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The Mechanism of the Reaction of C-Nitroso-compounds with Alkenes

L.M.Kogan

Published data on the study of the chemical aspects of the reaction of C:nitroso-compounds with alkenes have been examined
and critically reviewed. The multi-stage nature of the process has been emphasised. The dependence of the mechanisms of the
primary stage and subsequent stages of the reaction on the structure of the reagents and the reaction conditions has been
discussed. An attempt has been made to explain the contradictory data on the structure of the final reaction products in terms
of the variety of possible directions for the transformation of the intermediates. The characteristics of the chemical reaction of
C-nitroso-compounds with diene polymers have been examined.
The bibliography contains 117 references.
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I. INTRODUCTION

The considerable practical importance acquired in recent
years by C-nitroso-compounds, which have found application
as rubber modifiers and stabilisers both at the polymer forma-
tion stage1'5 and in its conversion to finished rubber articles,6"12

has led to increased interest in the study of the chemical
aspects of the reaction of an unsaturated hydrocarbon chain
with C-nitroso-compounds.

However, in spite of the fact that a fairly large number of
published papers have been devoted to the mechanism of the
reaction of C-nitroso-compounds with alkenes, this extensive
but extremely contradictory experimental material has not
been reviewed (apart from a brief review13 dealing only with
the reactions of C-nitroso-arenes and covering the literature
up to 1970). In the present work an attempt is made to fill
this gap.

Most workers who have studied the reaction of C-nitroso-
compounds with monoalkenes point out that it is a multistage
process, but there is lack of agreement on its basic param-
eters: the stoichiometry, the reaction centre in the alkene
molecule, the nature of the primary attack on the alkene by
the nitroso-compound and the intermediate stages, and the
structures of the final products. Thus depending on the
structure of the reagents and the conditions of the process,
the following nitrogen-containing final reaction products have
been isolated and identified: alkenylaryl- or alkenylalkyl-
hydroxylamines, nitrones, azoxybenzenes, secondary and
primary amines, azomethines, oxazetidines, oxadiazoles,
isoxazolines, and oxime ethers.

The following main mechanisms have been proposed for the
first stage of the reaction of nitroso-com pounds with alkenes:
1) "Diels—Alder pseudo-condensation" ene synthesis with the
formation of a tertiary hydroxylamine and prototropic dis^
placement of the double bond; some authors assume inter-
mediate 1,2 cyclo-addition with the formation of an oxazetidine;
2) direct radical allyl condensation with the transfer of an
allyl proton to the NO group and the formation of a hydroxyl-
amine derivative; 3) the formation of a 2 : 1 molecular adduct
of the nitroso-compound and the alkene as a substituted oxa-
diazole; 4) a homolytic process involving direct electron
transfer from the C=C bond to the NO bond with the forma-
tion of nitroxide radicals; 5) the formation of a charge-trans-
fer complex from the alkene and the nitroso-compound and its
decomposition via a radical—ion stage.

The products obtained in the first stage undergo further
heterolytic and homolytic transformations to give the final
products indicated above.

To introduce greater order into the often confused and con-
tradictory published data, the present review is restricted to
the study of the reactions of C-nitroso-compounds with alkenes
with and without an allyllic hydrogen atom.

The present review examines the reactions of both aromatic
and stable aliphatic nitroso-compounds, such as nitrosotri-
haiogenomethanes and nitroso-t-butane, which although dif-
fering in many of their characteristics (spectral,11* polaro-
graphic,15 etc.), are similar in their chemical properties, in
particular in their reactions with alkenes.

I I . REACTIONS OF C-NITROSO-COMPOUNDS WITH ALKENES
NOT CONTAINING γ-PROTONS

This group of alkenes includes styrene, stilbene, 1,1-di-
phenylethylene, and their fluorinated analogues, but partic-
ular attention has been paid to the reactions of styrene. This
interest in styrene is understandable, since aromatic nitroso-
compounds are excellent inhibitors of free-radical reactions,
and in the study of the processes of radical polymerisation
and copolymerisation of styrene, which have found industrial
application, it is important to investigate not only the stage
involving the termination of thei growing polymer chain but
also the direct reaction of the inhibitor with the monomer.

In an early paper,1 6 the adducts of styrene and 1,1-diphen-
ylethylene with nitrosobenzene were assigned the oxazetidine
structure (I).

C,H6—Ν—Ο

C,H,-CR-CH,
(I)

R = H, C,H5

C,H,-N=C(C,H6)1

Ο
(Η)

This view was criticised even at the time, however. According
to Ref.17, the product of the reaction of nitrosobenzene with
1,1-diphenylethylene has the nitrone structure (II).

Hepfinger18 considers that the products of the reaction of
nitrosobenzene with styrene are unstable isomeric oxadiazole
N-oxides, which decompose to give the α,Ν-diphenylnitrone,
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At the same time, one of a cycle of studies of the reaction of
trifluoronitrosomethane with alkenes19 showed that, depending
on the reaction temperature, the products may be adducts of
this nitroso-compound with styrene and trifluorostyrene in
the ratio 2:1 (<-70 °C) and 1: 1 (>-70 °C); the 1:1 adduct
was assigned the oxazetidine structure (I), and the 2:1
adducts the structures (III) and (IV) for styrene, and (V)
for trifluorostyrene:

C,H5—CH-CH,

I )
C,HS—CH-CH,

° I
CF/

I>N—N-CFj
4
Ο

(IV)

CF3-N ,Ν-CF;
I
Ο

(ΠΙ)
C,Hj-CF-CF2

CFS—N—N-CF3

ι ι
ο ο

(V)

According to Ref.20, the first stage of the process gives a
donor—acceptor complex, whose transformations are deter-
mined by the structure of the alkene. Paramagnetic inter-
mediate species were detected, and in the case of the reaction
of trifluoronitrosomethane with styrene they were assigned
the radical—cation structure (VI):

CF,_N (O·) CH—CH,

C,H5
(VI)

Nitroxide radicals are also formed in the reaction with tri-
fluorostyrene .Z 1

The authors cited, however, do not suggest a mechanism
which could explain the formation of the cyclic products
(III)-(V).

Developing the ideas of Refs.18 and 19, a group of Japanese
workers,22 who studied the reactivity and kinetics of the
reaction of nitrosobenzene with styrene, and also the reaction
of the corresponding substituted derivatives, proposed the
following scheme for the process:

2C,H5NO ^ C,H 5-N=N-C,H 5

Ο

C,H6—NO + CH,=CHC,H6 -^ C,HS—N—O"

CH2—CHC.H,
(VII)

ι ? °
C

C,H6-N—Ο*

CH,-CHC,H,
(VII)

CH,[,-CH-C,Hs

0
t

C , H S — N ^ N M — C , H S

C H J - C H - C . H ,

Ο Ο
Τ *. Τ

+ CH,=CHC,H,-* C,H6-N N-C,H5o/ I
\CH-CH,

C H /

They consider that the data they obtained on the kinetics of

the reaction (order of the reaction with respect to nitroso-
benzene between 1 and 2; its dependence on the initial con-
centration of the reagents—an increase with increase in con-
centration while preserving first order with respect to styrene)
confirm the proposed mechanism, since in dilute solutions, the
nitroso-compounds, which tend to dimerise,23 are present
chiefly in the monomeric form.

A study of the reactivity of substituted nitrosobenzenes
showed that the presence of electron-donor substituents in
the p-position decreases the reaction rate, whereas the pres-
ence of electron-acceptor substituents increases the reaction
rate; a linear relationship was obtained between the reaction
rate constants for the substituted nitrosobenzenes and the
Hammett constants of the substituents for electrophilic reac-
tions σ$, in good agreement with the view that the double
bond in the styrene molecule is nucleophilic.

Among substituted styrenes, α-methylstyrene is much more
reactive than β-methylstyrene; this is attributed not only to
the more nucleophilic character of the double bond in the
α-isomer and the stabilisation of the intermediate biradical
(VII) but also to steric hindrance in the 3-methylstyrene
molecule.

The possible reaction of styrene with various derivatives of
nitrosobenzene in the dimeric form has been noted.21* The
reaction is of second order with respect to the nitroso-com-
pound, and paramagnetic species are formed in the reaction.

Thus although different workers have different views on
the nature of the reaction of nitroso-derivatives with unsatu-
rated hydrocarbons not containing γ-protons, most believe
that cyclic products of the addition of the nitroso-compounds
to the double bond are formed. Paramagnetic species are
produced in the reaction. Benzylidene-N-phenylnitrone,
azoxybenzene, and benzaldehyde have been separated from
the decomposition products Of the cyclic adducts of nitroso-
benzene with styrene.

Some authors25 have studed a series of alkenes without
distinguishing between those which contain an allyl hydrogen
atom and those which do not, and have examined their reac-
tions with nitroso-compounds from the same viewpoint. The
data given below, however, show that the presence or absence
of γ-protons in the alkene has a significant influence on the
mechanism of the process.

I I I . THE REACTION OF C-NITROSO-COMPOUNDS WITH
ALKENES CONTAINING AN ALLYL HYDROGEN ATOM

Before reviewing studies devoted directly to the mechanism
of the reactions of nitroso-compounds with alkenes containing
primary, secondary, or tertiary hydrogen atoms in the allyl
position, the structure of the final products of this reaction
can be considered.

1. Structure of the Final Products

A critical review of published data on the products of the
reactions of C-nitroso-compounds with alkenes containing an
allyl hydrogen atom is difficult, since on the one hand, workers
studying these processes encounter objective difficulties in
identifying the final products, because of their tendency to
undergo interconversion, and, on the other hand, some authors
try to transfer experimental data relating to alkenes and
nitroso-compounds with particular structures to other com-
pounds of these classes. In the examination of the exper-
imental material on the structure of the final products, there-
fore, specific reference will be made to the reagents for which
the various regularities have been established.
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The reaction of C-nitroso-compounds with alkenes (safrole
and various others) was first reported in Ref.26; the authors
considered that the chief products of the reaction of nitroso-
benzene with safrole are the nitrone (VIII) and azoxybenzene
(IX).

CH=CH-CH

Ο—CH,
(VIII)

Ν - Ο -f C,H5N=N-C,H,

| " " (IX)
-CH,

It was later shown27 that azoxy-derivatives are formed in the
reactions of p-nitro- and p-bromo-substituted nitrosobenzenes
with cyclopentene, cyclohexene, propene, isobutylene, but-1-
ene, cis- and trans-but-2-enes, and stilbene, the reaction
taking from several seconds to several days, depending on
the structure of the starting materials. The complete con-
version of the nitrosobenzene into the azoxybenzene requires
at least an equimolar quantity of the alkene. An appreciable
quantity of azoxybenzene was isolated in the reaction of nitro-
sobenzene with 2-methylpent-2-ene.2 8 The formation of
nitrones in the processes studied was not reported. 2 7 ' 2 8

On the other hand, nitrones were identified as products of
the reaction of α-methylstyrene and other alkenes containing
an allyl hydrogen atom with chloronitrosoadamantane and
other α-chloronitroso-compounds, where the nitrones were
isolated as the hydrochlorides (X), 2 9 and also as products of
the reaction of nitrosobenzene with tetramethylallene (in this
case the bifunctional product (XI) with nitrone and hydroxyl-
amine groups is formed). 3 0 In the last case, azoxybenzene
was also isolated, but only as the product of the high-temper-
ature treatment of compound (XI).

CH2

HC1

CH2=C—C—C—CH3

Ο - Ν Ν—CeH5

Ι Ι
C,H5 OH

(XI)

When examining the possible separation of a-alkenylnitrones
in the reactions of nitroso-compounds with alkenes, it must
be borne in mind31 that they are stable only when they have
a structure capable of undergoing tautomerisation to give
more stable forms (for example, the alkenylquinonimine oxide
(XII), isomeric with the expected nitrone, is obtained from
nitrosophenol and 2-methylpent-2-ene)3 1 '3 2 or have a high
degree of resonance stability (the nitrone (VIII), isolated in
the reaction of nitrosobenzene with safrole).

R»—CH—CH

Ο C-R»

i
(ΧΠΙ)r

N-»O
II
\

\ /

ο
(XII)

OH

CHt—N-C.H,

C,H6—C—CH=N-O
I I

HO—Ν C,Hj

C«HB
(XIV)

Unstable α-alkenyl-N-arylnitrones may undergo intramolec-
ular cyclisation or react further with the alkene and the unre-
acted nitroso-compound. 3 3 ~ 3 8 These reactions naturally also

take place with comparatively stable nitrones, but under more
severe conditions; for example, the isoxazoline ring (XIII)
is formed by intramolecular cyclisation.

The instability of the products of the reactions of nitroso-
compounds with alkenes is confirmed by the data of Ref.39.
The author cited considers that at low temperatures (-10 °C),
nitrosobenzene reacts with α-methylstyrene to form the 3:1
adduct a- [ 1-phenyl-l,2-di(N-phenylhydroxylamino)ethyl]-
N-phenylnitrone (XIV), which subsequently at room tempera-
ture loses one N-phenylhydroxylamine fragment to form the
cyclic 2:1 adduct, a substituted isoxazoline. Another exam-
ple is the thermal rearrangement of alkenylquinonimine N-oxides
(XII), formed as indicated above by the reactions of nitroso-
phenols with 2-methylpent-2-ene, to give O-alkenyl quinon-
imine oxime ethers (XV).32 This rearrangement, which is
analogous to the familiar thermal rearrangement of allylamine
oxides into O-alkenylhydroxylamines1*0"1*2 and of nitrones into
O-alkenyl oxime ethers,1*3'1*1* takes place only at comparatively
high temperatures (100—120 °C) so that oxime ethers were
found in appreciable quantities only in the products of the
reaction of nitrosocresols with 2-methylpent-2-ene, which
requires high temperatures.

The main products isolated13'31'1*5 in the reaction of 2-methyl-
pent-2-ene with p-nitrosophenol and N,N-dimethyl-p-nitroso-
aniline are the corresponding p-substituted alkenylanilines
(XVI).

a) Ri = R* = H; b) R» = H, RJ = CH3;

in

ή
(XVI): X = OH, Ν (CH3>,

A characteristic feature of the reaction conditions in Ref. 31
is a 12-fold excess of the alkene. In this case, in addition
to the p-substituted N-alkenylanilines, the authors cited iso-
lated a large number of resinous products, which they believed
to be condensed nitrone structures. A small quantity of
azoxybenzenes, azobenzenes, and primary p-substituted ani-
lines, products of side reactions, was also obtained.

The comparative simplicity of the single-stage synthesis of
N-alkenyl-p-phenylenediamines—a new class of effective anti-
oxidants—by the reaction of N-substituted p-nitrosoanilines
with alkenes"*6 makes this process fully competitive with the
industrial method for the production of familiar antioxidants
with a similar structure, namely N-alkyl-p-phenylenediamines,
which are usually obtained by hydrogenating nitroso-com-
pounds followed by reductive alkylation of the anilines with
ketones. **7

Another possible final structure is indicated in Ref. 48,
where the products of the reaction of N-methyl-N, 4-dinitroso-
aniline with alkenes are assigned the anil structure; the
reaction with 2-methylpent-2-ene gives the 1:1 adduct (XVII),
and the reaction with methylcyclohexane gives the 2:1 adduct
(XVIII). The authors of Ref. 13 consider, however, that the
data given in Ref .48, on the basis of which the functional
group in the final products (XVII) and (XVIII) was identified
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as the azomethine group, can equally be related to an azo-
tnethine oxide (nitrone).

H 3 C X

H.C-
^C—C—CH.—CH 3

Ί

6
H 3 C—\—NO

(XVII)

C H a - N - ^

NO C—CH2

C'H CH2

CH3 N - ^ _
(XVIII) '

NO
. I
>-N-CH3

The cyclic products of the reaction of nitroso-compounds with
alkenes not containing γ-protons, which are apparently the
main final products or intermediate products in the case of
allyl alkenes, have been reported to contain not only cyclised
nitrones but also oxazetidines1*9"51 or compounds containing
hydroxylamine and oxazetidine groups. 5 1 Thus in the opinion
of the authors of Ref .51, the 2 :1 adduct of trifluoronitroso-
methane and isobutylene has the structure (XIX).

HO
I

CH, \

CF3NCH2-C-CH2 R-N-OH
C F ' - N - O (XX), R=CF3, C6F6

(A1AJ

Some authors 2 5 ' 5 1 ' 5 2 consider that the final products of the
reactions of alkenes with fluorinated nitroso-compounds are
alkenylaryl- or alkenylalkylhydroxylamines (XX). Most
workers, however, believe that substituted hydroxylamines
are only intermediate compounds, and undergo further trans-
formations , discussed below.

Analysis of published data on the structure of the final
products of the reactions of nitroso-compounds with alkenes
containing allyl hydrogen leads to the following conclusions:
1) in a large excess of the alkene, the reaction apparently
takes place mainly to give the secondary amine and the nitrone
or its transformation products; 2) in the absence of an excess
of the alkene, appreciable quantities of azoxy-derivatives are
found in the reaction products; 3) for perfluorinated nitroso-
compounds, the formation of compounds with hydroxylamine
or oxazetidine groups as final products is possible.

1167

The possibility of ene synthesis with subsequent oxidation
of the alkenylhydroxylamine to a nitroxide radical was con-
firmed in Ref. 25, where the ene adduct of pentafluoronitro-
benzene and tetramethylethylene was isolated in quantitative
yield. Trifluoronitrosobenzene reacts similarly with an
alkene. Many other authors also regard ene synthesis as
the initial stage of the reactions of nitroso-compounds with
alkenes. 2 0 ' 1* 6 ' 5 2 ' 5 4 ' 5 5 The study of the reactivity of alkenes
with different structures in the ene reaction is of considerable
interest. The reactivity of butenes towards trifluoronitroso-
methane decreases in the followingorder:55cis-CH3-CH=CH-CH >
irans-CH3-CH=CH-CH3 > (CH3)2C=CH2 > C H 3 - C H 2 - C H = C H \
which is apparently determined by the nucleophilic character
of the double bond in the alkene molecule and by steric fac-
tors. The presence of electron-acceptor substituents on the
allyl carbon atom decreases the reaction rate considerably
A similar conclusion was reached5 6 in a study of the kinetics
of the reactions of alkenes with different structures with
N,N-dimethyl-p-nitrosoaniline, which established that the
highest rate in this reaction is shown by alkenes with the iso-
structure, containing an internal double bond on the tertiary
carbon atom. A study of the kinetics of the reaction showed
that it is formally of first order with respect to both reagents
in a large excess of one of them.

To prove that a reaction is an ene reaction, it is important
to establish the exact position of the hydroxylamine group in
the chain or, if this is impossible because of the ease of oxi-
dation of the hydroxylamine, to establish the position of the
resulting nitroxide radical from the hyperfine structure of
the EPR spectrum. Thus the presence or absence of hydro-
gen on the α-carbon atom (relative to the nitroxide group)
has a significant influence on the EPR spectrum. Contradictory
data are also obtained with this approach, however. Thus
the product of the reaction of allyl halides with trifluoronitro-
somethane according to some authors 5 5 is the one adduct (XXI)
and according to others 2 0 the isomeric product (XXII).

CF 3-N-CH 2-CH=CHX CF3-N'-CH=CH-CH2X

OH
(XXI)

OH
(XXII), X=C1, Br

2. Mechanism of the Primary Stage of the Reaction

Most workers who have studied the reactions of C-nitroso-
compounds with alkenes containing γ-protons consider that
the initial stage is the ene addition of the nitroso-compound
to give an unsaturated hydroxylamine. However, since these
hydroxylamines are unstable and can be isolated and identified
only in rare cases, there are other ideas regarding the pri-
mary stage.

The possibility of an ene reaction between a nitroso-com-
pound and an alkene containing hydrogen on the ct-methylene
carbon atom was first reported in 1965.53 Data were soon
published2 8 on the formation of a stable alkenyl aryl nitroxide
radical, obtained by oxidising an extremely reactive alkenyl-
arylhydroxylamine—an adduct of nitrosobenzene or some of
its ο-, m-, and p-derivatives with tetramethylethylene, chosen
as an alkene whose symmetry makes it possible to obtain a
resolved triplet in the EPR spectrum of the reaction product.
The intermediate unstable alkenylarylhydroxylamine could not
be isolated, and its formation was proved indirectly.

Nevertheless, many authors give irrefutable data which indi-
cate that the ene adduct is formed, that is that the nitrogen
of the nitroso-group is added to the carbon of the double
bond with the simultaneous transfer of the allyl hydrogen to
the oxygen of the nitroso-group and prototropic displacement
of the double bond. One interesting proof is the formation
of a cyclic hydroxylamine by an intramolecular ene reaction
in nitrosoalkenes:5 7

Ri

OH

The nitroso-group adds on to the a- or β-unsaturated car-
bon atom, depending on the nature of the allyl hydrogen atom.
The primary and secondary γ-protons are approximately equally
readily transferred to the oxygen atom of the nitroso-group,
and the proton of the methine group is much more difficult to
remove. Thus pent-2-ene reacts with trifluoronitrosomethane
to give a mixture of isomers (XXIII) and (XXIV) as a result
of the transfer of a hydrogen atom from the CH3 and CH2

groups respectively, whereas with 4-methylpent-2-ene, where
there is a choice between CH and CH3 groups, only compound

\ / —

Ν

0

\ /
li ' R 1

R2
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(XXIII), with R = iso-C3H7 ) is formed.

C H 3 - C H = C H — C H 2 — C H 3 —

CH 3

CH 3 —CH=CH—CH—CH 3 —

CH 2 =CH—CH—R + /CH 3 —CH—CH=CH—CH 3

CF 3 —N—OH

(XXIII)
CF 3 —N—OH

(XXIV)

For alkenes with the iso-structure, the position at which the
nitroso-group is added depends not only on the nature of the
allyl hydrogen but also on the electronegativity of the carbon
of the double bond. Thus an analysis of the EPR and NMR
spectra58 established that nitrosobenzene reacts with 2-methyl-
pent-2-ene to give an ene adduct at the =CH—fragment of
the alkene molecule.

Different views of the mechanism of formation of the ene
adducts of nitroso-compounds with alkenes, in particular of
the structure of the intermediates, have been put forward.
In Ref.20 it is stated that the reaction of a nitroso-compound
with an alkene gives initially a 2:1 donor—acceptor complex,25

in which the alkene is generally the donor, and the nitroso-
compound the acceptor. An exception is provided by acry-
lates or vinyl compounds with strong electron-acceptor sub-
stituents, where at increased temperatures the unsaturated
compound may act as the electron acceptor, and the nitroso-
compound as the electron donor. The decomposition of this
complex to give 1: 1 adducts, for example for the reaction of
trifluoronitrosomethane with propene, takes place according
to the scheme:

Ο
Τ e

CF3NCHSCHCH, —

C F 3 N - O 3

(XXV)

• CF3NO® + CF3N (Ο") CH2CHCH3

- C F . N O " * CF3NCH2CHCH3-*CF3NCH2CH=CH2-»CF3N (Ο')CH,CH=CH,

0 9 OH

The author cited bases his idea of a single redox mechanism
for this process on the reactivity of alkenes with different
structures, which is consistent with the values of the ionisa-
tion potentials, characterising the donor properties of the
alkene,59 and also with the tendency of the alkenes to form
charge-transfer complexes with other acceptors,60 and the
reactivity of alkenes in reactions with electrophilic reagents.61

According to another opinion,50 the reaction involves the
formation of a four-membered oxazetidine ring, which subse-
quently breaks down to give the hydroxylamine derivative.

These ideas have been criticised,55 however, and as proof
of the absence of the zwitterion intermediate (the bipolar ion
(XXV) in Ref.20), the reaction with 0-pinene, which is not
accompanied by rearrangement, is considered.

The heterolytic, and not homolytic, character of the first
stage of the reaction of a nitroso-compound with an alkene is
confirmed by the addition to the alkene carbon, and not to
the carbon which was initially the allyl carbon.

In Ref.25 it is considered that the intermediate state of the
ene reaction is a six-membered internal associate, and this
reaction is regarded as a familiar "synchronous transfer"
reaction.

R — N = 0

I \

R—Nr=r=

A- -
ι c \

Η

C = C -

According to these ideas, the formation of the secondary amine
(XXVII) as the product of the reaction of pentafluoronitroso-
benzene and trans-but-2-ene is explained by the role of the
steric factors in the intermediate state (XXVI) of the ene
reaction.25

C6FSNO Η,, Ct iF5NH·

(XXVI) (XX VII)

The recent increased interest in ene reactions with different
enophiles such as oxygen,62"64 triazolinediones,65'66 and com-
pounds with S=N bonds,67 however, has led to a re-examina-
tion of the idea of a six-membered intermediate state.

Thus a study of the isotope effects produced by the deu-
teriation of tetramethylethylene led to the conclusion that its
reaction with pentafluoronitrosobenzene takes place in two
stages,52 and that the first stage of the process, which is
the limiting stage, gives a three-membered cyclic compound,
an aziridine oxide, which subsequently undergoes rapid
splitting of the C—Η and C—Ν bonds to give the ene product:

.OH

+ C,H6NO-

The t rans format ions of t h e ene p r o d u c t , including the for-
mation of n i t rox ide r a d i c a l s , will be examined below. It has
been s u g g e s t e d , however, t h a t ni t roxide radicals in t h e reac-
t ions of ni t roso-compounds with alkenes a r e not necessar i ly
formed b y t h e oxidation of an intermediate a lkenylhydroxyl-
amine, p a r t i c u l a r l y since paramagnet ic species have also been
obtained in t h e react ions of ni troso-compounds with u n s a t u -
r a t e d compounds not containing allyl h y d r o g e n , that is in
cases where t h e formation of an ene adduct is impossible.
These species have been o b s e r v e d in react ions with s ty rene, 2 2

trifluorostyrene, 2 1 vinyl acetate, and derivatives of acrylic
acid (these paramagnetic species were assigned the corre-
sponding radical—cation and radical—anion s t ructures 2 0 ) .

Thus a s tudy 6 8 of radical processes in a nitroso-com pound-
alkene system (for the reactions of nitrosobenzene and p-chloro-
nitrosobenzene with oct-1-ene, cyclohexene, butadiene, and
cycloheptatriene) leaves open the question of the mechanism
of the first stage of the process. The following reaction
scheme is given:

ArNO+CH2=CHR-+ArN(O*)CH2-CHR (1)

2ArN (0#) CH2—CHR-»-[ ArN (O') CH2—CH (R)—]2 (2)

ArNO + ArN (O·) CH2-CH—CHR^ ArN (0-) CH2CH=CR; + ArNHO'(3)

ArNO + ArN (O) CH2-CHR -> ArN (O) CH=CHR + ArNHO' (4 )

ArNO + ArN (O)CH2—CHR"-». ArN (0)CH2CH (R)-N(O')Ar (5)

The biradical formed according to.Eqn.( l) reacts rapidly
according to Eqns.(2)—(5) to give other radicals which are
then transformed more slowly by disproportionation, recom-
bination, or reaction with the starting materials to give nitrones,
hydroxylamines, azoxybenzenes, etc.

The approach in Ref.68 to the determination of the mechanism
of the primary stage of the reactions of nitroso-compounds
with alkenes appears too cautious; the nitroxide radicals are
most probably formed by the oxidation of the intermediate
alkenylhydroxylamine by the nitroso-compound. Data con-
firming this view are given below.

3. The Mechanism of the Subsequent Stages of the Reactions
of C-Nitroso-compounds with Alkenes

The examination of the mechanism of the subsequent stages
of the reactions of nitroso-compounds with alkenes should
essentially be concerned with the reactions of disubstituted
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hydroxylamines with nitroxide radicals, that is the interme-
diates whose formation (at least one of them) is postulated by
most authors.

a) Reactions of disubstituted hydroxylamines

The chemistry of alkylarylhydroxylamines and alkenylaryl-
hydroxylamines has been little studied; most data relate to
their decomposition and oxidation.

The chief products of the thermal decomposition of these
compounds are a nitrone and a secondary amine, 6 9 ' 7 0 formed
by the disproportionation of two moles of the disubstituted
hydroxylamine. It has been confirmed13 that the decomposi-
tion is of second order with respect to the hydroxylamine, and
that the decomposition rate depends on the nature of the sub-
stituent; electron-donor substituents increase the reaction
rate. A study of the thermal decomposition of p-substituted
N-phenylhydroxylamines showed that the reaction products
are nitrones and azoxy-arenes. 1 3 Another possible direction
of transformation of substituted hydroxylamines when heated
is dehydration to give an azomethine.1*8

However, the most important reaction of alkenylarylhydrox-
ylamines as intermediate products of the reaction of nitroso-
compounds with alkenes is undoubtedly their oxidation by
oxygen in the reaction mixture or, if it is not present, by
the unreacted nitroso-compound.

The mechanism of this reaction can be considered. Thermo-
dynamic studies have shown 7 1 ' 7 2 that stable radicals X' may
be produced by the removal of only mobile hydrogen by the
reaction:

RN = O+XH->-RNHO'+X' (6)

The low dissociation energy of the OH bond in alkenylaryl-
and alkenylalkylhydroxylamines73 facilitates this reaction.
Reaction (6), which involves molecular homolysis by the rup-
ture of a simple bond under the influence of the reagent, in
the opinion of the authors of Ref.72 corresponds more closely
to the experimental data than two other reactions which may
give radicals, namely the reaction of two π-systems to give
biradicals, and donor—acceptor electron exchange to give two
radicals or a radical—ion. 71* Under certain conditions, the
last type of homolysis is probably involved in the reactions
of nitroso-compounds with unsaturated compounds not con-
taining γ-protons.

Direct proof of the formation of nitroxide radicals in the
reactions of nitroso-compounds with hydroxylamines has been
given. 7 5

Evidence of a reaction of type (6) between a nitroso-com-
pound and an N-substituted hydroxylamine is also provided
by recent data on the formation of nitroxide radicals in the
reactions of nitroso-eompounds with other compounds con-
taining active hydrogen: carbonyl compounds capable of
enolisation, thiols, and phenols,51* thiophenols,7 6, imines in
the enamine tautomerie form,7 7 diketones, 7 8 etc.

At the same time, the importance of the photolysis of nitro-
so-compounds in the production of nitroxide radicals in a
reacting system has been emphasised:7 2 the light source may
be natural light or ordinary artificial laboratory illumination.

R'+RNO-^NCT

Nevertheless, most authors attribute the formation of nitroxide
radicals in the reactions of C-nitroso-compounds with alkenes
to the oxidation of an intermediate hydroxylamine,20'25'28'55'57'58

the oxidant usually being the nitroso-compound itself (when
the reaction is carried but in an inert medium), although if
the aim is to obtain the nitroxide it is possible to introduce
oxidising agents specially, for example silver oxide79 or iodine.80

The last paper is of particular interest, since it proposes a
general method for synthesising cyclic nitroxides by the action
of iodine on 6 , ε-unsaturated nitroso-compounds.

/ \
N = O

Ν—Ο'

There are very few published data on the final oxidation
products of disubstituted hydroxylamines. The final products
of the oxidation of N-benzyl-N-phenylhydroxylamine by dif-
ferent p-substituted nitrosobenzenes are the α,Ν-diphenyl-
nitrone and p-substituted azoxybenzenes.13 When the aromatic
nitroso-compound contains strong electron-donor substituents,
an appreciable quantity of derivatives of primary amines is
found in the reaction mixture, in addition to azoxybenzenes.

From their experimental data and an analysis of published
data, the following scheme was proposed for the reactions of
nitroso-compounds with alkenes containing an allyl hydrogen
atom: 1 3

R3

R /\/
ArNO+\/ I

/I H
R*H

/ | \ H
- R HO—N—Ar_

-H.0 \
/

R'1
N—Ar

R3
R 3

R1

HNAr
eO—N®

Ar

Ri e O — N ®

Ar

' ArNH2 -f ArN=N (O e ) Ar

ArN=N®(Oe)Ar-f HjO

According to this scheme, the first stage of the reaction is
an ene reaction, leading to the formation of an alkenylaryl-
hydroxylamine, which subsequently undergoes transforma-
tions characteristic of disubstituted hydroxylamines: oxidation
(c), thermal decomposition ( b ) , and dehydration (a) to give
the nitrone, azoxybenzene, amines, and an azomethine.

An undoubted advantage of the proposed scheme is that
the authors tried to use known reactions to explain the trans-
formation of N-substituted hydroxylamines into products which
in the opinion of many workers are the final products of the
reactions of nitroso-compounds with alkenes containing an
allylic hydrogen atom.

At the same time, the scheme has a serious shortcoming,
in that it ignores the fact that nitroxide radicals are formed
in the reactions of nitroso-compounds with alkenes, and the
relationship between the structures of the radicals and the
final products.

Since there are no published data on this relationship,
those reactions of nitroxide radicals which can apparently
take place during the formation of the products of the reac-
tions of nitroso-compounds with alkenes will be considered.

b) Reactions of nitroxide radicals

The chemistry of nitroxide radicals is a widely studied field,
to which a large contribution has been made by Soviet scien-
t i s t s . 8 1 " 8 3 The thermodynamic stability of nitroxide radicals
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is determined by the degree of delocalisation of the unpaired
electron between oxygen and nitrogen (XXVIIIa, b ) ; for
dialkyl nitroxides the delocalisation energy is ~30 kcal mole"1.

R1 R1

R 3 R»

(XXVIIIa)

:O:e

I
N

\R»
R3 R6

(XXVIIIb)

In general, the stability of the free radicals correlates well
with the dissociation energy of the bonds broken on radical
formation.

Vhus reactions such as the oxidation of hydroxylamines
having a low energy of removal of the hydrogen of the hydroxyl
group 7 3 or the "spin capture" of carbon-centred radicals by
spin traps such as nitroso-compounds and nitrones81* lead to
the rapid formation of nitroxide radicals.

An important condition for the stability of disubstituted
nitroxide radicals is the absence of hydrogen atoms on the
α-carbon atom.8 5 At the same time, monosubstituted nitrox-
ides and dialkyl or alkyl aryl nitroxides containing methyl,
methylene, or methine groups in the α-position, that is the
radicals most frequently formed in the reactions of nitroso-
compounds with alkenes, are generally insufficiently stable,
and undergo recombination and disproportionation, and also
react with reagents or intermediates in the reaction system.

The chemical properties, in particular the ability to undergo
recombination and disproportionation, of mono- and disubsti-
tuted nitroxides can be considered separately.

Monoaryl and monoalkyl nitroxides. The oxidation of
N-phenyl-hydroxylamine by nitrosobenzene to give the phenyl
nitroxide radical was first reported in Ref.86; the study of
this reaction in different media shows that it gives azoxyben-
zene; the intermediate is a radical-anion in the presence of
a strong base, and a nitroxide radical in the absence of a
strong base.

A study of the kinetics of the decomposition of methyl, iso-
propyl, t-butyl, and phenyl nitroxides in solution71 estab-
lished that both reversible disporportionation to hydroxyl-
amino- and nitroso-derivatives, and slower recombination to
give an azoxy-compound, take place. For the phenyl deri-
vative , the equilibrium constants and rates of the following
reactions were calculated:

2C eH5NHO·

··£ CeH5NHOH + C,HSNO

Js*°-> CeH5N=NQH5 + H2O

Ο

(7)

(8)

The authors assume, however, that direct condensation of
nitrosobenzene and N-phenylhydroxylamine to give azoxy-
benzene may take place.

At the same time, a study of the catalysis of this reaction
using Fe2+ and Fe3 + salts 8 7 showed that the formation ofazoxy-
benzene undoubtedly involves the dimerisation (recombination)
of the nitroxide radical, that is according to Eqn.(8).

Important results were obtained in a study of the depen-
dence of the stability of nitroxide radicals on the concentra-
tion in the solution. The rate of the decomposition of these
radicals increases with decrease in their concentration.7 1 '8 6

Disubstituted nitroxide radicals. The most stable radicals
are di-t-alkyl nitroxides. In contrast to this, nitroxides
having at least one hydrogen atom on the α-carbon atom usu-
ally disproportionate to hydroxylamines and nitrones. Accord-
ing to Refs.88 and 89, the mechanism of this reaction involves
the dimerisation of the nitroxide and the subsequent slow
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decomposition of the diamagnetic dimer:

_0—0—N'/

—Η Η — c /

(XXIX)

\

\ ι .
j/ \

N- *0

-

HO—Ν

H / C

Λ'—0·

The participation of the α-hydrogen atom in the limiting
stage of the process was proved by replacing it with deute-
rium. The reaction shows a strong isotopic effect (JCJJ/JCD = 9)?3

At the same time, the structure of the dimer (XXIX) is not
considered to have been proved, 9 0 ' 9 1 since a thermochemical
examination of the process 8 8 ' 9 1 indicates that the formation of
the O-O bond is endothermic, with an energy expenditure of
28 kcal mole"1. The formation of at least three types of
dimer with O-N, O-C, and Ν—Ν bonds has been reported. 9 2

In a study of the decomposition of t-butyl isopropyl nitrox-
ide radicals, doubt was cast 9 3 on the mechanism involving
dimerisation, and the following scheme was given for the pro-
cess :

(XXX) (XXXI) (XXXII)

(XXXVIII)

According to this scheme, the disproportionation of the nitrox-
ide radicals (XXX) gives a hydroxylamine (XXXII) and a
nitrone (XXXI), which being an excellent spin trap reacts
with the original nitroxide radical to give an unstable second-
ary radical (XXXIII); decomposition of the latter gives prod-
ucts such as the alkane (XXXIV), the dimer of the nitroso-
compound (XXXV), the oxime (XXXVI), the ketone (XXXVII),
and the secondary amine (XXXVIII). Under certain condi-
tions, the nitrone may be formed not by the disproportiona-
tion of the nitroxide but by its oxidation by an oxidant present
in the system; this takes place in the formation of dibenzyl
nitroxide from dibenzylhydroxylamine.91*

Aryl t-alkyl nitroxides are much less stable than di-t-alkyl
nitroxides. At first sight this fact is difficult to explain,
since in the aryl derivatives the phenyl ring provides an
additional region for delocalisation of the unpaired electron,
and this should have led to an increase in the stability of the
radical. The reason for this phenomenon is the dimerisation
of the aryl t-alkyl nitroxides by the formation of a bond
between the oxygen atom of the nitroxide and the para- or
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ortho-positions of the benzene ring with subsequent decom-
position of the dimer to the p-benzoquinone-N-t-alkylimine
(XXXIX) and N-t-alkylaniline (XL). 9 5 " 1 0 0

R\ R\ C (CH3)3

2 /^)-N-C(CH3)3- ^ H / - ^ \ H

R'/~ d· R-/""

-O=/=\=NC(CH3)3 +

ό
(XXXIX)

The formation of the dimer is inhibited by the presence of
substituents in the ortho-position, which prevents the delo-
calisation of the electron density of the nitroxide group and
hence decreases the spin density in the aromatic r ing . 9 8

Bulky substituents in the para- or meta-positions also sta-
bilise the radical as a result of the production of steric hin-
drance for radical a t tack . 9 5 ' 9 8 ' 1 0 0

The influence of the structure of substituents on the sta-
bility of nitroxide radicals is effectively illustrated not only
by their decomposition but also by their ability to recombine
with hydrocarbon radicals. Thus aromatic nitroxides react
with triphenylmethyl,1 0 1 whereas nitroxides with aliphatic
substituents do not react with i t . 1 0 2

Vinyl nitroxide radicals represent another important type
of paramagnetic species for the chemistry of homolytic pro-
cesses taking place in the reactions of nitroso-compounds with
alkenes. These radicals may be formed either according to
the scheme proposed in Ref.68 or by the oxidation of nitrones
containing a hydrogen atom in the β-position, which in the
opinion of many authors are among the main products of the
reactions of nitroso-compounds with alkenes. As might have
been expected, vinyl nitroxides are further stabilised by the
delocalisation of the unpaired electron by conjugation with
the vinyl group. At the same time they are fairly reactive.103

The recombination of vinyl nitoxide radicals (XLI) to give
nitrones (XLII) takes place by the formation of a C—C bond
in the g-position.

:3) (R4)—C (R3) (R4)—C (R=)=N—R

Ο

2 Ri—N—CR2=CR3R« -> R 1 —N=

/ (XLI) (XLh)

Nitroso-compounds, nitrones, dienes, etc. also add on to
the β-position of the vinyl group. The length of the chain
is increased, with the formation of substituted nitroxide rad-
icals. 1 0 3 These data illustrated a familiar fact in the chemis-
try of nitroxide radicals: the dependence of their stability
and reaptivity on their structure is determined by a combina-
tion of ihermodynamic and kinetic factors, that is the degree
of delocalisation of the. unpaired electron and the steric hin-
drance Λ the atoms with a high spin density.

Thus analysis of published data on the reactions of nitroxide
radicals shows that the compounds detected in the products of
their recombination, disproportionation, oxidation, etc. include
many of those compounds (azoxybenzenes, hydroxylamines,
nitrones, secondary amines) which are regarded as the main
products of the reactions of nitroso-compounds with alkenes.
This confirms that these products may be formed in the reac-
tions of C-nitroso-compounds with alkenes via nitroxide radi-
cals as intermediates.

At the same time, the indefinite nature of conclusions about
the structure of the reaction products is apparently due to
the wide range of possible directions for the reactions of
nitroxide radicals, characteristic of all homolytic processes,
the results of which depend on the structure of the starting

materials and on the reaction conditions. These reactions
generally have a low selectivity and often give mixtures of
products.

IV. CHARACTERISTIC FEATURES OF THE REACTION OF
NITROSO-COMPOUNDS WITH DIENE POLYMERS

The study of the reaction of nitroso-compounds with diene
polymers to determine the reaction mechanism is difficult,
because of the difficulty of isolating and identifying the func-
tional fragments; on the other hand, however, this study
extends the possibility of estimating the changes in the dimen-
sions of the molecules taking place in the course of the reac-
tion.

The reaction of nitroso-compounds with natural cis-1,4-poly-
isoprene was first studied in Ref.26, and in more detail in
Ref.104, where a reaction scheme was proposed, based on the
reaction of three moles of the nitroso-compound with one mono-
mer unit, leading to the formation of two isomeric conjugated
nitrones and azoxybenzene.

NHOH

CH3

_ C H , - C = C H - C H S - J r t

— C H = C — C — C H 2 — "
' II

CH3 N - 0

Κ

+ n
(XLII I)

'—CH2—C C—CH2—•
II II

CH, N - . 0

NHOH

^

(XLIV)

The authors cited, however, could not decide between the
adduct structures (XLIII) and (XLIV).

In a development of these ideas, it was concluded105 that
the nitrone of "iso-rubber"f (the terminology of the authors
cited) can be obtained in pure form only by carrying out the
reaction without heating, in a nitrogen atmosphere.

This scheme was adopted by various workers as a possible
mechanism of structure formation in saturated rubbers with
C-nitroso derivatives1 0 6 and of the modification of polyiso-
prene by N-substituted p-nitrosoanilines.1 0 7

Alternative structures suggested for the functional fragment
formed in the reaction of polyisoprene with N-methyl-N,4-di-
nitrosoaniline are the anil structure,1*8 and in the reaction with
p-nitrosodiphenylamine the secondary amine6 1 1 0 8 and hydrox-
ylamine109 structures; in the last case the reaction product
is not the ene adduct but the product of the addition of the
nitroso-group to the allyl carbon (XLV).

The authors of Ref.48 describe the mechanism of the pro-
cess as ene synthesis with subsequent dehydration of the
intermediate alkenylarylhydroxylamine and the formation of a
Schiff base, whereas in Ref.109 the mechanism of the process
is described as molecular homolysis with the removal of allyl
hydrogen and the subsequent recombination of the radicals

tThe term iso-rubber refers to cis-1, 4-polyisoprene with
isomeric location of the double bonds in the 1,5- and-1, 4-posi-
tions.
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to give diphenylaminohydroxylamine in the free state or com-
bined with the polymer chain.

• CH
+ O N - N H -

CH + Η0ΗΝ-/3>-ΝΉ-<Ζ>

T h e main c h a r a c t e r i s t i c of t h e react ion of a ni troso-compound
with a polydiene is t h e d e g r a d a t i o n of t h e polymer c h a i n . In
t h e case of t h e r e a c t i o n with low-molecular-weight, a l k e n e s ,
only t h e a u t h o r s of Ref s .18 and 26, who descr ibe t h e react ion
of styrene with nitrosobenzene, note the possibility of rupture
of the hydrocarbon chain, whereas for the diene polymer the
effect of degradation is marked.

However, although in Ref.109 it is suggested that the
nitroso-compound initiates the thermo-oxidative degradation
of the polymer at a high temperature (143 °C), it has been
shown 1 0 0 " 1 1 2 that rupture of the polymer chain takes place as
a result of the chemical reaction of the polydiene with the
nitroso-compound, and that there is a good correlation between
the nitroso-compound : polyene molar ratio and the molecular
mass of the degradation p r o d u c t . 1 1 0 " 1 1 3 Conditions have
been found for the synthesis of oligoisoprenes over a wide
range of molecular masses.1 1 1*'1 1 5

Comparison of the number-average molecular masses of the
original and reacted polyisoprene with the number of func-
tional groups combined with the rubber shows that an average
of about two molecules of the nitroso-compound is added on
for every rupture of the macromolecule.113 A more detailed
analysis of the molecular structure of the oligoisoprenes
formed116 showed that the maximum of the distribution of the
oligomer with respect to functionality corresponds to 2, and
the molar concentration of bifunctional molecules reaches 40.
At the same time, an appreciable quantity of mono-, tr i-,
tetra-, and pentafunctional molecules, and a small quantity of
molecules of higher functionality, were detected in the oligo-
mer.

These experimental data, together with the results of a
study of the kinetics of the reaction (first order with respect
to the nitroso-compound in an excess of the polymer)1 1 3 and
an analysis of the structure of the final products 1 1 7 led to the
proposal of the following scheme for the degradation and sub-
sequent branching of the polymer molecules:

—CH = C ί- —CH C— -4- —CH -J- C—

,N-*0 N-»O N-.i

/\ /X /\ /\

\ /

ι ι ι ι
X X X X

—c

ι ι
XX

-'•—C—CH

Κ L
Ι ι \ /

Ο

X

X = N(C 2 H 5 ) 2 , NHCeH5

According to this scheme, the final reaction products are
nitrones or the products of their transformation. 1 1 3 ' 1 1 7

At the same time, Japanese workers isolated,1 1 0 in addition
to degradation products which were also identified as poly-
meric nitrones, side products: an aldehyde (or ketone) and
azoxybenzene.

CH 3

- CH,—C=CH—CHj—C

CH3
CH 3 CH 3

I I
~ CH2-C=CH-CH2-C=O +

In contrast to the reaction in solution, the reaction of cis-
1,4-polyisoprene with p-nitrosodiphenylamine in the mass at
high temperatures is often accompanied by the formation of a
cross-linked rubber. According to Ref.109, structure for-
mation takes place by the recombination of the hydrocarbon
polymeric radicals produced in this reaction. A specific
feature of the chemical modification of diene polymers by so-
called small additives is that the process is carried out in a
large excess of one of the reagents (the polymer), so that
some of the reactions which are observed in the reaction of
equimolar quantities of the nitroso-compound and the alkene
or in an excess of the nitroso-compound cannot be observed
in this case.

Even with allowance for this characteristic feature, however,
and also for the specific features of the transformations in the
polymer chains, it must be said that the schemes given for the
reactions of nitroso-compounds with diene polymers are over-
simplified , and do not take critical account of the extensive
experimental material accumulated in the study of the mech-
anism of the reaction of a nitroso-compound with low-molec-
ular-weight alkenes, so that they require, at the least, serious
refinement.

oOo

Progress in fundamental and applied studies of the use of
C-nitroso-compounds as paramagnetic inhibitors, spin traps,
stabilisers and modifiers of rubber and plastics, and pro~i
moters of the reaction of rubber with technical carbon has
stimulated interest in the investigation of the mechanism of
the reactions of nitroso-compounds with alkenes. For this
reaction, as for other processes involving the formation of
extremely reactive intermediates, the possible directions of
the reaction and the structures of the final products depend
on the nature of the substituents in the reagents and on the
reaction conditions. In this respect, each new study carried
out on individual representatives of both classes of compound
extends the picture of the reaction as a whole.

Many general features of the reactions with alkenes with
and without an allyl hydrogen atom have now been established,
however. These general characteristics apparently include
the heterolytic character of the first stage of the addition,
attack by the nitroso-compound on the carbon atom of the
double bond, the formation of paramagnetic species in one of
the subsequent stages, etc.

The achievements in the application of C-nitroso-compounds
have increased interest in their reactivity and the mechanism
of their reactions with alkenes; the data obtained have in
turn led to new ideas for the practical utilisation of this reac-
tion.

Thus the experimentally observed rupture of the hydro-
carbon chain in the reaction of a polymeric alkene with a
nitroso-compound has made it possible to synthesise for the
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ion first time an oligoisoprene with the cis-structure with func-
tional polar groups, that is a material which has not yet been

nd prepared by polymerisation methods. The paramagnetic
species in the reaction system under certain conditions can be
used to initiate the radical grafting of unsaturated polar com-
pounds to an unsaturated hydrocarbon substrate.

There is no doubt that this extremely important reaction in
organic chemistry will continue to attract the attention of
research workers for a long time.
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