which alcohols 

and aldehydes 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. 

Re “os 
eee las termination gh ic f 3 

HI Reco 12 
0 aoe 

0,(7e2) + guider? + Hong =i _ (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-C,H,00° —> tert-C,H 0000C,,H “tert ——»2 tert-0,H, O° (4.8 
: 9 

+ 0,( ze) 

c 9 2 

We could conclude that in the reactions of low concentration 

of NO, and alkenes with addition of oxygen, aldehydes and alkoxyl radicals 

could be involved in acyl nitroxides formation. 

Nitroso 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). 

(RIFO)., poerreereere yy 2 RN=O (4.85) 

colourless blue 

Solution of tertiary nitroso dimers are blue owing to considerable 

dissociation. Solution of primary and secondary nitrosoalkanes 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 

Fe x = s 2 DOH-N=O — aoe (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 NO, concentration, means that the oximes could react with the excess 

of NO, to give gem-dinitrocompounds (L.F.Fieser, and W.von E.Doering,1946; 

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 redical formed (E.G.Janzen, 1971). 
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2 Be 2 ee R F RO F 
1 : 223.52 au i 

Hoc «wo A+ wo + wt. _in?a/ooteo BceNeo tt oy (4.8 

2 #9 ww 

From this nitroxide formation, we suggest that the yield of 

some nitroxide radicals could be increased by raising the reaction tempe~ 

rature. ? 

Nitric oxide which is one of the products from the decompositio 

of nitronitrites, when it is present in the reaction mixture could add to 

NO, to produce N303 which retards the rate of reaction of NO, (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, 

dr., 1957). This mechanism is shown in the following reactions in which 

nitrocompound, nitrate, aldehyde, and NO, are generated. 

RoN=0 + 2 NO —> |R-N-O-N=O —3[ res-ar0, (4.88) 

Neo | 

R-ONO, <——— Re + ony 

R'CHO <——— R-ONO + RNO > 2N0, 

Aldehyde (R'CHO) is produced, and this mechanism could be 

involved in acyl nitroxide formation in our reaction studied, 

Nitric oxide is oxidised to NO, in the presence of oxygen. 

The mechanism of conversion of NO had been proposed by A.I.Titov, 1941, 

and 1951, who suggest that active NO, and NO, were generated as shown in 

reactions (4.89), and (4.90). 

No 
-——> GN-0-0-N0 ——_> 2 Nos (4.89) 

NO + OO == ON-0-0- 

Ny bal . 30, ON-0-0-NO,——> NO," + *NO, (4.90) 
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Another mechanism has been suggested by J.Heicklen, and N. Co! 

1968, as shown in reaction (4.91) jWithout oxygen, the conversion of NO 

BeNOR GR 105 le aon eNOS (4.91) 

to No, may occur through disproportionation (G.F. Bloomfield, and G,A. 

qkerroy| 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 No, is increased in 

its concentration, In the reaction medium, we propose that nitrones are 

present, as discussed in section 4,5, and we suggest that they could 

produce acyl nitroxides by reaction with No, (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 NO, and alkenes as already 

described, lead to an increase in NO, 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. Iminoxy 

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 No, and alkenes is faster than the rate observed 

from reactions of low concentration of NO, 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 25cm 100°, 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 NO, and alkenes are 

N53, NO, 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: 

thermal N69 2 No (4.92) 
at dissociation 4 

re i . 
H=c -G =No ee 00-0 (4.93) 

no i dissociation nC a 
2 2 ere 

aa 2 
ng -6 -ono pore oe 

i ts decomposition Er = a -0' + NO (4,94) 

op G NO, R? 
a i ? # 

de . thermal 1: x 
Oo ee memati oy ae (4.95) 

NO, 5 NO, ® 

foes f 
Reg 0 =0- aiiiie ets Race + aio (4.96) 

No, # No, 
i? st oF ¢ . 

Be aeeey 7. RG + wd a (4.97) 
} po 3 NO, R NO, 

ma ee A ortionation 

Rac ~f 0" SUEEE = aoe cr, (4.98) 
NO, 2 NO, ip 

+ R-C -C -OH 

iS No, R 
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ie ie 
Fuels ee ay, | poeta Ae ea (4.95 

ae 
We suggest that nitroalkyl radicals are generated from 

Pp -seissions of secondary and tertiary nitroalkoxy radicals in these 

studies (reactions(4.96),and(4.97)) ,most of them are primary nitroalkyl 

radicals (a or R° = H), and secondary nitroalkyl radicals (x = alkyl, 

=H), and few tertiary nitroalkyl radicals (x, R* = alkyls) which could 

lead to carbonyl compounds the same way as described in section 4.6, When 

NO, is present in reaction medium, we suggest the following reactions could 

occur. 

Primary nitroalkyl radical: 

2H,G- + 2 NO, ————> GH,(NO,), + O,N-cH,-oNo (4.100) 
NO, 

O,N=CH,-ONO decompose, ycHo + NO + HONO (4.101) 

Secondary nitroalkyl radical: 

2 Bock: + 2 NO,———> R'-CH(1O,), + HP-CH-ONO (4.102) 
NO, NO, 

Y—CH-ONO decompose, pticio + NO + No, (4.103) 
NO, 

Tertiary nitroalkyl radical: 

# ¢ ¢ 

2 RhoGe ae Wo, ———> #-¢ =NO, + wag ONO (4.104) 
No, NO, NO, 

3 9 
a -ono decompose, plicin? 4 NO, + NO (4.105) 

HO, 

Aldehydes formed in the reactions (4.96),(4.101), and (4.103) 
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further react with No, by aldehydic hydrogen atom abstraction and produc 

carbonyl radicals (S.Jaffe, 1969). 

  

CHO + oi R=-C-0 + HONO (4.106) 

HCHO + NO, ————> H-C-O + HONO (4.107) 

R'CHO + NO, ———» #'=-C=0 + HONO (4.108) 

2 HONO HO + 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. 

rF ater 
ine -¢ =O + ae aoc “< -N-c-R’ (4,10) 

1 ty ° 4 
NO, R NO, R 

ge sae 
r-< “=H + HeGeo ———> wo <O aliecat (4,121) 

no. #* : Poole WO, HO, x 

ey ety 
w=¢ SceeNO ane ceOn a “3 =N-C-R (4.112) 

No, a HO, at 

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. 

PP 7 
mc “<0 ———> F-9 -c(23)=N-O# (4.113) 

NO, H NO, 

SIs



v ¢ Rr? 

    

NO, | 
ag -c( 2?) =N-0# Seer a =f -NOg (4.114) 

NO, NO, NO, 

Thermal decomposition: 

ii ata) 
a= ~¢, “Ho ahs R-c 4+ + W0 (4.115) 

NO, i decomposition NO, zt 

Rr P ee 2 * w 
a4 | 2M | [Se a | I 

2 R-¢ -c- eons f -¢ -¢ -N0,+ 2X-C -G -ONO 
inate Aer ea 
No, 8 HO, R NO, R 

(4.116) 
: 2 

ee ee | 
R ao oot “6 -¥0——> Reg “ “eG “G -R (4.117) 

ty | ib 4 4 HO, 3 R NO, 2 NO, R° R” NO, 

Decomposition in the presence of NO; 

RK Re x 
al | a ! | 2 

R-c eta + 2 NO——> + Ee + NO, + Ny (4.118) 

NO, 8 No, & 

NO, + NO eee mE CIRO, (4,119) 

fP fP ( 
Ric =f + + NO R=cn=c ONO, (4,120) 

I 3 Leth 
No, 2 NO, 8 

ae ny io 
2 ae “C+ +2 NO, ——> xe oo “NO, + Rap -C -ONO 

4 4 Ly 
NO, 2 NO, 2 No, 8 

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). 

-172-



Alkyl nitroxides: 

Reaction with NO,: 

it f Fle. 
a “§ NO + NO,——> R= ae N=0N0, (4.122) 

; 4 NO, RJ, NO, 215 

nitrosonium nitrate derivatives 

Thermal dissociation of alkyl nitroxide dimers: 

Pe oe 
gc ay NeO------O-N p74 Se ee RE NO+ (4,123) 

g
o
,
 

e
e
e
 

5
 

1 
No, Ht Rt NO, L 

2 2 2 

Hydroxylamines: 

to rp % 
wae “Gp NOH + NO,———>|R-G -G + NOs ee oe) 

No, #? to, # : NO, Rl, No, RI, 

1 il+t- 
Reg -c + yeono, 
Ty e No, 2" |, 

Nitrones: 

x Ow Re R 007 xX 
Mea | seal at ay 

HG -G NG -G —Ro + HO,» AG ~Galed =e =e 
NO, H NO, NO, H NO, 

+ NO + -R? (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 spectra 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. We could detect only a simple three lines esr spectrum, 

ay 7-8 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 NO, and alkenes, we 

suggest the following mechanisms which could give the mixture of products 

including the acyl nitroxides. 

BNO PO ea (4,126) 

vic-Nitronitrite also decompose as in the same mechanism as 

vic-nitronitrites decomposition in thermal reaction (reactions (4.9%4)- 

(4.99)) to produce aldehydes (3?-cHo), and nitroalkyl radicals. In the 

presence of oxygen and NOS in reaction medium, primary nitroalkyl Ge = Re 

=H), secondary nitroalkyl (Ce = alkyl, foe H), and tertiary nitroalkyl 

@, R= alkyls) radicals produced from p C-C scissions of p ~nitroalkacy 

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: 

  

Hote OMe H2C-0-0- (4.127) 
1 NO, NO, 

WHC + 0, ———> RTHG~0-0- (4,128) 
No, NO, 

y ¢ 
wage + 05 B=G-0-0" (4.129) 

NO, NO, 

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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9 oH 
i | dat ‘ 

2 HG =-0-0+ ee + H,C-NO, + 0,¢ ze (4.130) 

NO, 

i 
2 mG =0=0 —|rtoe, “ wHG-OH - 0, (7x2) (4.131) 

NO, No, 

: f 
2 ae Bae ee ae Bon 0,727) (4.132) 

NO, NO, : 
¢ 

ae Be rr canes No, (4.133) 
No, 

Rr ¢ 
i = 

=¢ -0- pice RG -0H (4.134) 
to, H-abstraction No, 

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). 

    

9 1 
HeC-N0,| ———>  H-0=0 + ‘130, (4.135) 5 : 

ll 
| 2 ao,| ee (4.136) 

We suggest that nitroalkyl radicals also could react with NO, 

by the same reaction mechanism as described in reactions (4.100)-(4.105), 

and reactions (4,107)-(4.109) which produce formyl radical (H-0=0), and 

carbonyl radical (R-c-0), 

We suggest that in the reactions of low concentration of NO, 

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 

ko



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 My are accelerated by increasing temperature of the reaction solution 

which would result in an increase in carbonyl compound formation. In the 

reactions with addition of oxygen, the decomposition, and dissociation of 

nitrites and N50 could occur at the rate of decomposition and dissociation 

at room temperature which result in low concentrations of pf ~nitroalkoxy 

radical and N05. The amount of NO, could be increased by the reaction of 

NO, and 0,. vic-Nitronitroso compounds tend to be in dimeric form at room > 

temperature, but on the addition 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. 

Nitroalkyl radicals could undergo reaction with NO which is 

produced and present in the reaction mixture to produce gem-nitronitroso 

derivatives. But in the reaction mixture of low concentration of No, and 

alkenes in addition of oxygen or at elevated reaction temperature, the NO, 

is reproduced and present in solution medium in higher concentration tha: 

NO, the possibilities that NO, and /or oxygen react with nitroalkyl 

radicals are more than that NO 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 derivatives 

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 

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 compoi 

as in reactions (4.113), and (4.114), the decompositions of vic-nitro- 

nitroso compounds in the presence of NO 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 NO, 

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 NO, 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 

formations are suggested by previously described mechanisms. The esr 

spectra of these acyl nitroxides are three lines or three doublets with 

ay 7-8 G which could reveal only the nature of hydrogen atom at p ~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 only 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-xXIV) detected from reactions 

of No, with iso-butene, and 2-methyl-l-butene respectively with addition 

of oxygen we suggest are formed as in the reactions (4,110) and (4.111). 

The formation of acetyl nitroxides(4-x1),and (4-XIII) detected from the 

oL(=



Table 4.3 

Effects of oxygen, and reaction temperature upon radical 

products 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 No, Condition 

cis-2-butene low 0,, RT nitroxide (4-1) 

(intensities 
decreased) , 

‘acyl nitroxide(4-I1) 

(main radical 
product ) 

low 100° acyl nitroxide (4-II) 

high 05, at acyl nitroxide (4-II) 

high 100° acyl nitroxide (4-II) 

trans-2-butene low O5, RE nitroxide (4-1) 

(intensities 
decreased), 

acyl nitroxide (4-II) 

(main product) 

low 100° acyl nitroxide(4-II) 

high 05, RT acyl nitroxide (4-II) 

high 100° acyl nitroxide (4-11) 

2-methyl-2-butene low 05, &P nitroxide (4=IIZ) 

(intensities 
decreased) 

low 100° nitroxide (4-III) 

(intensities 
increased) 

high 05, RT nitroxide (4-III) 

(main product), 

acyl nitroxide (4-IVv) 
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Table 4.3 (continued) 

  

Alkenes 
Reaction 

Condition 

Concentra- 

tion of NO, 
Radical Products 

  

  

2-methyl-2-butene 

(continued) 

iso-butene 

2-methyl-1-butene 

  

high 100° 

low 5, at 

low 100° 

0,, at 

high 100 

low 0,, RE 

low 100 

high 05, RE 2° 

high 100   

nitroxide(4-III) 

(main product), 

acyl nitroxide (4-IV 

acyl nitroxide(4-x), 

acyl nitroxide (4-x), 

acyl nitroxide (4-x1)| 

(main product) 

acyl nitroxide (4=x) 

acyl nitroxide (4-xz) 

nitroxide(4-xII), 

acyl nitroxide 

(4-XIII) (main), 

acyl nitroxide 

(4-XIV) (trace ) 

nitroxide (4-XII), 

(main product, inten 
sities increased), 

acyl nitroxide 

(4-XIII) 

nitroxide (4-xII) 

(main product), 

acyl nitroxide 

(4-XIIT), 

lacyl nitroxide 

(4-XIV) (trace) 

Initroxide(4-xII), 

acyl nitroxide 

(4-XIII) (main 

radical product)       
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Table 4.3 (continued) 

  

Alkenes Concentra= 
tion of No, 

Reaction 
Condition 

Radical Products 

  

  

Allyl chloride 

3-butenoic acid 

styrene   

low 

low 

high 

low 

low 

high 

high 

low   

O25 aT 

100° 

2° 

100 

2° 

nitroxide (4-xIX) 
(broadened lines) 

nitroxide (4=Xx) 

(main radical ) - 

acyl nitroxide 

(4=xxT) 

nitroxide (4-xx) 

(broadened lines), 

acyl nitroxide 

(4=XXI ) (broadened 
lines) 

acyl nitroxide 

(broad 3 lines) 

nitroxide (4-xxII) 

(intensities 
increased), 

acyl nitroxide 

(4+XXIII) 

acyl nitroxide 

(4-XXIII ) 

acyl nitroxide 

(4=XXIIT) (with 
further hyperfine 
lines ) 

acyl nitroxide 

(4-XXIII) 

nitroxides (4-XxIVa) 

land (4-XxXIVb) 

(intensities 
decreased)   
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Table 4.3 (continued) 

  

Alkenes 
Concentra- 
tion of NO, 

Reaction 
Condition 

Radical Products 

  

  

styrene (continued) 

p=-methoxystyrene 

a-methylstyrene 

  

Low 

high 

low 

low 

high 

high 

low 

low 

high   

100° 

2? 

100° 

2? 

100 

2" 

100 

2" 

100 

2? 

100 

nitroxides (4-xXxIVa), 

land (4=XXIVb) 
(intensities 

increased) 

acyl nitroxide 

(4=xxv) 

acyl nitroxide 

(4-XXV) (intensities 
increased ) 

nitroxides (4-xXVIa), 

and (4-XXVIb)(inten- 
sities decreased) 

nitroxides (4=XxXVIa), 

land (4=XXVIb) (inten- 
sities increased) 

jacyl nitroxide 

(4eXXVIZ) 

lacy nitroxide 

(4=XXVII) (intensities| 
decreased) 

mitroxide (4—XxVIII) 

(intensities 
increased) 

nitroxide (4-XXVIII) 

(intensities 
increased) 

mitroxide (4-xXVIII ) 

(intensities 
increased) 

nitroxide (4-XXVIII) 

(intensities 
increased )       
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Table 4.3 (continued) 

  

Alkenes 
Concentration) Reaction 
of NO, Condition 

Radical Products 

  

  

3—butene-2-one 

acraldehyde 

methacrolein 

  

low O,, af 2 

low 100 

high 05, RE 

high 100 

low Oss 

low 100 

high On 

high 100 

low O55 RT 

low 100   

liminoxy radicals 

B=isomer (4=XxxIIa) 
(intensities 
increased and showed 
(showed better 
resolution) * 

Z-isomer(4-XXXIIb) 

(trace) 

no 

iminoxy radicals 

E-isomer(4-xXxTIa), 
land Z-isomer 
(4=XXXIIb ) (intensi- 
ities decreased), 
nitroxide (4-XXxIV), 
acyl nitroxide 
(4=XXXIII) (main) 

no 

no 

no 

no 

no 

nitroxide (4-XXxVII ) 

(intensities 
increased), 

acyl nitroxide 

(4-XXXVIITI ) (trace ) 

nitroxide (4—-XXXVII ) 

(trace), 

acyl nitroxide 

(4-XXXVIIZ) (trace )       
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Table 4.3 (continued) 

  

Alkenes 
Concentration 

of NO, 
Reaction 
Condition 

Radical Products 

  

  

methacrolein 
(continued ) 

methacryloyl 
chloride 

methyl methacrylate 

high 

high 

low 

low 

high 

high 

low 

low 

high 

high     

05, RL 2" 

100 

2° 

100 

pe AT 

100 

2? 

100 

2? 

100 

nitroxide (4-XxXXVII), 

and acyl nitroxide 

(4=XXXVIII) (intensi- 
ties increased) 

nitroxide (4-XXXVII), 

and acyl nitroxide 

(4-XXXVIIZ) (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 NO, 

Reaction 
Condition 

Radical Products 

  

  

erotonic acid 

ethyl crotonate 

low 

low 

high 

high 

low 

low 

high     

o,, RT 

100 

2° 

100 

2? 

100 

95, aT 

iminoxy radical 

B-isomer(4-xLIa), 

acyl nitroxide 

(4-xXLII) 

iminoxy radical 

E-isomer(4-xLIa) 
(intensities 

increased), 

acyl nitroxide 

(4=XLII) 

iminoxy radical 

E-isomer(4-XLIa), 

acyl nitroxide 

(4-XLII) 

iminoxy radical 

E-isomer(4=xLIa) 

(intensities 
increased), 

acyl nitroxide 

(4=-XLII) 

iminoxy radicals 

E-isomer(4-XLIIIa), 

Z-isomer (4=XLIIIb) 

(showed better 
resolution) 

iminoxy radicals 

E-isomer(4-XLIIla), 

Z-isomer (4-XLITIb ) 

(intensities 
decreased) 

iminoxy radicals 

E-isomer(4-XLIIIa),   
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Table 4.3 (continued) 

  

Alkenes 
Concentra- 
tion of NO, 

Reaction 
Condition 

Radical Products 

  

  

ethyl crotonate 
(continued ) 

methyl crotonate 

crotonaldehyde   

low 

low 

high 

high 

low   

100 

O55 RT 

100° 

> RT 

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=XLIV) (trace) 

iminoxy radicals 

H-isomer(4-xLVIa), 

and Z-isomer(4~xLVIb) 
(showed better 
resolution) 

iminoxy radicals 

E-isomer(4=XLVIa), 

and Z-isomer(4=XLVIb ) 
(intensities 

decreased ) 

iminoxy radicals 

E-isomer(4-XLVIa), 

and Z-isomer(4-XLVIb) 
(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) 

  

Concentra= | Reaction 
tion of NO, Condition Radical Products Alkenes 

  

  

crotonaldehyde low 100° iminoxy radicals 

(continued ) E-isomer(4-XLVIIa), 

and Z-isomer 
(4-XLVIIb) (intensi- 
ties decreased) 

RT no high 0», 

high 100 no 

3-pentene=2-one low O5, RT 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-XLIXb) 
(main)(both decreased 
in intensities) 

nitroxide (4-L) 
(trace), 

acyl nitroxide 
(4-LT) (main) 

high 95, RT iminoxy radicals 

E-isomer(4-XLIXa), 

and Z-isomer 
(4+XLIXb) (showed 
better resolution), 

nitroxide (4-L) 
(trace), 

low 100 

acyl nitroxide 
(4-LL) (trace)         
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Table 4.3 (continued) 

  

Alkenes 
Reaction 

Condition 
Concentra— 
tion of NO, 

Radical Products 

  

  

3-pentene-2-one 
(continued ) 

tiglic acid 

3,3-dimethylacrylic 
acid 

mesityl oxide 

high 100° 

low > 

low 100 

high 4 

high 

low 

100 

0, RT 2° 

low 100 

high i 

high 100 

low 5 

low 100     

iminoxy radicals 

B-isomer(4=XLIXa), 

fand Z-isomer(4=XLIXb) 
(intensities 

increased), 

acyl nitroxide 
(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=LIV) 

acyl nitroxide 
(4-LIV) 

acyl nitroxide 
(4-LVI) (main product) 

iminoxy radical 

Z=isomer(4=LV) 

acyl nitroxide 
(4-LVI) (main),   

  

-187- 

 



Table 4.3 (continued) 

  

  

  

Alkenes Concentras Reaction 
tion of NO, | Condition | *#dteal 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 05, RT nitroxide (4-LIX) 
(broad spectrum ) 

low 100° acyl nitroxide (4-Lx ) 

cinnamaldehyde low O55 RT iminoxy radicals 

E-isomer(4-LxIa), 

Z-isomer(4-LXIb) 
(intensities 

increased) 

low 100° acyl nitroxide 
(4=LXII) 

benzalacetone low 055 RT no 

low 100° iminoxy radical 

E-isomer(4-LXIII) 

high 2, RT iminoxy radical 

E-isomer(4-LXIII) 
(main product), 

acyl nitroxide 
(4-LXIV), 

lacyl nitroxide 
(4=LxV)         
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Table 4.3 (continued) 

  

Alkenes 
Concentra 
tion of No, 

Reaction 
Condition 

Radical Products 

  

  

benzalacetone 
(continued) 

benzalacetophenone 

dibenzalacetone 

cinnamyl alcohol 

@ -methylcinnamal- 
dehyde 

  

high 

high 

low 

low 

low 

low 

high 

high 

low 

low   

100° 

100 

100 

27 

100°   

acyl nitroxide 
(4-LXIV), 

acyl nitroxide 
(4=LXV) 

acyl nitroxide 
(4=LXVI ) (weak) 

acyl nitroxide 
(4-LXVIII) 

no 

nitroxides (4-LXIxa), 

and (4=LXIXb) 
(broadened lines) 

nitroxides (4-LxXIXa), 

and (4=LXIXb) 
(intensities 

increased ) 

acyl nitroxide 
(4=LXX ) (showed. 
better resolution, 
and intensities 
increased) 

acyl nitroxide 
(4=LXX) (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 : 
eee tion of NO, | Condition pe ete oo Cys 

@ -methylcinnamal- high 05, RE nitroxide (4=LXxZ), 

panes acyl nitroxide 
(continued ) (4-LXXIT) 

(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 soitroalkony radical derivatives as following reactions: 

Iso-butene: 

Fs radical fragmentation 
CSO rtp eS Ce Cm Oe FS CHNOny) (4197) 

A ee aug 
CH,NO, 

+ “CHS “4 

2-Methyl-1l-butene: 

CH. 
13 vadical fragmentation 

=C-08— — -C=! e Gi, CH ; 0 CH, O + CHLNO, (4.138) 

CH,NO, ae 
a *CHOCH, 

2 GijCHp+ + 2 NO, ———————> CH,CH,NO, + GH,CH,ONO (4.139) 

decomposition ee x CH, CH, ONO a ee a CHCH,O* + NO (4.140) 

GH,CH, 0° a ig? none (4.141) 

We observed formyl nitroxides only from the reactions of 

iso-butene with NO, at both low and high concentrations with addition of 

oxygen, and from 2-methyl-l-butene with NO, at high concentration with 

addition of oxygen. We did not obtain other formyl nitroxides from the 

reactions of terminal alkenes for which P -nitroalkoxy radical 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, «-methylstyrene, methyl methacrylate. We suggest 

that the fp 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 TR Cohen 1959). 

-191-



Aryl substituted terminal alkenes which we studied include 

styrene, p-methoxystyrene, and oC-methylstyrene, we found that these 

compounds do not produce acyl nitroxides at low concentration of NO, 

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 spectra increase , and 

are decreased when the reaction mixtures cool down to room temperature. 

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 tropeeed 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 NO, 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 NO, 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). We 

suggest that its p -nitroalkoxy radical derivative is stable to radical 

fragmentation, : 

In the reactions of NO, with , 6 -unsaturated carbonyl compounds 

in which a hydrogen atom is available at «-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. tie 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 NO, at elevated reaction temperature or with a high 

concentration of us with, or without elevating the reaction temperature 

The mechanism of acyl nitroxide formation could be the same mechanism as 

previously described which in Pp C=C scission occurs, Ethyl crotonate, 

and methyl crotonate produced acyl nitroxide in trace amount at high 

concentration of Nog and elevated reaction temperature, and we suggest 

that their f ~nitroalkoxy radicals were stable to p C=C scission at this 

temperature. 

The results obtained from reactions of N03 with «, fg -unsaturated 

carbonyl compounds with methyl group at x-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 acyl nitroxides were never 

produced. These results could be explained as suggested for & -methyl- 

styrene. 

The reactions of NO, 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 NO, with these alkenes 
2 

(section 4.6.4). The results obtained from reaction of benzalacetophenone 

with high concentration of NO, at elevated reaction temperature in which 

a very low yield of acyl nitroxide (4-LXVI), the only radical product 

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 NO, 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 NO, 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 NO, 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 NO3, they observed nitroxide radicals for 

which they proposed structures as those observed from the reactions of 

0, with alkenes (M.Ebert, 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 NO in the presence of a trace of NO,, 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 of No 

with alkenes in the presence of a trace of N05 6 With addition of oxygen, we 

always observed broadened ines 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 N05 initiates the reaction to give Pensa se radical 

which further reacts with NO to produce vic-nitronitroso derivative and 

subsequently results in nitroxide radical. We did not observe any acyl 

a nee ee : * 2 4 
ot ot aN) NO ee a “¢ -R (4,142) 

x NO, NO 2 

p P Fpore 
Benen ap at eee RG -4cie ¢ 6 = + NO (4.143) 

‘ * + A yt HO, NO No, 2° a" No, 

nitroxide in freshly prepared solutions from these experiments, ile 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 

produced from reaction of low concentration of NO, with alkenes in the 
2 

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 NO in the presence of a trace of NO, with alkenes, 1,4-dioxan as solvent. 

  

  

z 

Alkenes ae Radical Products 
Conditions 

cis-2-butene, and trans- aT nitroxide (4-1) 

2-butene RT, 0, nitroxide (4-1), 

100° nitroxide (4-1) 

2=methyl-2-butene RT nitroxide (4=-IIL) 

RE, 05 nitroxide (4+III) 
100° nitroxide (4-III) 

iso-butene RT nitroxide (4-IXx) 

RT, O05 nitroxide (4-Ix) 

100° nitroxide (4-IX) 

2-methyl-1-butene RT nitroxide (4-XII) 

RT, 0, nitroxide (4-xII) 

100° nitroxide (4-XII) 

3-butenoic acid RT nitroxide (4-XxII) 

RT, 0, nitroxide (4-xxII) 

100° nitroxide (4-XxII) 

styrene RT nitroxides (4—XXIVa), 

and (4=XXIVb) 

RT, 0, nitroxides (4-KXIVa), 

and (4-XxIVb) 
100° nitroxides (4-XXIVa), 

and (4-KXIVb) 
a -methylstyrene ar nitroxide (4+XXVIII) 

RT, 05 nitroxide (4~xXVIII) 

100° nitroxide (4-XxVIII) 

acrylic acid RT nitroxide (4=XXIX) 

RT, o, no 

100° no           
OG =



Table 4.4 (continued) 

  

Alkenes 
Reaction 

Conditions 
Radical Products 

  

  

3-butene=2-one 

methyl methacrylate 

ethyl crotonate 

RT 

100 

RT, 0, 
100 

RT 

    

iminoxy radicals - 

(4-XxXXIIa), and 

(4-XXXIIb), 

nitroxide (4=XXxIV) 
(main) . 

iminoxy radicals 

(4-XXXIIa), and 

(4=XXXIIb), 

nitroxide (4—XXxIV) 
(main) 

iminoxy radicals 

(4=XXXIIa), and 

(4-xxxIIb), 
nitroxide (4-XXxXIV) 
(main) 

nitroxide (4-XL) 

nitroxide (4-XL) 

nitroxide (4-XL) 

iminoxy radicals 

(4-XLIIIa), and 

(4~XLIIIb), 

nitroxide (4-xLV) 

iminoxy radicals 

(4-XLIIIa), and 

(4-xLIIIb) , 

nitroxide (4-x1.V) 

iminoxy radicals 

(4-XLIIIa), and 

(4-XLIIIb), 

nitroxide (4-XLV) 
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or from the reactions of high concentration of NO, with alkenes because 
2 

of vic-nitronitrite derivatives are produced and they decompose to 

Pp ~nitroalkoxy radicals which undergo Bp 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 NO, which were studied in 

freshly prepared solution did not LnereaeS the yield of alkyl nitroxides 

because of the slow rate of reaction of oxygen and NO to give NO, (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 

be 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). We obtained 

nitroxides (4-XXXIV), and (4-XLY) from the reactions of NO with 3-butene- 

2-one, and ethyl erotonate in the presence of a trace of NO3 in higher 

yields than their iminoxy radicals (4-XXXIIa), and (4-xxxIIb); (4-XLIIIa), 

and (4=XLIIIb) for which we suggest that there were high concentrations 

of vic-nitronitroso 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 Radical 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 NO, 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 
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the radical products is stable for months in the reaction solution in th 

absence of oxygen, and that acyl nitroxide (4=k) 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 No, 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 a slow rate to give acetone and methyl radical. The acyl nitroxide 

(4=X) 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 alkyl nitroxide (4-IX) in increased yield, we suggest that 

the decomposition of vic-nitronitrite derivative is accelerated by ultra- 

violet light to produce p ~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-IX) (A.Mackor et al., 1966; Th.A.J.W.llajer et al., 1967; and A.Mackor 

ot al., 1968). ; 

  

Ci. CH, 

cc an NO, Bveney -¢ ZaH,No, + No (4.144) BG ici? oe icspeuce cu : 
ONO 0 

vic-nitronitrite derivative p -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 
2 

in 1,4—dioxan, under various conditions. 

  

Reaction Conditions Reaction Time Radical Products 

  

  

RT, in freshly prepared 

solution 

RT, 5 in freshly 

prepared solution 

RT, exposed to air, and 

room daylight 

RT, unexposed to air, 

and room daylight 

RT, unexposed to air, but 

exposed to room daylight 

  

few minutes 

few minutes 

24 hours 

7 days 

5 weeks 

2 months 

7 days 

5 weeks 

2 months   

alkyl nitroxide (4-IX) 

alkyl nitroxide (4-IX), 

acyl nitroxide (4-x) 
(main) 

alkyl nitroxide (4-Ix), 

acyl nitroxide (4-x) 
(main) 

alkyl nitroxide (4=-IX) 
(main) 
acyl nitroxide (4+X) 

alkyl nitroxide (4-Ix), 

and acyl nitroxide 

(4-X) in equal propor- 

tion. 

talkyl nitroxide (4-Ix) 

(intensities decreased )| 

acyl nitroxide (4-x) 

(main) 

alkyl nitroxide (4-IX), 

(main) 
acyl nitroxide (4-x) 

alkyl nitroxide (4-IX), 

and acyl nitroxide 

(4=X) in equal propor- 

tion, 

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 

  

  

RI, unexposed to air, 

but exposed to ultra= 

violet light 

4 days 

    

alkyl nitroxide (4-IXx) 

(intensities increased 

  

-201- 

 



i ie (oa i 
-0-0+ -C =i -C -O0-N-c - 44 CH5-G-0 + Ciig-G -NO ———> G,-d O-N=G ~CHl ( 5) 

CH, NO, CH NO, CHLNO, GH,NO, 

vic-nitronitroso alkoxy alkyl nitroxide 

derivative 

Si, 0 CH 
I ee ee 3 

Giiy=G =O- eG CH, eeu nonaoen Cy -te + Giy=G =c_NO, (4.146) 

CH,NO, CHO, CH,NO, ono 

CH. Hc ¢ #5 3 See 
CHy-c* + CHy-¢ ~HO ———> St = G cH, (4.147) 

CH, NO, CH NO, NO,cH,  GH,NO, 

alkyl nitroxide (4-IX) 

The ultraviolet light exposure of this reaction solution 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 (.G.Janzen ,1971). 

oh, CH, 
hv 

apy -NoO —————> NO + CH, -C~ CH NO, (4.148) 

CH NO, 

Hy oH ¢ 9 3 PP tend 
Cc ~ oo + City C- cH,NO, ———> Gi,-¢ -N- G CH, (4.149) 

G10, NO,0H, NG, 

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-K) could be formed at a slow reaction rate in the reaction of low con- 

centration of NO, 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 NO, 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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The Detection of Initial Radical Formation 

Results and Discussion



CHAPTER FIVE 

The Detection of Initial Radical Formation 

Results and Discussion 

Results 

We carried out the reactions of No, with alkenes with two 

different techniques in order to try to produce evidence for ponitro- 

alkyl radicals which have been suggested to be initial radical interme- 

diates. The techniques were: i 

1. Spin trapping method by using nitrosobenzene, and phenyl 

Netert-butyl nitrone as spin traps. 

2. Mixed-flow method. 

The alkenes which we studied in these experiments were the 

alkenes which could react with NO, 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 

No, with alkenes under ordinary reaction condition (see Chapter Four), 

and we also considered that these alkenes were able to produce 4=nitro- 

alkyl radicals which could possibly be detected by the above techniques. 

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 

51.1 Nitrosobenzene 

We observed nitroxide radicals from reactions of low concen= 

tration of NO, with alkenes and a small amount of nitrosobenzene, for 

example cis-2-butene, 2-methyl-2-butene, iso-butene, a-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 
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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 NO, 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 No, 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 NO, 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 5.2 

Radical products obtained from reactions of low concentration of 

No, with alkenes in the presence of phenyl N-tert-butyl nitrone 

(PBN) in 1,4=dioxan solution, 

  

Alkenes Reaction Condition Radical Products 

  

  

2-=methyl-2-butene 

iso=butene 

methyl methacrylate 

  

PBN in 1,4 dioxan 

FBN, No, 

PBN, NO, 

PBN, NO, 

BN, NO, 

  

no radical product 

acyl nitroxide (5-III) 

g = 2.00755 

a= 8,078 G. 
N 

nitroxide (4-III) 

acyl nitroxide (5-IIZ)| 

nitroxide (4+IX) 

acyl nitroxide (5-IIZ 

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 
ze 

dilute solution of alkene flowed from separate containers by gravita- 

tional force at the rate of 0.60, and 0.30 mi/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-2-butene, 

iso-butene, and a-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 (4-1), (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 No, 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 $ -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 $-nitroalkyl radicals as soon as they are produced 

to give non-radical compounds. In our study to detect -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 No, when an experiment was carried out by uv-irradiation of NO, 

in ice, and B.H.J.Bielski et al.,1967, reported the esr spectra of nitro 

xides and iminoxy radicals when No, 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 $ -nitroalkyl radicals 
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to produce nitroxide as in equations (5.1), and (5.2). 

Rt oP re 
(pe. + poseen ee aaah cs (5.1) 

we | 2 

(5.1) 

Re, ee 
C parte + Maat ss Crp Gat (5.2) 

+ a 
Ree atOs RLG-8 CH, 

O,N-C- 2 te 

(5.11) 

The esr spectrum of nitroxide (5-1) could reveal the nature of 

trapped $-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 
a 

below. 

5.3.1 Nitrosobenzene 

We observed a 3 lines esr spectrum from the solution of low 

concentration of NO, and nitrosobenzene for which the esr parameter, 

ay = 11.213 gauss, revealed that it was nitroxide radical. We also observed 

3 multiplets esr spectra, ay = 11-12 gauss, from the solutions of alkenes 

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 No, with alkenes in the 

presence of a small amount of nitrosobenzene could be the two mechanisms 

just mentioned, together with nitroxides produced from B-nitroalkyl 
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radicals trapped by nitrosobenzene. 

The results which we obtained from our experiments revealed 

that the nitroxides produced from f-nitroalkyl radicals trapped by 

nitrosobenzene were the only radical products observed from reactions 

of No, 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 $-position of nitroxides 

revealed the nature of the trapped alkyl radicals, and we assumed the 

values of {-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 $-nitroalkyl 

radicals are initial radical intermediates of the addition reactions of 

NO, with alkenes, 

aot
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5.3.2 Phenyl N-tert-butyl nitrone (PBN 

We found that phenyl N-tert-butyl nitrone reacted with NO, 

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-TII) 

In the reactions of low concentration of No, 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 No, with alkenes. We never observed nitroxides 

(5-II) whose esr spectra showed 3 doublets , ay = 46, 2a( 8 ve 2-3 G, 

from these reactions of which we propose that the nitroxides (5-II) are 

the result of § -nitroalkyl radicals trapped by phenyl N-tert-butyl 

nitrone as in equation (5.2). For example, the reaction of low concentra- 

tion of No, 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 NO, 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 NO, by their own mechanisms to give nitro- 

xides. Phenyl N-tert-butyl nitrone did not behave as spin trap for 8-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 f$-=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 No, were 

mixed with cis-2-butene, 2-methyl-2-butene, iso-butene, and a-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 ay 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 6 =nitroalkyl 

radicals are slowly generated in a rate determining step in which the 

first molecule of No, adds to the alkene. The rate of the addition of the 

second molecule of No, to the initial radical intermediate is faster than 

the addition reaction of the first NO, molecule. When the experiments were 

carried out at flow rates which were faster than the rate determining 

step of No, addition reaction, the reactions of No, with alkenes in esr 

cavity had not started, and when the flow rate was equal or slower than 

the rate determining step resulted in $-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 -nitroalkyl radicals were slowly produced and further reacted with 

the second molecule of NO,. We suggest that $ -nitroalkyl radicals were 
2 

present in the reaction mixtures in esr cavity but in too low concentratious 

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 B-nitroalkyl radicals 

formations by trapping $-nitroalkyl radicals with nitrosobenzene. Using 

phenyl N-tert-butyl nitrone as spin trap, or using mixed-flow technique 

fail to confirm the presence of §-nitroalkyl radicals from the reaction 

studied. 
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