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thermodynamic characteristics of the phase transforma-
tions of the various complexes of aluminium hydride, etc.

We therefore consider that future work in the field of the
complexes of aluminium hydride will be successful only if
physical and physicochemical methods are widely employed.
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1., INTRODUCTION

Just as half a century ago, stable radicals continue to
play an important part in the development of the theoretical
concepts of contemporary chemical science.

The discovery and the wide use of the electron paramag-
netic resonance (EPR) method was a powerful tool in the
development of this field of chemistry 3.

Stable radicals are quite useful in solving many specific
problems arising during the course of chemical, physical,
and biological experiments.

This class of substances is successfully used in studying
the rates of initiation of chain reactions, in catalysis, and
in photochemical and quantum-chemical investigations.

After the discovery and study of the phenomenon of
dynamic nuclear polarisation, stable radicals with a simple
hyperfine spectral structure became used in the construc-
tion of high-sensitivity magnetometers and “Maser” type
devices.

In recent years several reviews and monographs devoted
to free radicals have appeared*~!?, in which little mention
has been made of an important class, the paramagnetic
derivatives of nitrogen monoxide.



Vol.35 No.?

RUSSIAN CHEMICAL REVIEWS

September 1966

The main focus of the present review is the structure,
reactivity, and methods of preparation of the compounds of
this class; radiospectroscopic investigations receive less
detailed consideration and problems relating to the quantum
chemistry of free radicals are not discussed in this review,

2. PARAMAGNETIC NITROGEN OXIDES

The simplest free radical of this series is nitrogen
monoxide:

N=0.
Despite the presence of a free valency, nitrogen monoxide is
considerably less reactive than atomic hydrogen or chlorine
and under ordinary conditions it does not dimerise, unless
it is present in the liquid (b.p. -151.7°C) or solid (m.p.
-163.6°C) states'*"17,  On the basis of spectroscopic inves-
tigations of solid nitrogen monoxide it can apparently be
ascribed the structure 18-29;

The valence state of nitrogen monoxide can be written as:
NO [KK (N : 25)2 (O : 25)2 (02p)? (20}t (n*2p)’],

where the completely filled orbitals (02p)%(n2p)* correspond
to a triple bond, and (7*2p) contains an unpaired electron,
On transfer of the unpaired electron to the corresponding
non-bonding orbital the NO excited species behaves as if it
possessed a triple bond 2L,

The thermal stability of nitrogen monoxide is so high
that it does not decompose appreciably even at 500°.
Pauling 2 explains the unusually low level of the ground
state of the radical by quantum-mechanical resonance of
four structures:

+Ne

jo—2z|
!
|o=—=2|
!
|jo==2|
|
15—.—z|

As the two partly ionic structures have approximately equal
“weight”, the resulting dipole moment of the species shoulid
be close to zero. The dipole moment 2® obtained experi-
mentally was in fact very low (u = 0.16 D).

Nitrogen monoxide can be described by a single formula
using Pauling's ideas about a three-electron bond:

iNnzzol -

The gain in energy in the formation of such a bond stabi-
lises the species so much that the heat of dimerisation be-
comes negative 2, Such a structure for the radical agrees
well with the dipole moment and the measured interatomic
distance, which is intermediate between the values calcu-
lated for double and triple covalent bonds 2%

N=0

NE2O N=0

(1184) (1.154) (1.064)

The cation?® and anion?® of nitrogen monoxide have the fol-
lowing structures respectively:

IN=0))* pPN=0II-.

Nitrogen monoxide is a chemically active compound; it
is readily reduced in solution to hydroxylamine and
ammonia?. The gaseous reactions of nitrogen monoxide
with chlorine 28,2°, bromine 3°, and oxygen?®! take place by

three-body collisions, through a diamagnetic activated com-
plex, for example:

2NO+0, — [ONOONO] — 2NO;+-27 kcal.

It is interesting that when there is a very large excess of
oxygen under these conditions dinitrogen trioxide is formed
as the bimolecular reaction:

NO4-NO, — N,Oy +10 keal,
proceeds much faster than the termolecular reaction??,

The high-temperature gas reaction of nitrogen monoxide
with hydrogen is mainly termolecular 3, but transient
states with very short lifetime produced in two-body colli-
sions may occur %,

Nitrogen monoxide reacts readily with other free radi-
cals®5~%8, and hence is not only an indicator ®*® but also an
effective inhibitor of chain reactions %%,

Nitrogen monoxide forms coordination compounds, the
nitrosyls, with salts of iron, cobalt, and other transition
metals having unpaired d-electrons 42745,

Significantly, in almost all the compounds of nitrogen
monoxide the additional covalent bond is formed preferen-
tially with the nitrogen atom =8, which is evidence in
support of the structure with a free valency at the nitrogen.

In the hyperfine structure (h.f.s.) of the EPR spectrum
of nitrogen monoxide there are three transitions between
four sublevels. Each line of the rotational-magnetic struc-
ture is split into triplets with a separation of ~14.2 Oe be-
tween them. Analysis of the h.f.s. parameters of the
spectrum also leads to the conclusion that the greater part
of the spin density (~60%) is centred on the nitrogen
atom 49-%52,

Nitrogen dioxide is another stable free radical of this
series. The gain in energy on the delocalisation of the
unpaired electron does not stabilise it enough to prevent
dimerisation into dinitrogen tetroxide 33757;

2NO,; 2 NyO4+-13 keal.

Even in the vapour (b.p. 21°C) nitrogen dioxide is partly
dimerised, and in the liquid and solid (m.p. -11°C) states
it is a dimer. Only at 150°C is the gas completely dis-
sociated into nitrogen dioxide, which on further heating
(~600°C) breaks down into nitrogen monoxide and oxy-
gen 58—60:

N,O; 22 NO, 22 NO+O.
1
N0,

Sutherland and Penney®'%2 established the structure of
nitrogen dioxide ,%2,  They concluded, from an analysis
of the absorption bands, that the nitrogen dioxide species
is not linear®. The molecular parameters of NO,:

r(N—O) £ ONO,
120 132°

were determined by electron diffraction®,%, As the angle
ONO is nearer 120° than 90°, it can be approximately
assumed that the nitrogen atom is sp2-hybridised and the
o-bond is formed by the use of the electrons of the mole-
cular orbitals localised between the nitrogen and oxygen
atoms. In addition to the ten electron pairs there are
another three 2pm-electrons which can form a three-elec-
tron bond uniting all three atoms:

L R

659
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The total bond order should therefore be > 1, but < 1.5,
which corresponds to a bond length of 1.20 A. This lies
between the values for the normal N-O (1.43 A) and double
N=0 (1.16 A) bonds %6-7°,

X-Ray diffraction studies and data from entropy deter-
minations support a symmetrical structure for dinitrogen

tetroxide:
19 0l
'2>N—1‘<£.I .

Since in such a structure the neighbouring nitrogen atoms
have formal charges of the same sign it could be assumed
that the unsymmetrical structure

IO, = N=0l
'2/—2/N .
would be more stable.

The chemical properties of dinitrogen tetroxide agree
better with the latter structure, as this compound can be
used both for diazotisation™ and for nitration?.

Nitrogen dioxide is one of the most chemically active of
compounds: carbon, sulphur, and phosphorus burn in it.
Its free-radical nature is clearly apparent in its reactions
of recombination, addition, and initiation?3-76,

Exhibiting a free valency, delocalised at the oxygen and
nitrogen atoms:

s
:45\&

nitrogen dioxide almost always displays a marked duality of
reactivity in its reactions??,,

The EPR spectrum of nitrogen dioxide (Fig. 1) is a trip-
let with a separation of 47.1 Oe between the components.
Such an appreciable value for the hyperfine splitting con-
stant is apparently explained by an appreciable contribution
of the s-state in the y -function of the unpaired electron?®:

b = apy (25) + axby (207) + o (2p2).

1000e

Fig.1. The EPR spectrum of nitrogen
dioxide at 77°K,

660

In the best resolution of the spectrum into its hyperfine
structure there is a large number of components of a rota-
tional-magnetic structure due to independent quanta in the
magnetic field of the electron-spin, nuclear-spin, and
magnetic moments of the species 5%80f

3. FREMY'S SALT

Over a century ago Fremy obtained a yellow salt of com~
position K,S,0,N, which dissolved in water to give a purple-
-violet solution®!, This salt is readily obtained by the
action of lead dioxide on an alkaline solution of the corres-
ponding hydroxylimidodisulphate 82

—-H
(KO5S),NOH o (KOs NO.

The initial dipotassium hydroxylimidodisulphate can be ob-
tained by the reaction of sodium nitrite and potassium
hydrogen sulphite in aqueous solution®, The sodium 4,
tetraphenylarsonium®®, and tetraphenylstibonium?® Fremy
salts are also known.

By analogy with dinitrogen tetroxide Fremy ascribed a
dimeric structure to the solid salt which breaks down in
solution into monomeric anions®":

(KO38)q N3O, 2 4K ++-20N (SOy); .

The analogy with nitrogen dioxide is well evident in the
reaction of the salt with nitrogen monoxide and the reac-
tion of the resulting addition product with water 88;

(KOyS); NO-+-NO — (KO4S);NONO,
(KO,S); NONO--H,0 — (KO;S)3 N OH+HNO,.

The bond between the oxygen and nitrogen in the Fremy
ion is donor or semipolar, so that the unpaired electron is
delocalised between the nitrogen and oxygen atoms of the
NO group; the free ion-radical can therefore be des-
cribed with the aid of several electronic structures:

=0 « SO;5 038\ — 503" 0, . SOy
SS\_T,/ Py ¢ \1\11/ 3 ‘S\N/ 3
191 101 101

In a more general form the structure of this radical can be
represented with the aid of a formula including a three-
-electron bend:

=03\ o S05”

o

The stability§ of Fremy's salt®~% in solutions is due to
the low level of the ground state of the species which has a
three-electron bond ®7-%,

The unusual chemical properties of Fremy's salt per-
mits its use as a selective one-electron oxidant of aromatic
amines and phenols®.  Many ortho- and para-quinone
imines and quinones have been thus obtained in high
yields 1007107,

t Ref. 50 is to the EPR spectrum of nitrogen monoxide. Prob-
ably Ref. 51 is intended here (Ed. of Translation).]

1 The anion of Fremy's salt is encountered in the literature
under various names: peroxylaminodisulphonate, nitrosyldi-
sulphonate, nitrosodisulphonate, disulphonatonitroxyl, etc.

§ Anaqueous solution of Fremy's salt canbekept under ordinary
conditions for a few days %,
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Isobutyraldehyde is also smoothly oxidised by Fremy's
salt into @-hydroxyisobutyraldehyde, the reaction passing
through the stage of single-electron oxidation of the anion
of the enol 1°8;

CH,

CH; CH,
| —e | H:O |
CHy—C=CH—-0~ — CH;3~C—CHO — CH,—C—CHO.
ou

The reaction of Fremy's salt with hydrazine and hydroxyl-
amine allows it to be used for the analytical determination
of these reagents 1%,110;

4 (KOyS);NO+NsH; — 4 (KOsS);NOH+-N,,
4 (KO4S)NO+2NH,0H — 4(KO,8),;NOH+N;0+H,0.

It has been used successfully in weakly alkaline solutions as
a photographic developer 11,

A mechanistic analysis of the chemical reactions sug-
gests that almost all the radical reactions of Fremy's salt
take place at the oxygen atom of the NO group, in accord-
ance with the imidoxyl electronic structure of this radical:

KOSO,—N—SO,0K .

The EPR spectrum (Fig. 2) of the Fremy anion (in
chloroform) is a triplet with components which are equidis-
tant and of the same intensity, the distance between them
being ~13 Oe, and the breadth of each < 0.5 Oe.127114, The
hyperfine structure of the EPR spectrum agrees well with
the theoretical expectation of interaction of the unpaired
electron with the nuclear spin of the nitrogen!s, A
detailed study of the fine structure of the EPR spectrum of
Fremy's salt !167118 enabled it to be used for calibrating
radiospectrometers %8,

With the discovery of the dynamic polarisation of
nuclei 19721 (the Overhauser—Abragam effect) Fremy's
salt unexpectedly acquired exceptionally important practical
value 1227129, The Overhauser effect, which forms the basis
of the double nuclear-electron resonance method, allows
the hyperfine structure of EPR spectra of extremely dilute
solutions of free radicals to be investigated in weak mag-
netic fields, where the usual EPR method is insufficiently
sensitive.

Aqueous solutions of Fremy's salt are now being used
both in the USSR and abroad for the construction of highly
sensitive nuclear precession magnetometers 1257128,

|
Ne—

7 4 T 4 Y

Fig. 2.
salt.

The EPR spectrum of a chloroform solution of Fremy's

Fremy's salt has found an important application as the
working material in “Maser” type devices !*® and also for
studying the nature of molecular motion and the microstruc-
ture of liquids !%° by the spin~echo method 131,132,

4. NITROXIDES

The paramagnetic compounds of this class are often
called in the literature free radicals of quadrivalent nitro-
gen. The first organic radical of quadrivalent nitrogen
was obtained in 1901 by Piloty and Schwerin 33 by the
scheme:

CH,

| H  HCN
ou—c—c<N —_—
NH,

H
H s NH
' o, s
CHy

NC/N_EH NH,

H H HN, i
N v
HsC —He  HC
— H ——— NH .
H,C HsC” \§
)

|
OH o

1t is a brick-red substance, known as porphyrexidef,
which is reminiscent of nitrogen dioxide and Fremy's salts
in its chemical properties. Moreover, porphyrexide
readily displaces chlorine from hydrochloric acid, reacts
with nitric acid, with alkalis, and also with chlorine to
give mono- and di-chloroporphyrexides !*, The possi-
bility that some of these reactions take place without use
of the free valency is not ruled out. Unfortunately neither
the structure nor the paramagnetism of the porphyrexide
derivatives was established.

Later magnetic susceptibility }** and EPR spectroscopic
studies 136,137 confirmed the free-radical nature of por-
phyrexide as a nitrogen(IV) compound. The EPR spectrum
of porphyrexide is a triplet with a separation of 10 Oe be-
tween components, but the hyperfine structure of the com-
ponents of the triplet has not been interpreted unambigu-
ously. Hausser assumes!% that the complexity of the
hyperfine structure can be explained by the existence of an
equilibrium between a few valence-tautomerict forms in
porphyrexide solutions:

HNY H&_ H
S = B = 2
NH H . )—nH,.
HC N\ Hy ?=N HsC *
i o

In all the tautomeric structures of porphyrexide the
bond between the nitrogen and the oxygen is semipolar or
donor, which undoubtedly corresponds to a lower (stable)
energy level due to possible formation of a conjugated
diene or triene system of bonds by which the unpaired
electron may be delocalised.

The individual diaryl nitroxides can be sufficiently
reliably obtained by one of three methods — by careful
oxidation of the diaryl hydroxylamines 139;

~—H- .
Ar—N-—Ar ——s Ar—N—Ar,
I
OH

T Because its colour is similar to that of murexide (ammonium
purpurate).

1 [sic]. The author means tautomerism, not valency-tauto-
merism (Ed. of Translation),

661
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by single-electron reduction of corresponding alkoxyl
derivatives of the oxides of diarylammonium salts with
perchloric acid *°;

TN NS TN +
[RO < > ﬂ:ﬂ_,_on}
(¢]

and by the action of organometallic compounds on nitro-
-compounds 41

+e
- N\_N—7 N\
——s RO ]\lll . OR,
(o]

o] OM
+/ A—M { H,0
Ar—N —_— Ar—I;II—Ar — Ar—N-—Ar

N
0o- o 0

The radicals of this class are red, crystalline com-
pounds, stable in air. An important property of these
substances is their ability to retain paramagnetism even
at very low temperatures (-60°C).

The high stability of aromatic nitroxides permits their
detection in a different type of oxidising system which in-
cludes aromatic amines,

Hoskins 42 observed the EPR spectrum of diphenyl nitrox-
ide on passing oxygen through a hot mixture of toluene,
alcoholic alkali, and diphenylamine. The catalytic oxida-
tion of solutions of aromatic derivatives of naphthylamine,
methylaniline, aniline, and phenothiazine also led to the
appearance of corresponding EPR signals 3,  Apparently,
stable nitroxides can be obtained from a large number of
aromatic amines and are widely used as antioxidants and
polymerisation inhibitors. EPR has been used to study
the oxidation of many aromatic amines in the liquid
phase 14%145,  However, it must be borne in mind that the
EPR spectrum does not always give unambiguous informa-
tion about the chemical structure of the oxidation product.

The preparation of the pure free radicals of this class
is known to be difficult, which explains why only a few
diaryl nitroxides have been isolated in the free state during
the last fifty years (Table 1).

The stability of the diaryl nitroxides depends on various
factors, including the electronic and steric effects of the
substituents, the overall symmetry of the chemical species,
the nature of the crystal lattice of the material, etc.

Of the three possible structures for diphenyl nitroxide,
the first and last correspond to the maximal gain in energy
due to conjugation of the nitrogen-—oxygen bond with the
aromatic system:

N7 =Nl N TN TN
< fﬁ' O < I > g* Qs
R, Rlb
TABLE 1. Individual diarylnitroxides R,—¢ \_N_/ \/_R,
e
R M| C Stabili Ref
1 | 2 | 3 | 4 | 5 6 Pos tal fy aterences
’ dgys 139, 146, 147—155
CHy CH; 59—60 hours 146, 147
NO, |NO, 109 months 146, 156
CH,0 |CH;0 161 years o, 146, 177, 156171
CH,0 |CH30|[CH;0 CH;0 121.5—122 | unstable 140, 157, 158
CH,0 |CH;O|CH; |CH; [CH, |CH, 163 140, 158
CH,0 |CH,0|CH,0|CH, |CH;O|CH, 175 158
CH30 | CH;0 ] CH O [ CH,O | 199—200 141
CH,0 | CH;O [CH,O | 114.5—115 41

The hyperfine structure of the EPR spectrum of diphenyl
nitroxide 172 showed that it can be described with the aid of
several electronic structures of covalent and ionic type,
the relative contribution of which depends on the polar pro-
perties of the medium.

2.92.9.
& 6 O 5

The hyperfine structure of the EPR spectrum of diphenyl
nitroxide (Fig. 3) consists of three groups of lines due to
the splitting of the level of the unpaired electron at the
nitrogen nucleus. Each group is divided into a large num-
ber of components owing to delocalisation of the unpaired
electron by the m-orbital system of the aromatic nuclei and
its interaction with the protons 173,

An analysis of the spectroscopic parameters shows that
~40% of the spin density is at the nitrogen atom, 30% at the
oxygen, and 30% at the ortho- and para-positions of the
aromatic nuclei 153,

The dipole moments 15517, the intensity of the colour,
and the reactivity of the homologues and derivatives of
diphenylnitroxide are consistent with these conclusions.

Wieland and his many students '™ have made the out-
standing contributions to the study of the reactivity of diaryl
nitroxides.

Aromatic nitroxides rapidly combine at the nitrogen and
oxygen with nitrogen(Il) oxide and triphenylmethane to form
the corresponding derivatives 3%

77\ _N— / \_ . —\
"=/} > N >
NO, o

é(C,Hs)a

The principal interest lies in the reaction of diphenyl
nitroxide with nitrogen dioxide, which leads to the formation
of a new free radical, 4,4’-dinitrodiphenylnitroxide 147,178,

\~N —{__} NO, .

st ——— 0 —
>-—-N0 —H,0 N

N—o"
0

Fig.3. The EPR spectrum of a benzene
solution of diphenyl nitroxide,
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Wieland and Roth !¢ demonstrated the complexity of this
reaction, which takes place through a series of successive
stagesi:

No,
N\, 'S E——— N l
- >— = <_/"’1{‘<=—_> ~{ Lo
O [o] OH

._No_.._./ _\--N
—NO, —H- N\——_/

NO,
>—No,_—.<_/—r$ an \—No. e e,

Nitroxides are readily reduced by hydrogen iodide, zinc
dust, hydrazine, tin(Il) chloride, sulphurous acid, hydro-
gen sulphide, and hydrogen in the presence of hydrogena-
tion catalysts:

Ar—N-—Ar LN Ar—N—Ar 20, Ar—N—Ar,
I ! —Hi0
OH
An unusual exchange reaction takes place between

diphenyl nitroxide and tetra-(4-methoxyphenyl)hydrazine 17;

zanr‘ﬁl ~CgHy + N, (CiHOCHy)y ——r 2CH,OC.H.—;II‘I—C.H.OCH, + N2 (CeHy)s .

A similar exchange reaction was observed by Mébius and
Schneider 177 between 2,2-diphenyl-1-picrylhydrazyl and
the peroxide radicall™,

In recent years much attention has been paid to the
study of isotropic hyperfine structure parameters of the EPR
spectra of diaryl nitroxides. Usually the liquid solutions
of these radicals at concentrations < 10~* M show, in addi-
tion to the nitrogen triplet, a rich hyperfine structure due
to the delocalisation of the unpaired electron at the aroma-
tic nuclei and its reaction with the various ortho- and
para-substituents!%”. For example, the EPR spectrum of
bis-(4-methoxy-2,6-dimethylphenyl) nitroxide (Fig.4) con-
sits of three groups of lines reflecting the interaction of
the unpaired electron with the nitrogen nucleus (an =
=10+ 0.3 Oe). Each group has hyperfine structure com-
ponents with a binomial distribution of intensities due to
the splitting of the electronic levels at the 12 protons of
the methyl groups and 4 meta-protons of the aromatic ring
(au = 0.8 + 0.1 Oe). Hence the splitting of the level of the
unpaired electron at the methyl groups of the aromatic
nuclei serves as a direct experimental proof of the pheno-
menon of hyperconjugation. Fig. 5 shows the scheme of
the interaction of the m-orbital system containing an un-
paircd electron with the protons of the methyl group.

A special class of aromatic nitroxides is formed by the
radicals in which the nitrogen-oxygen group is conjugated
with only one aromatic nucleus. A long-known represen-
tative of this group is the so-called Banfield and Kenyon's
radical, which can be obtained by oxidation of the conden-
sation product of acetone and phenylhydroxylamine 17,17,
Several individual compounds of this class have been des-

cribed 180,181,
OOy

where R = H, 0-CH;, m-CH,, p-CH,, m-F, p-F, m-Cl,
p-Cl, m-Br, p-Br, m-NO,.

f Analogous reactions can apparently also occur with porphy-
rexide, mentioned earlier.

Ll

Fig.4. The EPR spectrum of a benzene
solution of bis~(4-methoxy-2,6-dimethyl-
phenyl) nitroxide, with the theoretically
calculated spectrum (below),

1

¢

e

Fig.5. Scheme of the overlap of the electron
clouds of the hydrogen atoms of the methyl group
with the n-orbital of the aromatic ring.

The well-resolved EPR spectrum of the Banfield and
Kenyon radical was obtained with an oxygen-free tetra-
hydrofuran solution of the substance. Each of the three
quadruplets of the hyperfine spectrum is split into seven
lines with a non-binomial distribution of the intensities
(Fig. 6).

Detailed analysis of the spectrum showed hyperfine
interaction of the unpaired electron with the most removed
methyl group, which conformationally can approach closely
to the aromatic nucleus containing the unpaired electron !#2:

f
H;C
N Nc“;
HsC Hy °
CL/* oHg

The other radicals in the series which are known as
individual compounds include trans-decalyl phenyl nitrox-
ide (I), 3837186 t-butyl 2,6-dimethoxyphenyl nitroxide (II), }4!
and 2,6-dimethoxyphenyl 1,1-dimethylbenzyl nitrox-
ide (II). %'  All these substances are obtained by the action
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Fig.6. Hyperfine structure of the EPR spectrum of the tetra-
hydrofuran solution of the Banfield and Kenyon radical.

of organometallic compounds on the corresponding nitroso-
or nitro-compounds:

ANVAN (|:Hs CH, (I:Hs
\/'\/’ ) H3C~f~CHa (8] H,C—-(lE-—C.H. (Ill) HyC—C—CH, (IV).
.T=O .II\I=O .[\|]=0 .]!j=
|/ \| CH0—7 \"—-OCHa CHO0— ﬁ—OCH, Eﬁ
A\ k/ k/ /
mp.8°C  m.p. 101-102.5°C m.p. 77-78°C -

Attempts toisolate from solution the individual compound
t-butyl phenyl nitroxide (IV) were unsuccessful 141,187,188
despite its obvious structural similarity with (I)-(ITI).

A large number of aliphatic~aromatic nitroxides is
known in solution, but there is not always sufficient basis
for ascribing to them a definite structure !#%:1%°,  Many
stable nitroxides of the hydrogenated quinoline series were
first studied in solution by Razuvaev and coworkers 191,192,
but only one individual radical of this class has been ob-
tained pure193,

HiC

m.p. 101-101.5°C
The hyperfine structure of the EPR spectrum of this
radical is a noniplet with ratio of intensities 1:2:1:1:2:
:1:1:2:1, due to the splitting of each component of the
nitrogen triplet (an = 11.8 Oe) into three lines by the inter-
action of the unpaired electron with the two protons at posi-
tions 6 and 8 of the aromatic ring (ay = 2.9 Oe).

5. IMINOXYLS

Free iminoxyl radicals§ is the name given to compounds
of oxygen(I), which are formed as intermediates in the oxi-
dation of secondary saturated amines '** and hydroxylam-

ines, for example,
0, HOge
—HO,* —H,0, .
N N 2 4.‘

| -
OH . o

§ This term emphasises the genetic connection of iminoxyls
with other radicals of oxygen(l), for example, with hydroxyl (H—O"),
alkoxyl (R—0"), and aroxyl (Ar-=0°). The terms “amine oxide”,
“nitroxide”, and “aminoxy-radical” are less convenient, as they do
not reflect the free-radical nature of these species and contradict
the rules for the official nomenclature of organic compounds,
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In contrast with the nitroxides it is essential that the
NO group of the iminoxyls does not participate in the for-
mation of a conjugated system of multiple bonds, and there-
fore that the unpaired electron apparently remains loca-
lised on the oxygen to a considerable extent.

The existence of free iminoxyls in solutions was first
postulated by Rogers and coworkers 195,19,  Rogers assumed
that free iminoxyls not possessing a-hydrogen atoms should
be stable free radicals. For example, the iminoxyl of
piperidine is unstable, but those completely alkylated in
positions 2 and 6 of the heterocycle should be stable:

">(j<“
R N R -

b

Apparently the substituents R can be not only organic
residues, as it is important that the iminoxyls should not
be capable of tautomeric conversions of the type:

—'I;I—CHRR = RRC H—llﬂi-CRR ,

o- OH
-N—CHRR + RRCH—,N=CRR.
H -4

Lebedev and Kazarnovskii obtained the simplest free
radicals of this class by the oxidation of 2,2,6,6-tetra-
methylpiperidine®”, The EPR spectrum of this radical in
benzene is a triplet with a hyperfine splitting constant of
~ 15.6 Oe 19,199 Samitov and Lebedev 2 ascribe the aniso-
tropy of the spectrum to contributions from different quan-
tum states in the sublevels of the hyperfine structure and
the influence of the quadrupole moment of the nitrogen nuc-
leus 20,

By analysing the parameters 2(0), an, and ay of the
EPR spectra of solutions of free iminoxyls in benzene, ob-
tained by oxidising a series of secondary amines and
hydroxylamines 21,22 Coppinger and Swalen concluded that
the most plausible electronic structure of these radicals
corresponds to the formulae:

R—CHg—iI"J—CH‘,—R and RRCH--N—CHRR.
|
(o 0.

Hence the valence state of the nitrogen atom, similar to the
analogous state of nitrogen in substituted hydroxylamines 68,
corresponds to the formula:

N{(15)? (25+02p)2 (2p+625)% (2p+08”25)].

The (2p +6'2s) atomic orbitals, being equivalent, should
form localised bonding orbitals with the hybrid sp*-orbitals
of the carbon atoms. The N(2p+§"2s) atomic orbital will
overlap with the corresponding orbital of the oxygen atom,
forming a third localised orbital.

The EPR spectrum of dialkyliminoxyls in solutions
exhibit hyperfine structure due to the interaction of the spin
of the unpaired electron with the nuclear spins of the nitro-
gen atom and the hydrogen atoms adjacent to it (Fig. 7).
Table 2 gives the main parameters of the hyperfine struc-
ture in the EPR spectra of the free iminoxyls in dilute ben-
zene solutions.

The hyperfine splitting from the nitrogen and hydrogen
nuclei is explained by the principal state of the radical's
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Fig.7. Hyperfine structure of the EPR
spectrum of a benzene solution of di-s~
-butyl iminoxyl.

TABLE 2. Fundamental parameters of the EPR spectra of free
iminoxyls 2,
:‘ b :umh-r
Formula a come) Formul a, come
N H ponent “ | N H jponents
(CH,4CH,);NO 45.5 | 10.6 | 15 {CH4CH,CH),NO 15.4 | 4.1 9
(CH,CH,CH 15.5 | 10.6 | 15 |
cuchch,clNo | 157 | 105 | 15 CH,
CH, (CeH, CH(‘,)ANO 5.6 9.5! 15
| (ﬁ%ﬁ —CHp),NO [ 15.5 [ 0.3 | 15
(CH3CH),NO 16.0 | 4.7 9 CH,CH,CH,CH;CH,NO| 15.4 | 11.7 | 15
1

being capable of representation with the participation of a
few valence-isomeric structures 208,204;

NS SR O S
H—Ci—N—-?—H > H—C—N—C—H «— H-é=N+—é—-H.

I i |

R (B-R R OR R R

(a) (b) (c)

Closely related to the dialkyliminoxyls is a class of
labile alkylidene iminoxides of the general formula:

The first radical of this type was observed on subjecting
single-crystal dimethyl glyoxime to y-radiation 205-207,

Many alkylidene iminoxyls were studied in liquid solu-
tions by a flow method ?®, using cerium ammonium nitrate 2%
and lead tetra-acetate 2'° as oxidants.

Most alkylidene iminoxyls are extremely unstable and in
the liquid phase many of them have a lifetime measured in
fractions of a second, therefore none of the compounds of
this class can be obtained in the pure state.

In 1961 Hoffmann and coworkers, using Maki's method 233,
observed two EPR spectra (Fig. 8) during the polarographic
reduction of 1,1-dimethyl-1-nitroethane, one of these spec-
tra showing the appearance of an unstable anion-radical,
and the other belonging to the stable di-t-butyl imin-
oxyl 212,213,

CH, CHy, CH,
Lo d
H,C—CI—-NO, HyC—C—N—C—CH,.

CH, - CH,

20 Oe

Fig.8. EPR spectra:

a) mixture of the anion radical of 1,1-dimethyl-
-1-nitroethane and di-t-butyl iminoxyl; b) di-t-
-butyl iminoxyl (in 1,2-dimethoxyethane).

Di-t-butyl iminoxyl, obtained pure in the reaction of
1,1-dimethyl-1-nitroethane with sodium, is a red liquid,
stable in air up to 120°C. 24,25 [t js interesting that in
the well-resolved hyperfine structure of the EPR spectrum
of this radical in addition to three fundamental lines a sys~
tem doublets — satellites of low intensity — can be ob-
served owing to the interaction of the unpaired electron with
the nuclei of the !3C carbon isotope of the methyl groups 6.

On heating a solution of phorone with a mixture of
ammonium nitrate, sodium hydroxide, Trilon B, hydrogen
peroxide, and sodium tungstate 27 Razuvaev and coworkers
observed that for a few weeks this solution gave a triplet
signal which they assumed to belong to a stable radical of
triacetonamine formed in the solution 28,

Using preparative thin-layer chromatography on alumin-
ium oxide to separate the paramagnetic mixture, Neiman
and coworkers actually separated pure crystalline 2,2,6,6-
-tetramethyl-4-oxo-piperidine 1-oxide 219,

A new iminoxyl was obtained in high yield by the direct
catalytic oxidation of triacetonamine 20°;

9
HyC r}l Hy HyC Hy *
b 5.

Within a short time many individual iminoxyls of the
most diverse structure were synthesised, including #!~225;

X Hy Hs
_o- _ z
HyC He | 1 _CH, H3C Hy  H,C H;.
HsC Hs Hy, Hs N Hy  HyC Hs
& | | I
. H O- (o1}

All the free radicals of this series exhibit a singlet when
pure, but in solutions they have triplet EPR spectra with
a hyperfine splitting constant of ~ 15.5 Qe.
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In addition to the uitraviolet, infrared, and EPR spectra,
the volatility 22%, heat of combustion, and dipole moments of
the simplest free iminoxyls have been studied 2?7,

It is significant that the increase in dipole moment in a
free radical, compared with the corresponding hydroxylam-
ine, can in the first approximation be explained by the
interaction of the unshared electron pair of the nitrogen
atom with the partly free p-orbital atom of the oxygen.
Displacement of one of the electrons of the unshared pair of
the nitrogen atomto the oxygen atombrings both an increase
in the dipole moment of the nitrogen—oxygen bond, and the
appearance of spin density at the nitrogen atom:

>-N-,’l_é, — >1:—4;I

Comparison of.the dipole moments of the radicals and of
the corresponding hydroxylamines allowed the distribution
of the spin density of the unpaired electron at the N~O bond
to be evaluated approximately. The spin density was 27%
at the nitrogen atom and 73% at the oxygen atom. Hence
the most probable structure of the free iminoxyls is evi-
dently the Coppinger structure39,

The reduction of free radicals at a mercury dropping
electrode 28, hydrogenation??®, and reaction with an alco-
holic solution of phenylhydrazine %° or with an acid solu-
tion of a substituted p -phenylenediamine 21— all these pro-
cesses lead to the formation of the corresponding substi-
tuted hydroxyalamines:

HsC H, A mc&m
Hs Hy, “=H  HC Hs*

i bn
Free iminoxyls readily react with alkyl radicals, which
can be used for inhibiting chain radical processes 22-2%,

Hence all the free radical reactions of iminoxyls which
have been studied proceed exclusively with formation of
oxygen derivatives of substituted hydroxylamines, which is
also some proof of the predominant localisation of the un-
paired electron at the oxygen atom in accordance with the
Coppinger structure !, However, no proof yet exists that
such reactions cannot be accompanied by redistribution of

the electron density on the approach of the attacking reagent.

The most notable property of free radicals of this series
is their reactions without use of the free valency. This
type of reaction can undoubtedly be assumed in various
types of chemical and biological systems, especially with
high-molecular weight compounds. Nevertheless an unam-
biguous demonstration that radicals react without participa-
tion of the unpaired electron is not available.

In 1962, Neiman and coworkers first gave an unambigu-
ous proof of the reaction of stable iminoxyls without use of
the free valency #7238, for examplef:

~OH
H.
"‘qh?” 4+ NH;OH —» H’[K/C“;kz ’,
H;C z Hs Hs (') Hs

The discovery and organised study of all the possible
reactions of iminoxyl radicals without use of the free
valency #9722 defined the limits of its usefulness and this

1 We must remember that Fremy's salt reacts with hydroxyl-
amine by use of the free valency 119,
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reaction was made a reliable instrument for the synthesis
of previously inaccessible free radicals. As an example,
it was impossible to obtain an amine radical by oxidising
aminopyrrolidine,

NH, OH
Hy H, __[_OL. Hy H,
Hs Hs Hy Hy *
) &

whereas a reaction which did not involve the free valency
readily led to the desired product #3;

ONH; NH2
H,%H, KOBr _ HsC Hs
HyC \y H, HsC CH, "
| |
0r &

Free iminoxyl radicals very soon acquired great popu-
larity and became the object of steady attention from
chemists, physicists, and biologists 24428,

A study appeared in 1957 which showed that the photo-
chemical decomposition of trifluoronitrosomethane leads to
the intermediate for mation of bis(trifluoromethyl)-iminoxyl
radicals, the existence of which can be judged from their
conversion products %,

F,CNO n F;C-+NO,
FyC+-+F,CNO — F;C—N—CFy,

F;C—N—CF3+NO — (FxC);NONG, etc.

Perfluorinated iminoxyl radicals were observed by the
EPR method during the polymerisationt of perfluoroethy-
lene in the presence of trifluoronitrosomethane 2! (Fig, 9).

Free bis(trifluoromethyl)nitroxyl was obtained in 1964 by
the action of silver oxide on bis(trifluoromethyl)hydroxyl-
amine 253;

2 (F;C)s NOH+Ag,0 — 2 (FsC)NO-+2Ag+H;0 .

°c

Fig.9. EPR spectrum of the perfluoro--
iminoxyl radical.

1 Almost simultaneously the hypothesis was propounded that the
initiation of the copolymerisation of trifluoronitrosomethane and
fluoroalkenes takes place by an anionic mechanism 282
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The same radical was recently obtained pure by a group
of Soviet scientists 4% who made a detailed study of its
properties. It is a violet=pink gas, which readily con-
denses to a diamagnetic dimer containing ~ 1.5% of the free
radical. From the electronic structure of this radical it
apparently occupies a position intermediate between the
iminoxyls and Fremy's salt.

6. INDIVIDUAL POLYRADICALS

As long ago as 1903, Piloty and Vogel, by the reaction
of porphyrexide with hydrazine and then with potassium
cyanoferrate(IIl), first obtained a dark blue crystalline
compound, which they called porphyrindine 258;

HN, ~H
H,c>§j= D ae'
N- .
H;C .

d

The free-radical nature of this substance was subse-
quently reliably established by measurement of its mag-
netic susceptibility 257,

The diamagnetic principal state of porphyrindine is in
thermodynamic equilibrium with the excited paramagnetic
state which lies only a little higher. This equilibrium
shifts in favour of the paramagnetic state on raising the
temperature 28;

i NH H\N
) N N CHa —_ H;C ) N__
“TT HC

The first representative of the kinetically stable biradi-
cals of the iminoxyl class was obtained during the oxidation
of 2,2,2,2",6,6,6,6", ~octamethyl-4,4’ ~-bipiperidyl2°:

HsG  CHy HsC_ CH,
;¢ CH, HaC CH,

During the study of this substance the discovery was
made of the extremely interesting phenomenon of confor-
mational electronic exchange, which is shown in the quin-
tuplet nature of the EPR spectrum (Fig. 10).

To show the mechanism of the interaction of the un-
paired electron with the nuclear spins of both nitrogen
atoms a series of individual biradicals of diverse chemical
structure was synthesised 28°;

HyC_ CHs HyC  CHy
@R -0 ’
HC XH, (HC CHy

where R = OCOO, NHCONH, OCOC-H,COO, OCONH[CH,];.
.NHCOO, or OCO[CHa],,COO (n = 0-8). The main method
of preparation of the biradicals was by reaction of radicals
without use of the free valency. It was found that the
effectiveness of the conformational spin-spin interaction is
determined not only by the length but also by the flexibility

Fig.10. Hyperfine structure of the EPR
spectrum of the first kinetically stable bis-
~iminoxyl (chloroform solution).

of the bonding chain R, for example, on replacing a poly-
methylene bridge by p-phenylene, the effect disappeared
and the EPR spectrum again became a tripleti.

A study of free biradicals of the iminoxyl class by the
EPR method at different temperatures and in various sol-
vents showed that spin-spin exchange interaction takes
place during conformational collisions of two paramagnetic
fragments of bis-iminoxyl 266,

A reaction without use of the free valency was success-
fully used in the syntheses of the first individual free tri-
and tetra-radicals of the iminoxyl type 2¢7,2%  for example:

Hs;C. Hy
H,C H, H,C-
H, 0
HiC P
3 o Hs
HsC H;
& 5
H;C CHj Hs H, CH

The EPR spectra of the triradicals are septets of lines
due to the interaction of unpaired electrons with the mag-
netic moments of three nitrogen nuclei, and for the quadri-
radicals there are nine components with a separation of
~ 4 Oe between them.

The study of the exchange interaction in polyradicals at
different temperatures showed that there is only paired
interaction with the neighbouring paramagnetic fragments
and during this all the spins of the polyradicals participate
in the electronic exchange. In this way instances were
first discovered in which the number of unpaired electrons
participating in the exchange exceeds two. This brings
about the successive transfer of the excitation from one
spin to another through the paired collisions., Here we
encounter the unusual “memory” of the electron, which is
capable of giving information about excitation with a definite
rate along the chain of paramagnetic fragments 2%

1 The EPR spectra of triarymethyl biradicals #1-26 are not
significantly different from the analogous spectra of free triaryl-
methyls,

667



Vol.35 No.?

RUSSIAN CHEMICAL REVIEWS

September 1966

10,
11,
12,

13.
14,

15,
16,

17.
18.
19.

20,
21,
22,

23,

24,
25,
26.
27,

28,
29,
30.

31,
32,
33.

34,
35,

36.
317,
38,
39.

668

I Wertz, Chem.Rev., 55, 828 (1955).

D.J.E.Ingram, “Free Radicals as Studied by Electron Spin
Resonance” (Translated into Russian), Inostr. Lit., Moscow,
1961,

L. A, Blyumenfel'd, V.V, Voevodskii, and A, G. Semenov,
“Primenenie Elektronnogo Paramagnitnogo Rezonansa v
Khimii (Use of Electron Paramagnetic Resonance in
Chemistry), Novosibirsk, 1962,

Yu, S. Musabekov and L. V. Koshkin, Trudy Inst, Istorii
Estestvozn. i Tekhn, Akad. Nauk SSSR, 35, 245 (1961),
L.V.Koshkin and Yu, S, Musabekov, “Ocherki po Istorii
Khimii” (Notes on the History of Chemistry), Izd.,Akad.Nauk
SSSR, Moscow, 1963, p, 190,

C.Walling, “Free Radicals in Solution” (Translated into
Russian), Inostr, Lit., Moscow, 1960,

“Forming and Trapping of Free Radicals” (Edited by

A.M. Bass and H. P, Broida) (Translated into Russian),
Inostr, Lit,, Moscow, 1962,

“Free Radicals in Biological Systems” (Edited by M. S, Blois,
Jnr., H.W, Brown, R. M. Lemmon, R. O, Lindblom, and

M. Weissbluth) (Translated into Russian), Inostr, Lit.,
Moscow, 1963,

V.N.Kondrat'ev, “Svobodnye Radikaly — Aktivnaya Forma
Veshchestva” (Free Radicals — an Active Form of Matter),
Izd, Akad. Nauk SSSR, Moscow, 1960,

G.J.Minkoff, “Frozen Free Radicals” (Translated into
Russian), Inostr, Lit., Moscow, 1962,

A. L. Buchachenko, “Stabil'nye Radikaly” (Stable Radicals),
Izd, Akad, Nauk SSSR, Moscow, 1963,

W.A,Waters, “The Chemistry of Free Radicals” (Trans-
lated into Russian), Inostr, Lit., Moscow, 1952,

B. Field and C.Hardy, Quart.Rev., 18, 361 (1964).
H,Urey, L.Dawsey, and F.Rice, J.Amer, Chem, Soc., 51,
3190 (1929).

H. Bizette and B. Tsai, Compt. rend., 204, 1638 (1937).

H. Johnston and W, Giauque, J.Amer, Chem.Soc., 51, 3194
(1929).

E.Lips, Helv, Phys.Acta, 8, 247 (1935).

L.D'or and P, Tarte, Bull.Soc.roy. Sci. Lidge, 276 (1953).
W. Fateley, H.Bent, and B.Crawford, J,Chem. Phys., 31,
204 (1959).

W, Spindel and M, Stern, J.Chem, Phys., 32, 1579 (1960).
R.Mulliken, Rev.Mod. Phys., 4, 1 (1932).

L. Pauling, “The Nature of the Chemical Bond”, Cornell
Univ, Press, Ithaca, 1960.

H.Watson, G,Rao, and K.Ramaswamy, Proc.Roy. Soc.,

A 143, 558 (1934).

N.Jonathan, J, Mol, Spectroscopy, 4, 59 (1961).
L.Klinkenberg, Rec.Trav.chim., 56, 749 (1937).

J.Frazer and N, Long, J.Chem, Phys., 6, 462 (1938)

R. B.Heslop and P, C.Robinson, “Inorganic Chemistry”,
Elsevier, Amsterdam, 1960,

M. Trautz, Z.anorg.Chem., 88, 285 (1914).

W.Krauss and M, Saracini, Z,phys,Chem,, 178, 245 (1937),
M. Bodenstein and W, Krauss, Z,phys,Chem,, 175, 294
(1936),

M. Bodenstein, Z,phys,Chem,, 100, 68 (1922).

V.P'yankov, Zhur.Obshch. Khim., 3, 652 (1933).
C.N.Hinshelwood and T.Green, J.Chem, Soc., 129, 720
(1926).

J. W, Mitchell and C. N, Hinshelwood, J.Chem, Soc,, 378 (1936).
C.Cain and F.Wiselogle, J.Amer.Chem. Soc., 62, 1163
(1940).

W, Schlenk, L,Mair, and C, Bornhardt, Ber., 44, 1170(1911),
E.Arden and L, Phillips, Proc,Chem, Soc., 354 (1962),

S. Brois, Tetrahedron Letters, 345 (1964),

L.A.K, Staveley and C. N, Hinshelwood, Trans, Faraday Soc,,
35, 845 (1939).

40,
41,

42,
43,

44,
45,
46,
47,

48,

49,
50,
51,
52,

53.
54,
55,
56,
51,

58.
59,
60,
61,
62,

63,
64,

65,
66,
67,
68,

69,
70,

71,
72,
73.
74,
75,
76.
1.
78,
79.
80,

81,
82.

83.
84.
85,

L. Phillips, Proc, Chem, Soc,, 204 (1961).

A,Maschke, B, Shapiro, and F.Lampe, J, Amer, Chem, Soc.,
85, 1876 (1963).

J.Lewis, R.J.Irving, and G.Wilkinson, J.Inorg.Nuclear
Chem., 7, 32 (1958).

W, Griffith, J, Lewis, and G, Wilkinson, J.Inorg. Nuclear
Chem., 7, 38 (1958).

I, Bernal and S.Harrison, J, Chem, Phys., 34, 102 (1961).

I, Bernal and E, F.Hockings, Proc,Chem, Soc., 361 (1962),
B.I Tyler, Nature, 195, 279 (1962).

J. M. Birchall, A.J.Bloom, R.N.Haszeldine, and C.J. Willis,
J. Chem, Soc., 3021 (1962).

L. Batt and B,Gowenlock, Trans Faraday Soc., 56, 682
(1960).

G.Dousmanis, Phys.Rev., 97, 967 (1955).

R. Beringer and J. Castle, Phys.Rev., 78, 581 (1950).
J.Castle and R. Beringer, Phys.Rev., 80, 114 (1950),
C.Lin, K.Hijikata, and M., Sakamoto, J.Chem,. Phys,, 33,
878 (1960).

W. Giauque and J,Kamp, J.Chem, Phys., 6, 40 (1938),

E. Leifer, J.Chem, Phys., 8, 301 (1940).

D, Stronks and R. Wilkins, Chem.Rev., 57, 743 (1957).

H, Siebert, Z.anorg.Chem., 275, 210 (1954).

F.Verhoek and F,Danjels, J.Amer, Chem, Soc., 53, 1250
(1931).

E.H.Archibald, “The Preparation of Pure Inorganic Sub-
stances”, Wiley, New York, 1932, p.246.

L. Pauling, “General Chemistry” (Translated into Russian)
Mir, Moscow, 1964,

B. Bodenstein and F, Lindner, Z,phys,Chem,, 100, 82 (1922).
G, B, Sutherland and W, G, Penney, Nature, 136, 146 (1935).
G. B. Sutherland and W, G, Penney, Proc,Roy. Soc,, A156,
678 (1936).

R.J.Gillespie and D. J, Millen, Quart,Rev., 2, 277 (1948).
S. Claesson, J.Donohue, and V., Schomaker, J.Chem, Phys.,
16, 207 (1948),

L. Maxwell and V, Mosley, J, Chem, Phys., 8, 738 (1940),
W.J.Orville-Thomas, Chem,Rev., 57, 1179 (1957).
A,Walgh, J,Chem. Soc,, 2266 (1953).

J.Tanaka, J.Chem, Soc, Japan, Pure Chem. Sect.,
(1957).

K.L.McEwen, J.Chem. Phys., 32, 1801 (1961),
H.Kato, T.Yonezawa, K, Motokuma, and K. Fukui, Bull,
Chem, Soc, Japan, 37, 1710 (1964).

B.Houston and T, Johnson, J,Amer, Chem. Soc., 47, 3011
(1925),

P, P, Shorygin and A, V, Topchiev, Zhur, Obshch, Khim,, 5,
549 (1935).

R. G, Norrish and J, Wallace, Proc, Roy.Soc., A145, 307
(1934),

C.A.McDowell and J, Thomas, Trans, Faraday Soc., 46,
1030 (1950).

F.Seel and H, Meier, Z,anorg.Chem., 274, 197 (1953).

J. Ogilvie, Nature, 204, 572 (1964).

A.Schaarschmidt and H, Hofmeier, Ber,, 58B, 1047 (1925).
B.T.Brooks, C.E,Boord, S.S.Kurtz, and L, Schmerling
(Editors), “The Chemistry of Petroleum Hydrocarbons”,
Reinhold, New York, 1954,

P.Atkins, N.Keen, and M. C.R. Symons, J,Chem, Soc., 2873
(1962).

G.K. Bird, J.C.Baird, and R, B. Williams, J.Chem. Phys.,
28, 738 (1958),

E.Fremy, Ann. Chim, Phys., 15, 408 (1845).

F.Raschig, “Schwefel-und Stickstoffstudien”, Verlag Chemie,
Leipzig-Berlin, 1924, p, 148,

R.W, Asmussen, Z.anorg.Chem., 212, 317 (1933).
F.Raschig, Annalen, 241, 183 (1887).

B.Smaller and E. L, Yasaitis, J. Chem, Phys., 21, 1905 (1953).

78, 1643



Vol.35 No.9 RUSSIAN CHEMICAL REVIEWS September 1966
86. G.Pake, J.Townsend, and S, Weissmann, Phys.Rev,, 85, 682 134, O, Piloty and B.Graf Schwerin, Ber., 34, 2354 (1901),
(1952), 135, E.Miiller and I. Muller-Rodloff, Annalen, 521, 81 (1936).
87. A.Hantzsch and W. Semple, Ber., 28, 2744 (1895). 136, A,N.Holden, W, A, Yager, and F,R. Merrit, J.Chem,
88. H.Gehlen, Ber., 66B, 292 (1933). Phys., 19, 1319 (1951),
89. J.P.Candlin and R.G. Wilkins, J.Chem. Soc., 3625 (1961). 137, C.Hutchinson, R.Pastor, and A,Kovalcky, J, Chem. Phys.,
90. E.Divers and T.Haga, J,Chem.Soc., 65, 523 (1894). 20, 534 (1952).
91. T,Haga, J.Chem.Soc,, 85, 78 (1904). 138. K.Hausser, Z, Naturforsch,, 14a, 425 (1959).
92, J.Liand D, Ritter, J. Amer, Chem.Soc., 75, 3024 (1953). 139. H,Wieland and M. Offenbacher, Ber., 47, 2111 (1914).
93, J.Liand D.Ritter, J.Amer, Chem, Soc., 75, 5823 (1953). 140. K.Meyer and H. Gottlieb-Billroth, Ber., 52, 1476 (1919).
94, H.Gehlen, Ber., 70B, 1980 (1937). 141, A.Hoffman, A.Feldman, and E. Gelblum, J.Amer.Chem.
95. S.Yanada and R.Tsuchida, Bull.Soc.Chem, Japan, 32, 721 Soc., 86, 646 (1964).
(1959). 142, R.Hoskins, J.Chem. Phys., 25, 788 (1956).
96. J.Murib and D, Ritter, J.Amer,Chem. Soc., 74, 3394 (1952). 143. J.Thomas, J.Amer.Chem, Soc., 82, 5955 (1960).
97. A.Hoffmann, Chem. Eng. News, No. 51, 24 (1961). 144, J.Baird and J.Thomas, J,Chem, Phys., 35, 1507 (1961).
98, J.W,Linnett, J, Amer. Chem. Soc., 83, 2643 (1961). 145, A. L. Buchachenko, Optika i Spektrosk., 13, 795 (1962),
99, L.F. Fieser and M. Fieser, “Advanced Organic Chemistry”, 146, H.Wieland and K. Roth, Ber., 53, 210 (1920).
Reinhold, New York, 1961, p. 853. 147. H.Wieland and F.Kégl, Ber., 55, 1798 (1922),
100, H.-I. Teuber and G, Lelinck, Ber,, 85, 95 (1952). 148, J.Osugi, M., Sato, and M. Sasaki, J.Chem. Soc. Japan, 85,
101, R.Pumerer and F, Frankfurter, Ber., 47, 1472 (1914), 307 (1964).
102. H.-I, Teuber and W, Rau, Ber., 86, 1036 (1953). 149. H.Lemaire, A,Rassat, and J, Ravet, Tetrahedron Letters,
103. H.-I Teuber and N.G&tz, Ber., 87, 1236 (1954). No. 47, 3507 (1964).
104, L.Horner and K. Sturm, Ber., 88, 329 (1955). 150, H, Tokumaru, H. Sakuragi, and O.Simamura, Tetrahedron
105. H.-I1, Teuber and G, Staiger, Ber., 87, 1251 (1954). Letters, No. 52, 3945, (1964).
106, E,Miiller, F.Giinter, and A, Rieker, Z.Naturforsch., 186, 151. 0.A.Chaltykyan, in Collected Papers, ‘“Voprosy
1002 (1963). Khimicheskii Kinetiki i Reaktsionnoi Sposobnosti” (Problems
107, R.Magnusson, Acta Chem, Scand., 18, 759 (1964). of Chemical Kinetics and Reactivity), Izd, Akad. Nauk SSSR,
108, G.Allen and W, A, Waters, J, Chem. Soc., 1132 (1956). Moscow, 1955, p.354.
109, H.Gehlen, H. Elchlepp, and J.Cermak, Z,anorg, Chem,, 152, A.L.Buchachenko, Candidate's Thesis, Institute of Chemi-
274, 293 (1953). cal Physics Academy of Sciences of the USSR, Moscow,
110. H.Heglen and G.Dase, Z.anorg.Chem., 275, 327 (1954). 1961,
111, G.Goldberg and J, LuValle, U.S. P, 2938793. . 153. I.Deguchi, Bull, Chem, Soc.Japan, 35, 260 (1962).
112, T.Chu, G, Pake, D.Paul, J, Townsend, and S, Weissmann, 154, O.Harle and J. Thomas, J.Amer, Chem, Soc., 79, 2973
J. Phys. Chem., 57, 504 (1953). (1957).
113. S.Weissmann and D. Banfill, J.Amer. Chem. Soc., 75, 2534 155, A, L.Buchachenko, E, N, Gur'yanova, L,A.Kalashnikova,
(1953). and M, B, Neiman, Dokl, Akad, Nauk SSSR, 148, 95 (1963).
114, V.A,Sharpatyi, Yu.N. Molin, V.K, Ermolaev, G.S, Zhuravlev, 156, G, Schoffa, B. Wahler, and H. Thom, Acta Biol. Med. Ger.,
and M. A. Proskurin, “Fizicheskie Problemy Spektroskopii, 1, 114 (1958).
Materialy 13-go Soveschaniya” (Physical Problems in 157. H.Thom, B.Wahler, and G. Schoffa, Z.Naturforsch., 13a,
Spectroscopy, Academy of Sciences of the USSR, Trans- 552 (1958).
actions of the 13th Conference, Leningrad, 4th-12th July 158. K.Meyer and W.Reppe, Ber., 54, 327 (1921),
1960), Izd.Akad, Nauk SSSR, 1963, Vol, 2, p. 100, 159. H,Euler, H.Hasselquist, and O.Heidenberger, Arkiv Kemi,
115, J.Townsend, S.Weissmann, and G. Pake, Phys,Rev., 89, 14, 237 (1959).
606 (1953). 160. E,Mdller, I. Miiller-Rodloff, and W. Bunge, Annalen, 520,
116, J.Powles and M., Mosley, Proc, Phys. Soc., 77, 729 (1961). 235 (1935).
117, J.Burgess, J.Phys.Radium, 19, 845 (1958). 161. N.Holden, C.Kittel, F, Merrit, and W. Yager, Phys. Rev.,
118, J.Windle and A, Wiersema, J,Chem, Phys., 39, 1139 (1963). 77, 147 (1950).
119, A.Abragam, J, Combrisson, and I. Solomon, Compt. rend., 162. D, Bijl and A, Rose-Innes, Phil. Mag., 44, 1187 (1953).
245, 157 (1957), 163. W.Heubner, B,Wahler, and C, Ziegler, Z,physiol. Chem.,
120, A.W.Overhauser, Phys,Rev,, 92, 411 (1953), 295, 397 (1953).
121, A.Abragam, Phys.Rev., 98, 1729 (1955). 164. F.Adrian, J.Chem, Phys., 28, 608 (1958).
122, V.M.Ryzhkov and A, P, Stepanov, Geofiz, Priborostr., 12, 165. G.Berthet, Arch, Sci,, 10, Sonderheft, 98 (1957).
35 (1962), 166. J.Burgess, J.Phys.Radium, 19, 845 (1958).
123. W.Miller-Warmuth, Z.Naturforsch., 15a, 927 (1960). 167. W.Otting and H. Kainer, Ber., 87, 1205 (1954).
124, W, Miller-Warmuth and P, Parikh, Z,Naturforsch., 15a, 168. A.Roggen, L.Roggen, and W.Gordy, Phys.Rev., 105, 50
86 (1960). (1957).
125, A, P, Stepanov, USSR P. 148920 (1962). 169, F.Galavies, Helv. Phys.Acta, 6, 555 (1933).
126, A.1, Filatov, A, P, Stepanov, and V. M, Stotskii, Peredovoi 170. E.G.Rozantsev, L.A.Kalashnikova, and M, B. Neiman,
Proizv,-Tekhn, Opyt, Filial Vses, Inst, Nauchn, i Tekhn. Zhur, Prikl. Khim., 38, 702 (1965).
Inform,, No, 18-64-365/12, 171. A.Hanson, Acta Cryst., 6, 32 (1953).
127, A.lL Filatov, A, P, Stepanov, and V. M, Stotskii, Pribory i 172, 1,Deguchi, Bull.Soc.Chem,Japan, 34, 910 (1961).
Tekh, Eksper., No. 1, 169 (1965). 173. S.Weissman, J, Chem, Phys., 25, 890 (1956).
128, J.Combrisson, J.Phys.Radium, 19, 840-(1958). 174. L.Cambi, Gazzetta, 63, 579 (1933).
129, E.Allais, Compt,rend,, 246, 2123 (1958). 175. R.Huisgen, Proc, Chem, Soc., 210 (1958).
130, N.Bloembergen, E.Purcell, and B. Pound, Phys.Rev,, 73, 176. L.Cambi and L.Szegd, Ber., 64, 2591 (1931).
679 (1948). 177. K.Mobius and F, Schneider, Z, Naturforsch,, 18a, 428(1963).
131, E.Hahn, Phys.Rev., 80, 580 (1950), 178. F.Banfield and J.Kenyon, J.Chem. Soc., 1612 (1926).
132. A.P,Stepanov, Pribory i Tekh. Eksper., No. 3, 102 (1962). 179, J.Kenyon and S, Sugden, J.Chem. Soc., 170 (1932),
133, O, Piloty and B.Graf Schwerin, Ber., 34, 1870 (1901), 180, F.Tudds, I Heidt, and I Er8, Magyar Kém, Folydirat, 10,

669



Vol.35 No.9 RUSSIAN CHEMICAL REVIEWS September 1966
329 (1964). 221, E,G.Rozantsev, Izv.Akad, Nauk SSSR, Ser.Khim,, 2188
181. F.Tidds, T.Berezsnich, and M, Azori, Acta Chim, Acad. (1964).
Sci. Hung., 24, 91 (1960). 222, E.G.Rozantsev and A. B, Shapiro, Izv. Akad. Nauk SSSR,
182, V.Griffiths and G. Parlett, Nature, 204, 69 (1964). Ser. Khim,, 1123 (1964).
183. W.Htickel and W, Liegel, Ber., 71, 1442 (1938), 223. Not given in Russian (Ed. of Translation).
184. V.Trkal, Czech.J.Phys., 6, 770 (1957). 224, R,M.Dupeyre, H.Lemaire, and A, Rassat, Tetrahedron
185, V.Trkal, Cesk. Casopis. Fys., 7, 748 (1957). Letters, 1781 (1964),
186. K.Ulbert and V, Trkal, Coll. Czech, Chem, Comm,, 25, 1216 225, R, Briere, H,Lemaire, and A, Rassat, Tetrahedron Letters,
(1960), 1775, 1895 (1964),
187, G Chapelet-Letourneux, A, Lemaire, and A, Rassat, Bull. 226, L.A.Kalashnikova, E.G.Rozantsev, and A.M, Chaikin,
Soc, chim, France, 444 (1965). 1zv. Akad. Nauk SSSR, Ser.Khim., 800 (1965).
188. A.Forrester and R, Thomson, Nature, 203, 74 (1964). 227, E.G.Rozantsev and E. N, Gur'yanova, Izv.Akad.Nauk SSSR,
189. H,Lemaire, A,Rassat, and A.-M. Ravet, Bull, Soc, chim, Ser. Khim., 979 (1966).
France, 1980 (1963). 228, M.B.Neiman, S.G.Mairanovskii, B. M.Kovarskaya,
190, H,Lemaire, Y, Marechal, R, Ramasseul, and A, Rassat, E.G.Rozantsev, and E.G.Gintsberg, Izv, Akad. Nauk SSSR,
372 (1965). Ser.Khim,, 1518 (1964).
191, G.A.Razuvaev, M. L.Khidekel', and V, B. Berlina, Dokl, 229, V.A.Golubev and E,G.Rozantsev, Izv, Akad, Nauk SSSR,
Akad, Nauk SSSR, 145, 1071 (1962). Ser. Khim., 716 (1965).
192. G.A.Razuvaev and M. L. Khidekel!, “Korrelyatsionnye 230, E.G.Rozantsev and V.A.Golubev, Izv.Akad, Nauk SSSR,
Uravneniya v Organicheskoi Khimii” (Correlation Equations Ser.Khim., 718, 891 (1965).
in Organic Chemistry), Tartu, 1962, Vol, 1, p. 365, 231, M. B.Neiman, A.A,Medzhidov, E.G,Rozantsev, and
193, A.B.Shapiro, E.G.Rozantsev, L.S.Povarov, and ) L. A. Skripko, Dokl, Akad, Nauk SSSR, 154, 387 (1964),
V.1.Grigos, Izv,Akad. Nauk SSSR, Ser.Khim., 1725 (1964). 232, I.1.Levantovskaya, B.M. Kovarskaya, M. B, Neiman,
194, H.La Mare, J,Org.Chem., 25, 2114 (1960). E.G.Rozantsev, and M, P. Yazvikova, Plasticheskie Massy,
195, D.Johnson, M, Rogers, and G. Trappe, J.Chem. Soc., 1093 3, 14 (1964),
(1956). 233. E.G.Rozantsev, L.A.Krinitskaya, and L. S, Troitskaya,
196. M.Rogers, J.Chem, Soc., 2784 (1956). Khim, Prom., 3, 180 (1964).
197, O.L.Lebedev and S. N, Kazarnovskii, Trudy po Khim. i 234, B.M.Kovarskaya, M. B.Neiman, V.V.Gur'yanova,
Khim, Tekhnol., No. 3, 649 (1959). E.G.Rozantsev, and O. N. Nitche, Vysokomol. Soed., 6, 1737
198. A.V,Il'yasov, Zhur. Strukt, Khim., 3, 95 (1962). (1964).
199. LS.Garif'yanov, A.V.1l'yasov, and Yu.V. Yablokov, Dokl. 235, M. B.Neiman and E. G. Rozantsev, Izv,Akad.Nauk SSSR,
Akad. Nauk SSSR, 149, 876 (1963). Ser.Khim., 1178 (1964),
200. Yu.Yu,Samitov and O, L. Lebedev, “Fizicheskie Problemy 236, E.G.Rozantsev, M. B.Neiman, and G. I Likhtenshtein,
Spektroskopii, Materialy 13-go Soveshchaniya” (Physical USSR P, 166 133 (priority date 29th May 1962).
Problems in Spectroscopy, Academy of Sciences of the 237, E.G.Rozantsev and M. B, Neiman, Tetrahedron, 20, 131
USSR, Transactions of the 13th Conference, Leningrad, (1964).
4th-12th July 1960), Izd.Akad, Nauk SSSR, 1963, Vol. 2, 238, M.B,Neiman, E,G.Rozantsev, and Yu,G.Mamedova,
p. 103, Nature, 196, 472 (1962).
201. G.Coppinger and J.Swalen, J.Amer.Chem. Soc., 83, 4900 239, E,G.Rozantsev, Yu.G.Mamedova, and M, B. Neiman, Izv,
(1961). Akad, Nauk SSSR, Ser,Khim,., 2250 (1962),
202, J.Baird, J.Chem. Phys., 37, 1879 (1962). 240. E.G.Rozantsev, M., B, Neiman, and Yu.G.Mamedova, Izv,
203. A.D.McLachlan, Mol Phys., 1, 233 (1958). Akad, Nauk SSSR, Ser.Khim., 1509 (1963).
204, E,Stone and A, Maki, J,Chem, Phys., 37, 1326 (1962), 241, E,G.Rozantsev, Izv.Akad, Nauk SSSR, Ser,Khim., 1669
205, I.Miyagama and W.Gordy, J.Chem, Phys., 30, 1590 (1959). (1963),
206, M.,C.R,Symons, J.Chem, Soc., 1189 (1963). 242, E,G.Rozantsev and L. A.Krinitskaya, Izv,Akad. Nauk SSSR,
207, Y.Kurita, J, Chem, Phys., 41, 3926 (1964), Ser,Khim,, 1573 (1964),
208, T.Stone and W, A, Waters, Proc,Chem, Soc., 253 (1962), 243, E.G.Rozantsev and L.A.Krinitskaya, Tetrahedron, 21, 491
209, J.Thomas, J,Amer, Chem. Soc., 86, 1446 (1964). (1965).
210. M. Bethoux, H, Lemaire, and A, Rassat, Bull.Soc. chim, 244, G.I Efrimova and E, G, Rozantsev, Genetika, 1, 63 (1965),
France, 1985 (1964). . 245, M., Soutif, J.Chim, phys., 1549 (1964),
211, A, Maki and D, Geske, J,Amer, Chem, Soc., 83, 1853 (1961). 246, A.L.Buchachenko and O. P, Sukhanova, Zhur, Strukt, Khim,,
212, A,Hoffmann and A.Henderson, J,Amer, Chem, Soc., 83, 6, 32 (1965).
4671 (1961). 247, R.Besson, H. Lemaire, A.Rassat, A, Salvi and P, Servoz-
213, A, Hoffmann and W, Hodgson, J.Amer, Chem, Soc., 83, 4675 -Gavin, Proc. Collog. AMPERE (Atomes Mol, Etudos Radio
(1961). Elec.) 12, 327 (1963) [Published 1964, cf.C.A, 62, 8471d
214, A, Hoffmann, W.Hodgson, D, Maricle, and W, Jura, J,Amer, (1964)].
Chem. Soc., 86, 631 (1964). 248. N, P,Konovalova, G. N, Bogdanov, V. B, Miller, M. B. Neiman,
215. A.Hoffmann, A, Feldman, E.Gelbrum, and W.Hodgson, J. E.G.Rozantsev, and N, M. Emanuel®, Dokl. Akad, Nauk
Amer, Chem, Soc., 86, 639 (1964). SSSR, 157, 707 (1964).
216. H, Lemaire, A,Rassat, P.Servoz-Gavin, and G. Berthier, 249, P.Emmerson and P, Howard Flanders, Nature, 204, 1005
J. Chim, phys., 1247 (1962). (1964). '
217, K.Kahr, German P, 939080 (1956). 250. R.N.Haszeldine and B, Mattison, J.Chem. Soc., 1741 (1957).
218, O.L.Lebedev, M, L.Khidekel', and G.A, Razuvaev, Dokl. 251, L, Plette and G.Grawford, Paper presented at 142nd
Akad, Nauk SSSR, 140, 1327 (1961). National Meeting, Amer, Chem. Soc., Atlantic City, New
219. M, B, Neiman, Yu.G.Mamedova, and E.G.Rozantsev, Jersey, September, 1962,
Azerb, Khim, Zhur., No, 6, 37 (1962). 252, V.A,Ginsburg, S.S.Dubov, A.N.Medvedev, L. L. Martynova,
220, E,G.Rozantsev, Izv.Akad, Nauk SSSR, Ser.Khim., 2218 B.I Tetel'baum, M, N, Vasil'eva, and A, Ya. Yakubovich,

670

(1964).

Dokl. Akad, Nauk SSSR, 152, 1104 (1963).



Vol.35 No.?

RUSSIAN CHEMICAL REVIEWS

September 1966

253,
Soc., Chicago, 1st—3rd September 1964, Division of Fluoride
Chemistry, [Possibly a reference to W, D, Blackley and
R.R.Reinhard, J. Amer, Chem., Soc., 87, 802 (1965) (Ed. of
Translation)].

S. P.Makarov, A.Ya, Yakubovich, S.S.Dubov, and

A, N, Medvedev, Zhur,Vges, Khim, Obshch. im. Mendeleeva,
10, 106 (1965).

S. P.Makarov, A.Ya. Yakubovich, S.S.Dubov, and

A.N, Medvedev, Dokl,Akad, Nauk SSSR, 160, 1319 (1965).
O. Piloty and W.Vogel, Ber,, 36, 1283 (1903).

254,

255,

256.
257,
258,
259,

E.Miiller and I, Miller-Rodloff, Annalen, 521, 81 (1936).
E.G.Rozantsev, V.A,Golubev, and M, B, Neiman, Izv, Akad.
Nauk SSSR, Ser,Khim., 398 (1965).

E.G.Rozantsev, V,A, Golubev, Zh, B, Neiman, and

Yu. V. Kokhanov, Izv, Akad, Nauk SSSR, Ser.Khim., 572
(1965).

D. Reitz and S, Weissman, J.Chem, Phys., 27, 268 (1957).
D.Reitz and S, Weissman, J.Chem, Phys,, 33, 700 (1960).
H.M. McConnel, J,Chem, Phys., 33, 115 (1960).

R.Waring and G. Sloan, J.Chem. Phys., 40, 772 (1964).

A, I Burshtein and Yu.I, Naberukhin, Dokl, Akad. Nauk SSSR,
140, 1106 (1961),

A. L. Buchachenko, V,A,Golubev, A, A, Medzhidov, and
E.G.Rozantsev, Teor, Eksper, Khim,, 1, 249 (1965).

M, B, Neiman, E.G.Rozantsev, and V.A.Golubev, Izv,Akad.
Nauk SSSR, Ser.Khim,, 548 (1965).

E.G.Rozantsev and V, A, Golubev, Izv, Akad, Nauk SSSR,
Ser.Khim,, 718 (1965).

A. L. Buchachenko, V.A.Golubev, M, B, Neiman, and
E.G.Rozantsev, Dokl. Akad, Nauk SSSR, 163, 1416 (1965).

260,

261,
262,
263,
264,
265,

266,
267,
268,
269.
Institute of Chemical Physics,

Academy of Sciences of the USSR,
Moscow

U.D. C. 547.311:547.422.22-31

REACTIONS OF EPOXYALKANES TAKING
PLACE WITH EXPANSION OF THE
OXIRAN RING

L.N.Grobov, A.P.Sineockov,
and V.S.Etlis

CONTENTS
1, Introduction 671
2. Reactions with SOy, SO,, and SeO, 671

3. Reactions with carbonyl sulphide and carbon disulphide 672

4, Reactions of epoxyalkanes with isocyanates 873
5, Reactions of epoxyalkanes with compounds containing

>C=N—, —C=N, or /0#3=0 groups 674
6. Reactions of epoxyalkanes with isothiocyanates 675

Abstract of Paper Presented at the 148th Meeting, Amer, Chem,

R.Kuhn, H,Katz, and W, Franke, Naturwiss,, 22, 808(1934).

1. INTRODUCTION

Epoxyalkanes are known to be very reactive; their many
reactions have been adequately studied and described in the
literature 14, Most of the reactions of epoxyalkanes are
accompanied by opening of the epoxide ring. Reactions
accompanied by enlargement of the ring have been much
less studied. The best known among these reactions are
the dimerisation of the oxides and the reaction of the oxides
with aldehydes and ketones, leading to the production of
dioxolans.

The reactions of the oxides with carbon dioxide, leading
to cyclic esters of carbonic acid, have also been studied.
This process has been carried out on an industrial scale.
The alkylene carbonates obtained find application in organic
synthesis, as a solvent and for the production of polymers.
The methods of making alkylene carbonates, their pro-
perties, and applications have been reviewed 58,

Cyclic products have now been obtained by the reaction
of oxides with certain other compounds containing multiple
bonds. Such compounds are:

0
0=s< ; 0=8=0; 0=Se=0; 0=C=S§; 5=C=S,
0

NC=C=0.

R—N=C=0; R—N=C—Ry; J

and R—N=C=S.

R
R—C=N;
R

2. REACTIONS WITH SO,, SO,, AND SeO,

The epoxyalkanes react with the anhydrides of some
inorganic acids to form cyclic esters.

Thus ethylene sulphate was obtained by the reaction of
sulphur trioxide with ethylene oxide in dioxan. It is sug-
gested that initially a coordination compound of sulphur
trioxide with ethylene oxide is formed, which then re~
arranges into the ester”:

—O0.

H HC C
2C>o+so,-.[ ’|\0:so,]-» IH’ 50,
H, H,C CH,—O

/

1,4-Oxathian can be used instead of dioxan®  Cyclic
alkylene sulphates with 2-6 carbon atoms are obtained by
the reaction of corresponding epoxyalkanes with sulphur
trioxide in the gas phase at 140°. Sometimes the reagents
are diluted with inert gas. 0.1-7.5 moles sulphur trioxide
per mole oxide are taken. The cyclic alkylene sulphates
formed are removed from the reaction mixture by sublima-
tion®,

The addition of sulphur dioxide to epoxyalkanes has been
studied in greater detail. When sulphur dioxide is passed
into ethylene oxide at below 0°, a molecular compound of
composition C,H,0S0O, is formed?!®, It is used for sterilis-
ing soil, as its boiling point is about 20 deg above that of its
components.

To obtain ethylene sulphite the reaction is carried out at
a higher temperature, either without a catalyst or in the
presence of various catalysts. When a catalyst is not used,
the ethylene oxide and sulphur dioxide are mixed in the liquid
phase and heated under pressure to 140°. The patent
states that the reaction is almost complete i1,

Pyridine, amines, amides, phosphines®?, and also qua-
ternary ammonium bases 1314 have been proposed for use
as catalysts in this process.
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